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Preface

Hydrogen energy stands today at the forefront of global efforts to transition toward
cleaner, more resilient, and sustainable energy systems. As nations confront the
escalating challenges of climate change, resource limitations, and the need for diversi-
fied energy portfolios, hydrogen has emerged as a versatile and robust solution. Its
capacity for carbon-free utilization, long-term storage, and integration across indus-
trial, transportation, and power-generation sectors makes it a cornerstone of future
low-carbon strategies. This edited volume, Advances in Hydrogen Energy — Production,
Storage, and Utilization, has been assembled to present a clear, comprehensive, and
up-to-date account of ongoing scientific and technological developments across the
hydrogen value chain.

The chapters in this book collectively explore the full spectrum of hydrogen technolo-
gies in a coherent and structured manner. Beginning with foundational and emerging
production routes, the initial chapters outline key advancements in electrolysis,
thermochemical cycles, renewable-driven processes, and biological systems. These
contributions highlight the steady progress toward higher efficiency, reduced envi-
ronmental impact, and cost-effective scalability. Following this, the volume presents
a detailed discussion on hydrogen storage, one of the most critical challenges in the
widespread adoption of hydrogen-based systems. Chapters dedicated to advanced
solid-state materials, nanostructured adsorbents, liquid carriers, metal hydrides, and
high-pressure containment technologies showcase the remarkable strides being made
through material innovation and system-level optimization. This section underscores
how improvements in storage directly influence the feasibility and safety of down-
stream applications. The later chapters turn to utilization technologies, ranging from
fuel cells and industrial combustion systems to transportation solutions, microgrid
integration, and hybrid energy systems. Together, these analyses provide a holistic
view of how hydrogen can decarbonize diverse sectors while simultaneously sup-
porting energy security and economic development. Complementary discussions on
techno-economic analyses, safety protocols, regulatory frameworks, and future policy
directions ensure that the volume offers not only scientific insights but also practi-
cal considerations relevant to stakeholders and decision-makers. Figures and tables
included throughout the volume have been specially curated to help readers visualize
processes, compare technological pathways, and interpret key findings with clarity.
These visual components are designed to enhance comprehension and support both
teaching and research activities.

We acknowledge, with deep appreciation, the valuable efforts of all contributing
authors who offered their expertise and timely revisions throughout this project. We
are also grateful to the reviewers, whose constructive assessments played an essential
role in ensuring academic rigor. Our sincere thanks are extended to Ms. Ivana Boskovic,
Publishing Process Manager and Team Leader at IntechOpen, whose professional
guidance, coordination, and support were instrumental in bringing this edited book

to completion.



On a personal note, we extend heartfelt gratitude to our beloved family members,
Hafiza Zunaira Bilal, Arfa Bilal, Zainab Chaudhary, Mohammad Musa, and Bariza
Fatima, whose encouragement, patience, and unwavering support enabled us to com-
plete this work within the required timelines. Their motivation has been a constant
source of strength throughout the editorial process.

We hope that this edited volume will serve as a meaningful resource for researchers,
engineers, students, and professionals working in the rapidly advancing field of
hydrogen energy. It is our aspiration that the knowledge presented here will inspire
innovation, foster collaboration, and contribute to the global pursuit of sustainable
energy solutions.
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Chapter 1

Catalytic Hydrogen Combustion
Zohreh Akbari

Abstract

The intermittency associated with renewable energy sources can be mitigated
through the use of an energy carrier that can be produced and stored during periods of
energy abundance. Hydrogen (H,), as a carbon-free energy carrier, possesses the
highest mass energy density relative to other fuels, making it a promising candidate.
The chemical energy of H, can be harnessed through oxidation via a highly exother-
mic reaction. Nonetheless, the broad flammability range of H, in air, along with flame
instability and elevated temperatures, presents challenges to conventional H, com-
bustion. Catalytic H, combustion (CHC) involves the recombination of oxygen (O,)
and H, on the surface of a catalyst. With CHC, the temperature can be easily con-
trolled, thereby minimizing the risks associated with flashbacks and the emissions of
nitrogen oxides (NO,). CHC can be used directly for heat and power generation or to
improve safety in H,-related applications by preventing the release of surplus H, into
the atmosphere at concentrations exceeding the lower flammability limit of H, in air.
Although the state-of-the-art catalysts for the CHC reaction are based on precious
metals, ongoing research aims to discover alternative catalysts, understand the CHC
mechanism over different catalysts, and develop new approaches to stabilize the H,
flame. This chapter reviews the efforts toward discovery and investigation of catalysts
for the CHC reaction, the mechanism and kinetics involved, as well as applications of
CHC for heat and power generation. Finally, the challenges associated with CHC and
future research directions are discussed in the conclusion section.

Keywords: catalytic H, combustion, hydrogen, heterogeneous catalysis, catalysts,
reaction kinetics, reaction mechanism

1. Introduction

The projection of energy demands indicates an increase by 2050, with a significant
contribution from renewable energies. However, the intermittency associated with
renewable energy must be addressed by a reliable and accessible energy vector.
Among all possible energy vectors, H, has the highest mass energy density and is
carbon-free. Moreover, H, has an inherently closed cycle [1]. In other words, if we use
renewable electricity to electrolyze water and produce H,, it can be directly used or
stored for later applications. To release the chemical energy of H,, we can use it in a
direct combustion engine or in a fuel cell. In both scenarios, water is the only
byproduct, which can be recycled in an electrolyzer.

In conventional H, combustion, temperature control is challenging, as it exceeds
the auto-ignition temperature of H, in air (585°C). The flame temperature of H, in air
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exceeds 2100°C, which leads to NO, emissions. Additionally, in conventional com-
bustion, efficiency is low, and there is a risk of flashbacks, raising safety concerns with
this technique.

In contrast, with catalytic H, combustion (CHC), we can regulate the temperature,
prevent flame formation, and prevent reaching the auto-ignition temperature of H; in
air. This way, there is no risk of NO, emissions. Furthermore, by controlling the H,
and air feed direction, we can avoid gas premixing and thereby mitigate the risk of
flashbacks.

The H, flammability and explosion limits in an oxidizer gas mixture of nitrogen
(N3) and O, at an ambient pressure of 1 bar are shown in Figure 1. H, has a lower
and upper flammability limit of 4 and 75 vol% in air, respectively. This means in any
H,-sector, the H, content of the effluent gas should be kept below 4 vol%.

Since 2020, numerous groups have focused on various aspects of the CHC process,
and the trend in the number of publications, as well as citations, shows significant
growth, as presented in Figure 2, which represents these data as of August 2025.

Historically, in 1816, Humphry Davy introduced the concept of flameless combus-
tion of methane (CH,4) on Pt. A few years later, in 1823, Johann Wolfgang Débereiner
discovered that in the presence of air, H, reacts with O, to form condensed water on
the surface of finely powdered Pt at temperatures below RT [3]. Since then, CHC has
been used mainly in three applications: (1) heat generation, (2) power generation, and
(3) safety, to reduce the H, concentration in the effluent gas below 4 vol%. These
applications will be discussed in Section 5.

During the CHC process, H,O and heat are released due to H, and O, recombining
in a highly exothermic reaction on the surface of a catalyst (Eq. (1)).

1
Hy +50, — Hy0 AHY ) = — 241824/ 1)

AHZzO@ is the heat of formation of water vapor at room temperature (RT). The
negative enthalpy of the CHC reaction makes it thermodynamically favorable.

. T=293
P=010l3 MPa
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Figure 1.
The flammability and explosion limits of H, in an oxidizer gas (N, + O,) at 1 bar [2].
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Figure 2.
The number of publications and citations by August 2025 for the keyword “catalytic hydrogen combustion”,
obtained from Web of Science.

The state-of-the-art catalysts for the CHC process are based on Pt and Pd metals.
These catalysts can initiate the CHC at temperatures below RT, making them suitable
for specific low-temperature applications. Therefore, till now, the majority of mecha-
nistic and kinetic studies has been focused on these catalysts.

However, due to the scarcity of Pt and Pd resources, along with their high costs
and low stability at elevated temperatures, researchers have concentrated on partially
or entirely replacing these metals.

This chapter discusses first the catalysts for the CHC reaction and the catalytic
assessment methods, such as FTIR, IR thermography, mass spectrometry, H; sensors,
and gas chromatography, used to evaluate their catalytic activity. It then explores the
mechanism and kinetics of the CHC reaction across different catalysts. Finally, the
various applications of the CHC reaction and the challenges and prospects in the field
are reviewed.

2. Catalysts for CHC

Although CHC catalysis was initiated with the Pt catalysts, various catalyst classes
have been studied for decades. These include pristine metals [4, 5], (complex) oxides
[6-8], and supported metal catalysts. Supported metal catalysts are particularly
attractive because of their high surface area, which provides well-dispersed active
sites, enhances catalyst utilization, benefits from the synergy between metal and
support, and offers scalability and reproducibility. This has made supported metal
catalysts the most favored class in catalysis and, consequently, in CHC catalysis.

Table 1 summarizes the supported monometallic catalysts studied in the field of
CHC reaction. As shown, the majority of the focus is on the Pt- and Pd-based catalysts.
Bi-metallic catalysts have also been widely studied in the field. However, most of
these studies focus on the partial substitution of the Pt or Pd catalysts [19, 20, 32].

Numerous studies have been dedicated to reducing the Pt and Pd content in
catalysts through various strategies such as nanoparticle (NP) utilization, partial sub-
stitution with other transition metals (TMs), doping of Pt inside the support material
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Support Catalyst Reducibility Water affinity Ref
AlL,O3 Pt Non-reducible Hydrophilic [9-12]
Pd [10, 13-15]
Rh (16]
Ru [17, 18]
Cu [19-23]
Co [18]
Ni
Mo
Anodized Al oxide (AAO) Pt Non-reducible Hydrophilic [24-27]
ZrO, Cu Non-reducible Hydrophilic [21, 23]
SiC Pt Non-reducible Hydrophilic [9, 28, 29]
Si0, Pt Non-reducible Hydrophobic [9, 12, 30]
Pd [31]
Cu [21]
TiO, Pt Reducible Hydrophilic [9, 32]
Pd [32]
Au [33]
SnO, Cu Reducible Hydrophilic [21]
CeO, Pt Reducible Hydrophobic [34]
Pd [32]
Co0304-Zr0O, Pt mixed — [35]
Pd [35]
Ni [36]
La [36]
Ti-mesh Pt Reducible Hydrophilic [37]
Stainless steel-mesh Pt — — [38]
Ni-foam Pt — — [39]

Table 1.
Supported mono metal catalyst in the CHC field.

[40, 41], and the employment of single-atom catalysts. Nonetheless, the selection of
an appropriate catalyst must consider the specific application in which the catalyst
will be utilized. If activation at room temperature is not required, then the use of Pt-
and Pd-based catalysts may be deemed unnecessary.
Furthermore, a significant challenge associated with Pt- and Pd-based catalysts is
their deactivation caused by water at temperatures below the water boiling point.
Particularly at high H, concentrations, water droplets tend to occupy the catalysts’

active sites, leading to the cessation of the reaction [42, 43]. Consequently, the selec-
tion of these catalysts is contingent upon the specific requirements of the application.

One of the promising catalysts in the CHC field is the Ru-based catalyst, which
demonstrates superior stability relative to other TM oxides [18]. The supported Ru
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catalyst activates the CHC reaction at approximately 100°C, thereby effectively
addressing issues related to water-induced deactivation.

Although Ru is a cheaper metal compared to Pt and Pd, it remains classified within
the precious metal groups (PGMs). Consequently, its efficient utilization is of para-
mount importance. Akbari et al. [17] investigated the influence of Ru NPs size on the
catalytic performance of Ru-yAl,O3 under the CHC reaction. Their findings indicated
that nanoparticles measuring approximately 0.77 nm, corresponding to a loading of
1 wt% Ru, exhibited the highest CHC catalytic activity. This enhancement was attrib-
uted to the optimal balance between Ru dispersion and metal-support interaction
(MSI) and the resulting oxidation state of Ru within the NPs.

A similar study was also conducted on Cu-Al,Oj catalysts, highlighting the signif-
icance of NP size engineering in catalyst design to attain optimal CHC activity and
catalyst utilization [22].

3. Catalytic activity measurement

The catalytic activity of CHC can be quantitatively evaluated using various
parameters, such as H, conversion rate, the reaction onset temperature, the tempera-
ture at which complete H, conversion occurs, and the temperature interval between
the onset and full conversion.

State-of-the-art Pt- and Pd-based catalysts initiate the CHC reaction at tempera-
tures below ambient conditions [44]. Complete H, conversion can be achieved at
temperatures under 100°C, depending on the catalyst loading and the size of the
catalyst NPs.

In a typical experiment to examine catalytic activity, the catalyst is placed in a
plug-flow reactor, then the reactive gas contacts the catalyst bed, and the reaction
occurs depending on the reactor temperature. To determine the H, conversion, vari-
ous analytical techniques such as mass spectrometry [17, 18], gas chromatography
[29, 45], and an H, sensor may be employed to quantify the H, content in the exhaust
gases. Subsequently, by knowing the initial and final H, concentrations, H, conversion
and its rate can be calculated using Eqgs. (2) and (3), respectively. Moreover, the
reaction turnover frequency (TOF) can be calculated using Eq. (4).

Nojin
HZ,in — . X H2,out

H,; conversion (Xy,) = Noout 2)
Hyin
Xy, X t
H, conversion rate (r) = X, X flow rate 3

~ catalyst amount

Molecular weight of the metal

TOF =7 X — -
Disperssion x metal percentage

(4)

A typical H, conversion versus temperature curve exhibits an S-shaped profile, as
illustrated in Figure 3. At lower temperatures, where the H, conversion remains mini-
mal, the CHC reaction is predominantly controlled by kinetic factors. Under these
conditions, the activation energy barrier must be overcome for the reaction to proceed.
Therefore, the kinetic information can only be obtained in this region of the curve.

As the temperature increases over time and provides sufficient activation energy,
the reaction transitions to being limited by diffusion processes. Specifically, this

7



Advances in Hydrogen Energy — Production, Storage, and Utilization
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Figure 3.
Typical H, conversion curve vs. temperature under CHC reaction with three chavacteristic regions: kinetic control,
mixed control, and diffusion control regions.

involves the diffusion of reactants from the gas stream to the catalyst surface, as well
as the diffusion of the resulting products away from the surface into the exhaust gas.
From this point forward, elevating the temperature no longer influences the H,
conversion rate.

It is important to note that should the temperature attain the autoignition point of
H, in air (585°C), homogeneous (open flame) combustion will occur [46].

The catalytic activity of CHC can also be evaluated by monitoring changes in
specific properties of either the reactants (H, and O,) or the products (H,O and heat).
Techniques based on infrared (IR) radiation can be employed to observe temperature
variations (by IR thermography [42]) or the evolution of the water adsorption band
(IR spectroscopy). However, because H, and O, are IR-inactive, their consumption
cannot be directly measured using IR methods. Common IR techniques used for such
analyses include Fourier-Transform Infrared (FTIR) spectroscopy [29].

These methods primarily demonstrate the catalyst’s immediate response during
CHC. To ensure a comprehensive understanding, it is also essential to investigate the
development of catalytic activity over time and evaluate its stability in CHC, as briefly
discussed in the following section.

4. Stability of the catalytic activity

The decline in catalytic activity occurs when the metal catalyst is exposed to high
temperatures resulting from the exothermic H, oxidation, particularly above 500°C.
This decline is primarily due to the agglomeration of metal particles. The presence of
water can accelerate this deactivation. Limited studies have [47] investigated catalyst
durability under the CHC reaction conditions, and these are summarized in Table 2.
For example, the Pd-Ni-Al,Oj; catalyst demonstrated promising stability after
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70 hours, comparable to its monometallic counterpart. This suggests that Pd-Ni-Al,03
could serve [48] as a cost-effective alternative to Pd-Al,O3, given its lower price.

While most studies have focused on precious metals, Co- and Cu-based catalysts
demonstrate notable stability. Co-Al,O3 exhibited only a 1% decrease in H, conversion
over 45 hours, from 100-99% at 240°C, and its activity was fully restored after a
regeneration step involving reduction, returning to 100% H, conversion.

Characterization of the catalysts before and after the CHC reaction provides
essential insights into parameters including phase transformation, metal dispersion,
oxidation state of the metal catalyst, particle size, and distribution.

5. CHC kinetics and mechanism
5.1 CHC kinetics

Kinetic studies offer insights into various aspects of chemical reactions, including
the determination of the rate-limiting step, activation energy, and the influence of
reactant concentrations on the overall reaction rate.

The CHC reaction exhibits rapid kinetics. As previously noted, kinetic analyses
should be conducted exclusively within the kinetic control region of the conversion
versus temperature curve, provided that temperature varies with time.

To identify the kinetic control region, several approaches can be employed,
including verifying the Weisz-Prater criteria to ensure the absence of mass transfer
and the Anderson and Mears criteria to ensure the absence of heat transfer limitations
(see Table 3) [50], and confirming the conditions of the differential reactor [51].

In essence, the initial step in a kinetic study involves experimentally establishing the
kinetic control region, followed by validation using the previously outlined criteria. The
Arrhenius kinetic model serves as a useful tool for experimentally identifying this
region, as it provides a foundation for analysis. In this model TOFxA exp(7), where
A represents the frequency factor, which shows the frequency of the successful colli-
sions, E, indicates the activation energy, T is the temperature, and R denotes the
universal gas constant. Based on this model, where the slope of TOF vs. 1000/T is zero
(i.e., constant E,), kinetics controls the reaction [18, 52].

It is important to note that for a reliable kinetic study, it is essential to collect as
many data points as possible within the kinetic control region. Therefore, employing a
mass spectrometer with multi-ion detection (MID) mode is considered the most
appropriate analytical method.

Criteria Equation
Weisz-Prater: TRy <lor<l
TR ,or<
No Internal Mass Transfer STTA
Weisz-Prater: Tobs Ry <01
Cik,
No External Mass Transfer B "
Anderson: |4H, [raps R < OTRT,
7T, E
No Internal Heat Transfer : “
Mears: |AH, |rops Ry < OI5RTy
hTp E,

No External Heat Transfer

Table 3.
Criteria to avoid mass and heat transfer limitations [50].
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Figure 4.

Plot of slope of TOF vs. 1000/T for the CHC reaction over a 10 wt% Mo-yAl,O; catalyst. The CHC reaction was
conducted at 4 vol% H, with a H,:0, molar ratio of 2:1, a flow rate of 20 mL/min, and a catalyst weight of
200 mg. The highlighted section is the kinetic control region for this catalyst under the conditions.

For instance, Figure 4 illustrates the plot of slope TOF — 1000/T for Mo-yAL,O3
catalyst under the CHC reaction. The 20°C highlighted section shows the kinetic
control region where the slope of TOF vs. 1000/T is zero. Interested readers are
directed to reference [18] for a detailed example of rate determination or activation
energy extraction under actual CHC reaction conditions. Nevertheless,

The calculation of a reliable and correct TOF is crucial for kinetic studies.
Nonetheless, accurately determining the true dispersion of active sites is complicated by
numerous dynamic factors affecting the catalyst during CHC reaction conditions. A
primary source of error in TOF calculations stems from incorrect assumptions regarding
the shape of NPs. This error can be minimized by considering the shape and the crystal
structure of the NPs. An incorrect assumption about the shape can lead to over- or
underestimation of catalyst dispersion and, subsequently, TOF [53].

Differential reactor condition is a steady-state approximation in which the H,
conversion is below 10% and therefore any concentration gradient through the reactor
bed can be neglected. In this condition, the reaction rate can be calculated using

Eq. (5):
Fa=Fu_ X ©

where F 49 and Fj, are the inlet and outlet flow rates, respectively, and AW represents
the mass of the catalyst.

Under this condition, the reaction rate has a linear relation with the H, conversion
(X) and %T"‘O’ [17, 35]. Therefore, any deviation from this linear relationship indicates a
transition from the kinetic control region to the mass diffusion control region.

Once the kinetic control is identified and validated, the kinetic parameters are
derived using an appropriate kinetic model. Several models have been documented in
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the literature, with two models being predominantly utilized to determine the kinetic
parameters of the CHC reaction over various catalysts. These models are as follows:

1. Arrhenius kinetic model [17, 23]
2.Langmuir-Hinshelwood (L-H) model [19]

Mostly, the L-H models are applied to supported Pt and Pd catalysts, where both
O, and H; are dissociatively adsorbed on the catalyst. Shinde et al. [21] proposed a
modified L-H model to account for the effects of different supports.

A comprehensive overview of the reported activation energies for various catalysts
and CHC reaction conditions is presented in Table 4.

Catalyst Amount of Gas composition ~GHSV  T100% Ea ref
catalyst (h™ (°C)  (kJ/mol)
Co304 — ZrO, —_ H,:02:N, = 5:10:85 47,750 ~300 34.3 [38]
Pt-Co0304-ZrO, 2 at% H»:0x:N, = 5:10:85 47,750 ~100 39.3
Pd-Co30, — ZrO, 2 at% H,:0;N, = 5:10:85 47,750  ~100 13.4
Pt-yAL,O3 1 wt% H,:0x:N, = 4:2:96 6000 60 31.7 [18]
Ru-yAL O3 1 wt% H,:0x:N, = 4:2:96 6000 235 24.7
Co-yALO3 10 wt% H»:0x:N, = 4:2:96 6000 250 19.3
Ni-yAL, O3 10 wt% H,:0x:N, = 4:2:96 6000 313 17.7
Mo-yAl, O3 10 wt% H,:0x:N, = 4:2:96 6000 455 10.4
Pd-Al,O5 0.92 wt% Hy: air — >180 36 [10]
Pt-ALO; 1.78 wt% H,: air — >130 M1
Pt-Al,O3 0.38 wt% H,:0,:Ar = 40,260 280 22.3 [11]
0.04:1:96
CeosNig 1025 — H,:0: 48,000  ~250 49  [54]
N, = 2.7:2.7:94.6
Ceo.83Pd0.02Ni0.102.5 — H,:0,: 48,000 ~190 34
N, = 2.72.7:94.6
Pd-Al,O5 0.5 wt% Hj: air = 1.5: 98.5 — >90 73.77 [55]
Pt-SiC 0.27 wt% Hy: air = 1: 99 — 60 35 [29]
Pt-SiC 0.5 wt% Hy: air = 1: 99 — >70 19 [9]
Pt-SiO, 0.5 wt% Hy: air = 1: 99 — >30 33
Pt-Al,O3 0.5 wt% H,: air = 1: 99 — >50 29
Sng.95Cu0.0502- 5 — Hy:0,: 42,310 340 27.6 [9]
N, = 2.7:2.7:94.6
Ceg.95Cup.0502_ 5 — H:0,: 42,310 420 31.5
N, = 2.72.7:94.6
Al 05CU0.0505. 5 — H,:0: 42310 500 38.8
N, =2.7:2.7:94.6
Zr0.95CU0.0s05 5 — H,:05: 42,310 480 56
N, =2.7:2.7:94.6
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Catalyst Amount of Gas composition  GHSV  T100% Ea ref
catalyst (h™Y) (°C)  (kJ/mol)
Pd-Cu- ALOs 0.75 wt% Pd Ha: air = 1: 99 — 40 2 [19]
0.25 wt% Cu
Ti0_97pdo_o3027 5 — HZ:OZZAI‘ =1:0.5:98.5 — >140 32.6 [56]
cordierite
Pd-ALO5 2 wt% H,: air = 0.5: 99.5 — >170 45 [15]
PdNi-AL,O3 2 wt% Pd Hy: air = 0.5:99.5 — >170 39
0.12 wt% Ni
PdNi-ALO3 1.99 wt% Pd H,: air = 0.5: 99.5 — >170 41
0.27 wt% Ni
PdNi-ALO3 1.99 wt% Pd Hy: air = 0.5:99.5 — >170 45
0.47 wt% Ni
Ceg.98Pto.0202_ 5 2 at% 2 pmol Hy in air 220,000 30 8.4 [40]
Tip.0sPdo.020,_ 5 2 at% 2 pmol Hy inair 220,000 30 59.8
Pt-AL, O3 1.12 at% 2 pmol Hy inair 220,000 30 335
Ru-yALO; 0.5 wt% H,0;N, = 4296 6000 300 248  [17]
Ru-yAL,O3 1 wt% H,:0:N, = 4:2:96 6000 240 17.2
Ru-yAlL,O3 2 wt% H,:0:N, = 4:2:96 6000 180 2.1
Ru-yAL,O3 5 wt% H,:0x:N, = 4:2:96 6000 165 26.7
Ru-yAL,O3 10 wt% H,:0:N, = 4:2:96 6000 150 29.9
Table 4.

Activation energy reported for different catalysts and under different CHC reaction conditions.

Kinetic investigations have been employed to elucidate the reaction pathways and
identify the rate-determining steps for catalysts based on Pt and Pd [57]. Although
these studies offer valuable insights into the overall catalytic mechanism, a compre-
hensive understanding of the CHC reaction mechanism across various catalysts
necessitates the utilization of advanced analytical techniques and in situ investigations.
5.2 CHC mechanism

Given the rapid kinetics of the CHC process, understanding the CHC mechanism is
crucial for optimizing reaction parameters. The overall CHC reaction can be summa-
rized as follows:

1.Reactants diffuse from the gas stream toward the active sites,

2. Adsorption of reactants on the active sites,

3.Chemical reaction (catalytic combustion),

4.Desorption of products from the active sites, and

5.Back-diffusion of products (water) to the gas stream.
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The widely accepted mechanism of the H; and O, recombination reaction on the Pt
and Pd catalysts is dissociative adsorption of O, and H, followed by Egs. (6) and (7)
[57].

Ouds + Hyas — OH gy (6)
2 OH 45 + Hygs — H2O44; — HZOgas (7)

To elucidate the function of metal sites and support interactions, Singh et al. [38]
utilized H, temperature-programmed reduction (H,-TPR). Their findings indicated
that, in a supported Pd-Co304-ZrO; catalyst, both H, and O, molecules adsorb
dissociatively onto the Pd sites, subsequently recombining to form hydroxyl (OH)
intermediates, which ultimately lead to water formation. Conversely, in the supported
Pt-Co304-ZrO; catalyst, only H, dissociatively adsorbs onto the Pt sites, resulting in
the formation of OH intermediates (see Figure 5). The study further demonstrated
that the support material plays an active role in the catalytic process, with oxygen
vacancies serving as active sites for O, adsorption and Co sites facilitating H, dissoci-
ation. Subsequently, hydrogen and oxygen species combine to form OH groups, which
are key intermediates in the formation of water.

Further evidence of support for participation was provided by Deshpande et al.
[41], who combined the FTIR and X-ray photoelectron spectroscopy (XPS) to inves-
tigate the CHC mechanism on the surface of Pt- and Pd-doped ZrO, and TiO,. Their
findings indicate that surface OH groups in ZrO, catalysts play a crucial role in the
CHC process, whereas, in the case of TiO,, lattice oxygen ions also participate actively
in the reaction.

This distinction becomes particularly clear when comparing reducible and non-
reducible supports (Table 1). In the case of reducible support materials, the presence
of redox couples such as Ce**/Ce?* in CeO, enables the lattice oxygen to interact with
hydrogen species or molecular H; directly from the gas stream to produce water. The
oxygen vacancies generated through the participation of lattice oxygen in the CHC

i H,0425
0=0 0 : on-s+H-se’

Yo )
Oz ' \v /ﬂﬂ—rwﬂ—r«—ﬂnloum
- > ZH-PI+0,
e

0=—o0., \,,_‘: L HO-Pd+H-Pa
; \ H_ETI?(__/.)H-pd+o-r¢ f

: Ll
o bpd R T )
2k adA e & - ; ) H,0+2 Pd
P8 i ;
a B 8 & b 2 - ]
¥ % o LD ’
\C

O Oxygen vacancy (0,)
. Oxygen atom

Cobalt atom éﬂ&

Figure 5.
CHC mechanism on undoped, Pt-doped, and Pd-doped ZrO,-Co;0, composite [35].
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reaction are subsequently reoccupied by oxygen atoms via dissociative adsorption of
0, molecules [54]. It is also conceivable that the metal site functions as an active site
for the dissociative adsorption. For example, iron sites in FeVO, catalysts are believed
to promote H, dissociation, leading to enhanced catalytic activity compared to the
pure vanadate support [49]. In contrast, the non-reducible support materials do not
directly participate in the CHC reaction. However, the support materials influence the
stability of the catalyst nanoparticles [12].

Infrared techniques, particularly IR-based methods such as Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), provide direct
evidence of support effects and their impact on intermediate formation [58].

Zhang et al. [23] demonstrated that in reducible support materials, oxygen
vacancies serve as active sites for the dissociative adsorption of O, and H,. Utilizing
DRIFTS, they established that these formed OH groups are critical intermediates in
the CHC reaction over Cu catalyst. Subsequent investigations revealed that even in
non-reducible support materials such as Al,O3, the OH groups remain essential reac-
tion intermediates. In more recent research, Akbari et al. [17] identified that in
supported Ru catalysts, the OH groups also function as key intermediates. Density
Functional Theory (DFT) studies further corroborated these findings, indicating
that the rate-limiting step in the CHC reaction over the Ru catalysts is the formation
of water.

It is important to recognize that although the involvement of OH intermediates has
been confirmed for Ru, Cu, Pt, Pd, and Rh, the detailed mechanisms of the CHC
reaction steps for other catalysts remain to be thoroughly investigated. Typically,
transition metals exhibit a very low energy barrier for the adsorption of O, and H,,
rendering the metal-oxygen bond a critical factor in catalytic activity. When the
metal-oxygen or metal-hydrogen bond is stronger, the catalyst generally demonstrates
reduced reactivity in the CHC process. In fact, it has been demonstrated that for TMs
such as Co, Ni, and Mo, oxidation occurs upon exposure to reactive gases, which
accounts for their comparatively sluggish CHC activity relative to noble metal cata-
lysts [18].

6. Application

CHC has garnered significant interest across various applications (see Figure 6).
These applications can be classified into three primary categories.

1.Safety: To prevent the release of unreacted or leaked H, into the atmosphere,
passive autocatalytic recombiners (PARs) based on CHC have been developed
[10, 59]. Additionally, Zahng et al. [60] have fabricated a CHC-based H, sensor
specifically designed for H, leakage detection.

CHC is also used for gas purification. In fuel cells, it is crucial to eliminate
residual H, from the exhaust stream. Therefore, the exhaust can be directed to an
H, burner and a heat recovery steam generator, producing steam that can be
utilized in additional processes [34, 61].

2.Heat generation: Due to the exothermic nature of the CHC reaction, CHC can
serve as a source of heat for both domestic and industrial applications. To address
indoor air pollution, Jonin et al. [62] developed an H,-fueled radiative catalytic
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Sauiqun) se9

Figure 6.
Applications of CHC.

cooking stove. Additionally, in space propulsion, CHC has been employed to
achieve the ignition temperature in homogeneous gas combustion processes [34].

A cooking stove, or burner, is composed of four primary components: (a) a H,
diffuser, (b) a main catalytic combustion zone, (c) an air diffuser, and (d) a
secondary catalytic combustion zone [63].

These stoves operate with H, concentrations exceeding the lower flammability
limit of H, in air (4% vol H,) and function under lean-fuel conditions.
Consequently, careful design is crucial to prevent hazardous premixing

of O, and H, [28]. The maximum power output achievable varies with the

H, input; for example, a H, flow rate of 15 Nl/min yields a power output of
2.7 kW [64].

In another example, the Italian company GIACOMINI claims the large-scale
manufacturing of H, catalytic heaters, marketed under the trade name
H,ydroGEM, with a power output of 5 kW. These heaters operate with a H,
concentration of less than 4 vol%. The maximum internal temperature of the
GIACOMINI boiler is approximately 350°C.

3.Power generation: To reduce NO, emissions, CHC can be integrated into gas
turbine engines for power generation [65, 66]. More recently, studies have
demonstrated that employing CHC within a micro-combustor enhances wall-
temperature uniformity in micro-thermophotovoltaic systems [67].

While numerous companies worldwide manufacture catalytic heaters that operate
with gases other than H, (such as natural gas and propane), Table 5 provides a list of
companies and their commercially available products, including burners, boilers, and
heaters, that utilize CHC technology for various applications.
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Company Country Product

Giacomini Italy H,ydroGEM

Neohysens Germany H2 Oxi-cat

(neo hydrogen sensors GmbH)

EBZ GmbH Germany Catalytic Burner

Infragas United Kingdom Infragas® catalytic converters

Worcester-Bosch United Kingdom Hydrogen-fired boiler

Nationwide Boiler Inc. United States CataStak™ SCR boiler

TUBITAK Turkey Hydrogen-burning Catalyst
Table 5.

List of companies and their commercially available products using the CHC technology for H, burners, boilers,
and heaters.

7. Conclusions

In summary, the CHC process is a highly exothermic reaction to recombine H; and
O,. By lowering the recombination temperature of H, and O,, CHC provides an
alternative to traditional homogeneous combustion of H, and O,. This approach
mitigates issues commonly associated with conventional combustion, such as the risk
of flashbacks and NO,, emissions.

Although CHC has been a well-established area of research, the mechanisms and
kinetics are predominantly understood in the context of state-of-the-art Pt- and Pd-
based catalysts. Despite the high costs and limited availability of these catalysts,
research efforts remain open to discovering novel catalyst materials that offer high
TOF and elevated H, conversion rates at relatively low temperatures. In this context,
bimetallic catalysts based on Ni, Co, and Cu are the most promising ones.

Further investigations using iz situ characterization methods are essential to eluci-
date the mechanism of the CHC reaction over supported TM catalysts. As H, repre-
sents a critical fuel in the pursuit of decarbonization, it is anticipated that emerging
applications will be developed and industrialized in the near future. This progression
will likely foster greater integration of the CHC process into safety protocols, heat
production, and power generation.

Moreover, although several designs for boilers and domestic heating appliances
have been proposed, ongoing research is critical to devising safe, efficient, and eco-
nomically viable solutions.
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Chapter 2

Hydrogen Production by Ethanol
Steam Reforming

William G. Coors

Abstract

Transitioning from an energy economy based on fossil fuels to a sustainable econ-
omy based on hydrogen will require technology that is competitive with the refined
petroleum fuels that hydrogen will replace. In this monograph ethanol steam
reforming (ESR) in microporous membrane reactors is described that offers the nec-
essary process intensification for distributed hydrogen production at the necessary
scale. As a result, hydrogen may be produced anywhere in the world from fermentable
agricultural feedstocks in much the same way that beer and wine are made. This
monograph makes the case for the feasibility of producing distributed hydrogen at the
scale that is competitive with petroleum-based fuels, offering a path forward for
energy independence from petroleum. Part I investigates the feasibility of large-scale
hydrogen production by ESR, including the amount of non-food cropland that would
need to be allocated. Part II provides the experimental basis for the ESR technology.

Keywords: hydrogen, fuel ethanol, ethanol steam reforming, kaolin, clay-based
microporous membrane, microporous membrane reactors, nickel nanoparticles

1. Introduction
1.1 Feasibility

Fuel ethanol is made by fermentation of carbohydrates. It is produced in large
quantities around the world as a high-octane additive to gasoline. 95% ethanol (E95),
as a replacement for gasoline for use in internal combustion engines (ICEs), has been
gaining in popularity. It is a net-zero-carbon biofuel that is cleaner-burning and
releases far less carbon dioxide into the atmosphere than conventional petroleum-
based fuels. Ethanol steam reforming takes fuel development to the next level by
converting fuel ethanol into hydrogen. As an energy carrier, hydrogen is preferred
because it may be turned into electric power at about twice the conversion efficiency
of conventional heat engines. Furthermore, the only exhaust product at the point
where the hydrogen is consumed is water vapor.

Most hydrogen is produced today by steam reforming of natural gas, which
releases more than 6 tons of carbon dioxide into the atmosphere for every ton of
hydrogen generated. Without carbon capture and sequestration, such a method for
producing hydrogen is considered unsustainable in the long run. The same technology
used for methane steam reforming applies to ethanol steam reforming-the
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fundamental difference being that ethanol is derived from biomass, and is thus, a net-
zero-carbon energy vector. That is, the amount of CO, generated is equal to the
amount of CO, extracted from the atmosphere by the biosphere. Steam reforming of
biogas is also net-zero. Hydrogen can also be produced by electrolysis of water, which
is a zero-carbon technology if the electric power used is zero-carbon. The feasibility of
hydrogen at scale rests on the question of sustainability and the cost versus the value
of sustainability. Ethanol steam reforming offers a pathway forward that is both
sustainable and cost-effective. The question of hydrogen at scale from sugar beets was
addressed in Coors, [1].

As a replacement for fuels derived from crude oil, the feasibility of hydrogen
derived from ethanol ultimately hinges on the amount of agricultural cropland
required and the infrastructure needed for sustainable distributed production of fer-
mentable crops. The following summary provides the conversion metrics that are
necessary for determining the feasibility of producing hydrogen from ethanol at the
scale sufficient to impact world consumption of petroleum-based fuels. The questions
of how much hydrogen, how much ethanol, and how much fermentable sugar are
required is addressed. The conversion factors are based on the common metric of one
kilogram of hydrogen. The conversions reflect theoretic limits and do not account for
production inefficiencies. However, the values are useful for rough scalability calcu-
lations.

* How much hydrogen: 1 kg hydrogen = 3.7 liters of gasoline equivalent (Ig.).
* How much ethanol: 1 kg H, requires 5.9 liters of ethanol.
* How much sugar: 1 kg H, requires 8.6 kg of sugar.
* How much cultivated land: 1 kg H; requires 0.01 ha (934 kg H,/ha)
1.2 Scale factor details
1.2.1 Energy equivalence

When considering energy equivalence for fuels, it is customary to use specific
energy values. That is, the combustion enthalpy per mole or kilogram of fuel under
standard conditions of temperature and pressure. These values are tabulated in ther-
mochemical tables such as the Engineering Toolbox [2]. If the water in the exhaust is
treated as liquid, the lower heating value (LHV) is used. The advantage of using
specific combustion enthalpies is that the conversion efficiency of any particular
engine is left out of the calculation. Conversion efficiency is a separate issue best left
for consideration in the final detailed analysis. Since hydrogen is a gas at normal
temperature and pressure, it is customary to use specific rather than volumetric
equivalents. All the values cited in this monograph are based on the specific heat of
combustion for hydrogen (LHV) of 240 kilojoules per mole (120 MJ/kg). Gasoline has
a heat of combustion (LHV) of 43.4 MJ/kg (32 MJ/L gasoline). An equivalent amount
of hydrogen, on a heat of combustion basis, is 32 MJ/L + 120 M]/kg H, = 0.27 kg H,/
liter gasoline.

Ethanol has a combustion enthalpy of 21.1 MJ/L—only 2/3 that of gasoline on a
volumetric basis. Even though bioethanol is a renewable, clean-burning fuel, it con-
stitutes a relatively poor substitute for gasoline in an internal combustion engine. On
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the other hand, hydrogen, based on specific weight, has much more combustion
enthalpy than almost any other liquid fuel.

There are several ways to produce hydrogen at scale. Hydrogen is produced glob-
ally in million ton per day quantities by methane steam reforming of natural gas.
Hydrogen produced by this process is called “gray” hydrogen because about 6 kg of
CO; are exhausted into the atmosphere for every kg of hydrogen produced. At the
other end of the carbon footprint spectrum is “green” hydrogen produced by elec-
trolysis of water, which generates no CO, as long as the electricity consumed comes
from non-CO, producing sources. A third option is to make hydrogen from biomass.
This method is carbon neutral with respect to atmospheric CO, emissions. The CO,
generated by this process is offset by CO, taken in from plants by photosynthesis. We
need look no farther than our own green planet, which is green because of photosyn-
thesis. The biosphere converts vast quantities of carbon dioxide and water into cellu-
lose and lignin, and in some cases into fermentable fruits and vegetables like corn,
rice, sugar cane and sugar beets. Much of the work has already been done by nature,
and the energy required to make ethanol by fermentation is small as anyone who has
made beer or hard cider at home knows. Making ethanol from fermentable feedstocks
is quite easy. Fuel ethanol production, rather than ethanol for human consumption, is
being practiced globally at large scale today, with about 80 million tons produced in
2021 [3] and approaching 100 million tons in 2024. Scalability of fuel ethanol is being
demonstrated in many locations around the world. The technology for making fuel
ethanol at large scale is quite advanced [4], but commercialization has been hampered
by concerns over competition with food crops. It is imperative that cultivation of
crops for fuel ethanol be carried out on land that is not suitable for food crops or for
crop-rotation on marginal farmland and does not compete with food crops for water.
Hydrogen from fuel ethanol is not “green” in the strict sense of zero CO,, but it is
carbon-neutral or nearly carbon-neutral. Nevertheless, the potential for dramatic
reduction in greenhouse gas emissions is considerable. More importantly, dependence
on imported petroleum can be reduced in countries without indigenous petroleum
resources.

1.2.2 Hydrogen by ethanol steam reforming

Ethanol, as a gasoline fuel additive, is traditionally produced as pure, anhydrous
alcohol by the costly and energy intensive process of distillation from fermentate that
has an alcohol content of about 10%. The ideal feedstock for ESR, on the other hand is
less than 40% alcohol by volume (ABV). The compactness and thermal efficiency of
microporous membrane reactors means that ethanol may be steam reformed directly
from fermentate with little or no distillation required. ESR requires only a fraction of
the heat required for making anhydrous fuel ethanol by distillation, since the process
is suited for feedstock with less than 40% ABV (e.g. vodka).

Ethanol steam reforming, ESR, requires breaking the C-C double bond, which
makes the process more difficult than methane steam reforming, where there are only
C-H bonds. ESR is carried out over nickel catalysts at temperatures around 800°C in
various devices such as microporous membrane reactors. Reaction products typically
consist of only 72% hydrogen. The other gases must be removed to yield hydrogen
with the required purity.

Steam reforming is endothermic, requiring supplemental heat to sustain the reac-
tion at a fixed temperature. The heat required for endothermic steam reforming may
be obtained from some portion of the hydrogen generated—typically less than 20%.
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Once the hydrogen is separated from the other reformate species, it may be burned in
a zero-emission internal combustion engine or fuel cell to produce electric power.

Ethanol steam reforming, ESR, produces hydrogen and carbon dioxide by the ideal
reaction,

C,HeO + 3H,0 = 2CO, + 6H, (1)

with 75% H; and 25% CO,. The amount of stoichiometric oxygen in the fuel deter-
mines how much additional oxygen is required in the form of steam. In practice,
however, besides just H, and CO,, the reaction generates CO, H,0, and some low
molecular weight gases such as methane. Furthermore, ESR is an endothermic reac-
tion typically carried out at about 800°C. Of the 6 moles of hydrogen produced per
mole of EtOH, approximately 1 mole of hydrogen is used to provide the heat. The net
combustion enthalpy of 5 moles of hydrogen is 5 x 240 kJ/mol = 1.20 MJ/mol of EtOH.
Ethanol has a combustion enthalpy of 1.34 MJ/mol [2], so on a molar basis, the
difference of 137 kJ/mol of EtOH is lost as heat by ESR. The molar volume of EtOH is
17.05 mol/L, times 5 mol H,/L EtOH, giving 85.3 moles, or 171 g of H, per liter of
EtOH. Therefore, 5.87 liters of ethanol are required to make 1 kg of hydrogen.

1.2.3 Hydrogen purification from reformate

The reformate gas from ESR is nominally 72% H,, which must be purified to
greater than 99% if the gas is to be combusted in an internal combustion engine, or
99.999% if the gas is to be used in a fuel cell. Various methods for purifying hydrogen
are practiced industrially, but these are energy- and capital-intensive, and difficult to
carry out at small scale. However, palladium separation membranes and cryogenic
separation offer the potential to dramatically increase the process intensification over
a wide range of scalability.

1.2.4 Fermentable sugar

Sucrose from sugar beets and sugar cane as well as disaccharides from corn syrup
are produced in enormous quantities around the world today, almost entirely for
sweeteners. Thus, disaccharides are part of the food chain. Production of fuel ethanol
from sugar fermentation must necessarily be in addition to sugar produced for food.
As a source for hydrogen, the fermentation reaction is preceded by first converting
sucrose into two glucose molecules by hydrolysis:

C12H» 011 + H,O = 2CsH1206 (2)

Two moles of glucose are then fermented to make four moles of ethanol and four
moles of carbon dioxide by the reaction:

2CsH1,0g = 4C,HgO + 4CO, (3)

The molar mass of sucrose is 342.3 g/mol or 2.92 mol/kg, from which 4 moles of
ethanol are produced. 11.7 moles of ethanol/kg sucrose equate to 0.68 L EtOH/kg
sucrose.

By steam reforming (Eq. (1)), four moles of ethanol are converted to twenty-four
moles of hydrogen. However, assuming that only five of the six moles of hydrogen are
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recoverable, only twenty moles of hydrogen may be generated per mole of sucrose.
The weight of 20 moles of hydrogen is 40 g, so 0.117 kg of hydrogen may be produced
per kg of sucrose (assuming complete conversion during fermentation).

World granulated sugar production from sugar beets and sugar cane in 2023 was
177.5 million metric tons [5]. If all this sugar were used to make hydrogen at 117 kg/ton,
20.7 million tons of hydrogen could be produced.

1.2.5 Farm acreage

According to the US Department of Agriculture (USDA) [6], the average produc-
tion of refined sugar from sugar beets in 2005 was 3.5 tons per acre, or 8.6 metric tons
of sugar per hectare (2.47 acres/ha). The land requirement for raising sugar beets for
ethanol is substantial, particularly considering that the acreage needs to be brought
into production in addition to current acreage in food production. The amount of
sugar produced in the world today is enormous [6], but far below what would be
required to displace petroleum as the dominant energy vector. The best croplands for
raising sugar beets and sugar cane are already in sugar production for the commodity
market price of about $440/ton. Any increased production will require growing crops
on less productive agricultural lands or lands not suitable for food production. The
American Crystal Sugar Company, the largest producer in the United States, reported
1.62 million tons of sugar from 398,000 acres along the Red River Valley of North
Dakota and Minnesota, or about 4 tons/acre [7]. At 117 kg H, per kg sugar, this would
yield 468 kg H,/acre (1160 kg/ha).

The Spreckels Sugar Company in Brawley, California—one of the most productive
sugar beet-growing regions in the United States—produced 7 tons of refined sugar per
acre from 28,000 acres in the Imperial Valley [8]. Unfortunately, this plant is sched-
uled to close in 2025 due to declining demand for refined sugar, leaving many people
out of work and forcing local farmers to find other crops to grow. The harvested beets
could produce about 21 million kg of hydrogen, generating about $85 million in
revenues.

Sugar beets are hardy and grow almost anywhere, albeit at reduced yields. Pre-
sumably, increased sugar production on marginal agricultural lands would not be as
productive. The eastern half of the state of Colorado has about 10 million acres of such
marginal cropland. At one time, Colorado was a major producer of sugar beets because
beets are drought and freeze tolerant, making the arid eastern planes of the Rocky
Mountains a good place to grow sugar beets. A 125-acre field irrigated by a center-
pivot sprinkler could produce about 500 tons of sugar from which 50 tons of hydro-
gen, worth $200,000, could be harvested. Tens of thousands of such systems would
be required, but 10 million acres of sugar beets could yield about 4 million tons of
hydrogen, worth $16 billion annually from land with practically no other agricultural
value. Once energy parity is achieved between petroleum-based fossil fuels and
renewable H, produced by ESR from fermented sugar, world sugar production should
increase rapidly beyond what is required as sweeteners. The $4/kg threshold for
energy/cost parity is within reach. The prospects for making ethanol from lignocellu-
losic feedstocks, including solid municipal waste, are also encouraging [9].

1.3 Agricultural considerations

Most of the fuel ethanol produced in the world today comes from corn and sugar
cane. Both require considerable amounts of water and are not suitable crops for
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marginal farmland. Sugar beets, on the other hand, produce sucrose in a tuber that
grows below ground. Sugar beets thrive in almost any climate and are increasingly
being considered as a feedstock for fuel ethanol. The plants have compelling proper-
ties that make them ideal as a source of fermentable sugar for fuel ethanol. They are
drought resistant, requiring less water, and have a long taproot that can access water
deeper than about one meter. Also, the plant tolerates brackish water at levels above
what most food crops can tolerate.

But most sugar beets are processed today for making refined sugar-a food
crop. The world production of sugar beets is determined by the market demand for
table sugar, food sweeteners, and some alcoholic beverages. Therefore, little attention
has been paid until recently to their potential as a source of fermentable sugar for fuel
ethanol. For this, additional acreage is required that does not compete with acreage
allotted to food crops. It is one thing to contemplate the necessary expansion of sugar
production, but it is essential that the cost of H, energy produced match the cost of
energy per MJ delivered by petroleum fuels. Everything depends on the value of
hydrogen produced. The price of diesel and gasoline at the fuel pump, although wildly
variable, is a common gage of energy value worldwide. If a benchmark of $4/gal is
used as the threshold for energy parity, $4 per kg hydrogen is the goal. It is almost
impossible to achieve this threshold with H, produced by electrolysis because it would
require enormous quantities of electric power at $0.05 per kWh. $4 H, is routinely
made by steam reforming natural gas. This is how more than 90% of hydrogen is
produced today. But how about hydrogen by ethanol steam reforming?

At a net yield of 100 kg H, per ton of sugar, $4 hydrogen would mean that sugar
would need to be purchased for less than about $300/metric ton (assuming $1/kg for
processing). Like petroleum, the commodity price for sugar varies wildly, but has
averaged about $440/metric ton over the past five years. At this price, H, from ESR
would cost about $5/kg. $5/kg would be the cost of hydrogen derived from the sugar at
the commodity price established for the food crop, the size of which, is determined by
the demand for sweetener. What would happen if a huge new market for sugar as an
energy crop were to emerge? Any increase in sugar beet, sugar cane, or corn produc-
tion beyond the demand for sweetener would result in over-production and lower
market prices, but lower sugar prices would not necessarily result in increased
demand for sweetener. The downward pricing pressure on fermentable sugars
intended for hydrogen production would not impact the amount of sugar or prices of
premium sugar produced for sweeteners. Sugar produced beyond this demand used
for H, production would benefit both the food sector and the emerging energy sector
with new opportunities for agricultural production-that is, as long as false economies
from government interference in the marketplace were not to make it more attractive
to grow sugar for fuel at the expense of food, as has been done in the production of
anhydrous corn ethanol. Government subsidies and carbon credits create false econo-
mies which are harmful for the consumer in the end. Furthermore, other non-food
sources of fermentable sugar, such as cellulose, would proliferate as the demand for
hydrogen increases.

World cropland today exceeds 1 billion hectares. The best farmland is optimized
for food production. The addition of several million hectares for fuel ethanol
production presents a formidable challenge, but by no means is it impossible.
Developing the technology and infrastructure for fermentable sugar harvesting will
require many years, but given sufficient economic incentives, fuel ethanol offers one
of the few viable paths forward at the necessary scale to energy independence from
crude oil.
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1.4 Overview of hydrogen production technologies

Hydrogen is the logical energy vector for the future, leading the way to the
long anticipated “hydrogen economy”. Hydrogen can be produced in many
ways. What follows is a summary of the pros and cons of the various production
methods.

1.4.1 The case for PV hydrogen by water electrolysis

1. Photo-voltaic (PV) power is well-suited for making hydrogen by water
electrolysis when operated at low voltage d.c. and prior to the a.c. inverter.

2.The potential is for 100 g/day/m? (36.5 kg/yr), so only a 20 m” solar array is
required for 2 kg H,/day-sufficient for a single-family unit. However, solar
energy is intermittent with diurnal radiance and cloud cover, so H, generation is
not consistent, requiring some compression and storage during peak production
hours.

3.H, produced by PV/electrolysis is not suitable for distribution without
compression and a delivery infrastructure—high-pressure pipelines, high-
pressure storage tanks, delivery trucks, and distribution network.

4.The best scenarios for PV hydrogen are:

a. Use of H, directly on-site for local loads-heating, AC, operating farm
equipment, etc. Intermittency may be managed with low pressure storage <
100 atm.

b. Use for arbitrage: off-peak, low-cost grid power combined with PV H, may
be used for generating inexpensive H, by electrolysis and sold back onto the
utility grid at higher peak rates. This scenario requires considerable on-site
storage capacity.

5.PV power is better suited for large solar farms (>100 MW) that are connected
to the utility grid since peak solar power typically overlaps times of peak power
demand.

6.The case for H, generated by water electrolysis with large solar arrays is dubious
because of the complication (and cost) of large-scale compression and
distribution.

7.The case for making H, by water electrolysis using costly utility grip electricity
is difficult to justify as a substitute for gasoline or diesel fuel.

8. Without suitable short-term storage H, generated by water electrolysis has little
value in urban settings since peak generation overlaps with peak power demand.
Using PV power to make H, intermittently only to turn it back into electric
power at a later time in fuel cells or engines makes no sense since round-trip
conversion efficiency necessarily means that the resulting power will be more
costly.
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9.0nly when off-peak utility rates are lower does water electrolysis make sense.
But this scenario requires compression and storage.

10.Low-cost nuclear power, which is not intermittent, could dramatically alter the
economics of hydrogen produced by water electrolysis.

1.4.2 The case for fuel ethanol

1.Denatured Fuel Ethanol, E95, is a renewable, net-zero-carbon biofuel derived
from fermentation of sugar or starch. Typically 95% alcohol by volume, it is an
agricultural product produced from crops such as corn, sugar beets, sugar cane,
rice, potatoes, etc.

2.Fuel ethanol is distinct from alcoholic beverages in that denaturant (typically
methanol) is added to make it undrinkable.

3.E95 is made by distillation of fermented feedstock—usually sugars.

4. Although flammable, it is environmentally benign. It may be stored and
transported in bulk until needed.

5.Even though substantial acreages of farmland are required to grow crops suitable
for alcohol fermentation, farm economics are designed for seasonal harvest and
farmers are experienced in handling this.

6.E95 from corn is well-established in the US, from sugar cane in Brazil, and sugar
beets in Northern Europe. Crops intended for producing fuel alcohol can be
optimized by methods, such as with genetic modifications that are not suitable
for human consumption.

7.Large expanses of marginal and uncultivated land exist almost everywhere.
Sugar beets, for example, are drought-resistant and tolerant of brackish water,
making them ideal for producing fermentable sugar on lands that do not compete
for resources needed for food production.

8.Fuel ethanol may be produced on-site at the farm or at a local farmer’s
cooperative in the same manner as with many agricultural crops.

1.4.3 The case for H, by ethanol steam veforming (ESR)

1.Ethanol steam reforming requires a mixture of water and ethanol not exceeding
40% ABV, or E40, requiring less distillation of fermentate than E95, but may be
made from E95 by dilution with water. At only 40% ABV, E40 is non-flammable
and requires less heat energy to produce.

2.Hydrogen produced on-site by ESR may be used directly in PEM fuel cells in
farm equipment and to provide off-grid electric power or used in internal
combustion engines and gas turbines.
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3. A sugar beet farm of about 100 ha producing 30,000 kg H,/year can operate
completely off-grid without the need for gasoline or diesel fuel.

4.Larger farming operations can compress and bottle hydrogen for distribution or
sell surplus E95 for cash.

5.Hydrogen produced from E40 is clean-burning and non-polluting with respect to
carbon particulates and oxides of sulfur and nitrogen with operation in PEM fuel
cells.

6.The combustion enthalpy of E95 in a heat engine is about 26 M]/kg x 46,070 kg/
mol = 1.2 MJ/mol. Assuming 5 moles (net) per mole of EtOH, the hydrogen
combustion enthalpy is 5 x 0.24 MJ/mol (LHV) = 1.2 MJ/mol EtOH—about the
same as for burning E95 in an internal combustion engine. However, energy
conversion efficiency in a fuel cell is about double that of an ICE. On balance,
hydrogen is a better energy vector than E95.

2. Experimental
2.1 Background

Ethanol steam reforming offers the best solution for on-demand hydrogen pro-
duction, requiring little or no compression and storage. Compact microporous mem-
brane reactors (MMRs) bring the necessary process intensification for producing
hydrogen at the scale from a few grams to tons per day. Microporous membranes are
made from bisque-fired kaolin-based clay having a microstructure with high open
porosity and large internal surface area, enabling high gas permeabilities. Over the
past decade, interest in microporous ceramic membranes using earth-abundant clay
minerals has been increasing [10]. When bisque fired, the ceramic forms a network of
interconnected microchannels that are suited for three application areas of interest to
hydrogen production [11-13]: (1) as a catalyst support for microporous membrane
reactors, MMRs, (2) gas separation—particularly for separating H, from CO, [14], (3)
as porous supports for depositing palladium membranes for hydrogen diffusion [15].
The focus of what follows specifically pertains to catalytic MMRs for ethanol steam
reforming (ESR).

Recent experiments with Ni-infiltrated bisque-fired kaolin have demonstrated that
hydrogen can be produced from ethanol by ESR at rates that are of high commercial
interest. Processing, microstructure evolution, and mechanical integrity of kaolin-
based ceramics in the context of ESR and gas separation, where interfaces and surfaces
are the key attributes are described.

Water and ethanol are miscible with nearly the same boiling point, making the use of a
water/ethanol mixture as a feedstock for ESR convenient and practical in reactors, where
the mixture is introduced and vaporized. The steam-to-carbon ratio may be adjusted by
the percent alcohol by volume %ABYV. Figure 1 plots this relationship. The safe operating
range for avoiding carbon formation, called “coking”, is S/C greater than 2, or about 40%
ABYV, which is the typical alcohol content of vodka. The S/C ratio as a function of the %
ABV is plotted in Figure 1. 40% ABV has an intrinsic S/C ratio of 2.4. The extra 0.9 moles
of water per mole of EtOH beyond what is required by stoichiometry (Eq. (1)) does not
participate in the reaction but is required to prevent coke formation.
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Figure 1.
Steam-to-carbon ratio (S/C) versus percent ethanol by volume (%ABV).

The reaction in a catalytic microporous membrane reactor, MMR, results in a gas
mixture of about 72% hydrogen and other reaction products, CO, CO,, CH,4 and traces
of other gases due the thermodynamic limitation of the reaction. Figure 2 shows the
mole fractions of the principal gases that would exist at thermodynamic equilibrium
versus temperature at one atmosphere pressure for a 40% alcohol-by-volume (ABV)
reactant. It is observed that hydrogen production reaches the maximum at about 600°
C, at the point where CH,4 approaches zero. This is a critical operating threshold for a
membrane reactor intended for making hydrogen. The mole fractions of actual reac-
tion products are bounded by these thermodynamic limitations. The effectiveness of
the catalysts of a MMR is measured as the ratio of the hydrogen production to the
upper bound imposed by thermodynamic limitation at the MMR operating tempera-
ture, which is the solid black curve in the figure. 800°C is a more typical operating
temperature since the ESR reaction is endothermic and a higher temperature is
warranted to keep the reactor temperature constant. The equilibrium mole fractions at
800°C and one atmosphere are H, = 0.707, CO = 0.169, CO, = 0.123, and CH, = 0. The
sum of the carbon-containing species is 0.292, which makes the total 1.0.

Quantitative analysis of the reaction products of steam/ethanol reforming with a
quadrupole mass spectrometer provides the actual mole fractions, which may be
compared to the theoretical equilibrium values. Carbon monoxide may be converted
to CO, and additional hydrogen at a lower temperature downstream by the water-gas-
shift reaction to give an additional mole of hydrogen per mole of ethanol,

CO + H,0 = CO, + H, (4)

The maximum theoretical hydrogen yield is given by Eq. (1) at 75%.

Measurement of the mole fractions of gases resulting from ESR is an indicator of
the performance of the MMR. Hydrogen is the desired product, so the hydrogen yield
compared to the theoretical, stoichiometric yield gives a measure of the efficacy of the
MMR. The hydrogen yield is the mole fraction of hydrogen produced to the
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Figure 2.
Mole fractions of major steam reforming products (less H,0) for 40% ABV at thermodynamic equilibrium vs.
temperature at one atmosphere.

theoretical maximum of 75% in Eq. (1). The production of methane is mostly respon-
sible for reduced hydrogen yield and is a key indicator of the reforming efficiency.
The extent of reaction is controlled by the surface area of nickel catalyst that can be
incorporated into the MMR along the gas flow path.

In a clay-based MMR the open porosity is about 1/3 of the total bulk volume. The
connected pore size and distribution are critical determinants of the gas permeability.
The membrane wall thickness as well as the path tortuosity through which the
reacting gases permeate determines the length of time the transiting gases have for
encountering a particle of nickel catalyst to undergo a heterogeneous reaction on the
catalyst surface. The size and distribution of nickel particles within the flow channels
of the porous clay-based support determines the catalyst surface area, and thus, the
catalytic activity of the MMR.

2.2 Experimental
2.2.1 Sample preparation

From the evaluation of various candidate kaolin clays described in prior mono-
graph [12] Edgar Plastic Kaolin (Edgar Minerals) was used in this study. Slip for
casting was prepared in a Ninja smoothie-maker using 300 grams of EPK kaolin, 150
grams water, and 5 ml Darvan 7 deflocculant. The MMR bulbs tested in this study
were fabricated from this formulation, then fired in air at 1000°C for one hour. The
resulting ceramic exhibited open porosity of about 37 vol%. The pore size and distri-
bution were determined by Hg intrusion porosimetry shown in Figure 3. It may be
observed that the open pore size exhibits a narrow distribution below 100 nm with a
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Figure 3.
Pore size and distribution of Edgar Plastic Kaolin fired for 1 hour at 1000°C.

Total intrusion volume at 59,943.07 psia: 0.2260 mL/g
Total pore area at 59,943.07 psia: 22.421 m*/g
Median pore diameter (volume) at 3290.34 psia and 0.113 mL/g: 0.05497 pm
Median pore diameter (area) at 4246.83 psia and 11.211 m*/g; 0.04259 pm
Average pore diameter (4 V/A): 0.04031 pm
Bulk density at 0.54 psia: 1.6549 g/mL
Apparent (skeletal) density at 59,943.07 psia: 2.6434 g/mL
Porosity: 37.3957%
Table 1.

Hg intrusion porosity summary data (Micromeretics PTA).

maximum at 58 nm. The internal surface area was determined to be 22.4 m*/g, which
is exceptional for a microporous material. The summary report (Micromeretics PTA)
is given in Table 1.

An MMR bulb is shown in Figure 4 (in cross-section on the left). The dark color is
due to the nickel nanoparticles embedded in the ceramic. The outer bulb diameter is
1.8 cm, and the length is 7 cm, giving a total surface area of about 50 cm” on the shell
side. The wall thickness of the hollow bulb is 1.5 mm. The bulb has a 10 mm diameter
stem port at the top for making the gas-tight connection to the tube side using a
graphite ferrule.

For nickel infusion, the dry weight of the bulb was recorded. Infusion of nickel
catalyst was carried out using three separate infusions of the porous structure with
1.5 M nickel nitrate hexahydrate solution (Sigma Aldrich NiNO5.6H,0, SN#244074)
with intermediate calcination. For each infusion step, NiNOj solution was inserted
into the interior of the bulb using a syringe. The ceramic darkened on the exterior
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Figure 4.
Edgar Plastic Kaolin (EPK) hollow bulb slip cast in a 2-piece plaster mold. In cross-section on the left. The dark
color is due to nickel nanoparticles.

surface after about 2 minutes once the infusant penetrated the wall, indicating com-
plete infusion. The infused bulb was then calcined for 1 hour in air at 500°C to
decompose the nitrate after which the bulb was weighed to determine the net weight
gain. This process resulted in about 20 mg of Ni per gram of substrate. Three subse-
quent infusions resulted in Ni catalyst loading of about 60 mg/g. The final step
involved nucleating the metallic Ni nanoparticles by operating the bulb at 800°C on
hydrogen flowing at 20 sccm for 24 hours. The 20 nanometer nickel particles may be
seen decorating the plates of a kaolinite grain in Figure 5.

2.2.2 Testing apparatus

The ESR test rig is shown in Figure 6 consisting of a high temperature horizontal
tube furnace on the left and an HPLC liquid chromatography pump (Laboratory
Alliance) for injecting the water/ethanol mixture into the test chamber on the right.
The specimens under test were installed into a 1” diameter Inconel pressure vessel
using a 10 mm compression fitting and graphite ferrule. The ends of the pressure
vessel, sealed standard with 1” compression fittings, may be seen extending out of the
tube furnace on each side. Steam reforming was carried out at a furnace set point of
800°C. A second type-K thermocouple was inserted into the interiosr of the bulb from
the left through gas tight fittings. The steam reforming reaction is endothermic, so this
second thermocouple typically registered a temperature 10 degrees lower than the
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Figure 5
Kaolinite plates decovated with Ni nanoparticles in EPK microporous membrane (FESEM courtesy of Sandrine
Ricote, Colorado School of Mines).
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Figure 6.

ESR test apparatus. From left to right: (1) specimen thermocouple reader, (2) tube side outlet with steam trap and
condensing coil, (3) MTI tube furnace, (4) shell side inlet (vight), pressure gages and safety pressure release valves,
(5) HPLC, (6) mass flow controllers and control valves, (7) water/ethanol reservoir.

furnace set point. This provided a qualitative indication that steam reforming was
taking place.

The liquid flow, in ml/min, was set on the HPLC pump to inject a mixture of water
and ethanol—typically 40%ABV—into the test chamber. The injected liquid was
gasified in a coil inserted near the furnace hot zone from the right. A pressure gauge
monitored the resulting pressure rise inside the reactor shell due to gasification. A
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pressure release valve was installed for safe operation below 20 barg. The reformate
gas on the tube side of the bulb specimen exited to the outside from the left of the
furnace, where it passed through a steam trap and on to a mass spectrometer for
analysis.

2.2.3 Testing protocol

The testing protocol involved a preliminary pressure test with hydrogen at room
temperature up to 10 barg to confirm that the seals were gas tight. This was confirmed
by spraying soap solution on the connection and watching for bubbles to form. This
was followed by heating the tube furnace at 10°C/min to the operating temperature of
800°C with 20 sccm hydrogen flowing through the system for a period of about
24 hours to fully reduce the nickel catalyst. The outlet gas was passed through a water
trap and vented to the outside. The permeance of the specimen was measured with
pure hydrogen at the operating temperature.

The atmosphere was then switched to argon and the permeance of the bulb spec-
imen tested a second time to obtain the separation factor between Ar and H, at the
operating temperature. With flowing Ar at 100 sccm, the outlet was fed to a mass
spectrometer (MKS Cirrus 3XD with Process Eye Professional composition analysis
software), calibrated beforehand with synthetic syngas, (75% H,, 20% CO,, 5% CO)
through a mass flow controller (Alicat 500) until all the hydrogen was purged from
the lines and argon was the only residual species detected. At this point, the HPLC was
turned on and lines purged until the first sign of a pressure increase in the test
pressure vessel—an indication that gasification was taking place. The reformate gas
flowed to the mass spectrometer where the hydrogen increased as the residual argon
in the supply lines was diminishing. The test was commenced once the argon signal
became negligible. After an interval of approximately one hour, the catalyst was
considered fully activated as the reformer reached steady state, where it operated
continuously for about six hours.

3. Results and discussion
3.1 Bulb material characterization

A preliminary test was carried out on a bare bulb without any nickel catalyst. At
first, some reformate species were detected, presumably resulting from homogeneous
water-ethanol reactions or heterogeneous reactions with the inner walls of the Inconel
vessel. But after a short time, the pores of the MMR became plugged with water and
ethanol vapors and gas stopped flowing from the shell side to the tube side—
confirming the need for catalyst in the flow path within the tube wall.

For the second test, a tube, infused with Ni nanoparticles by the nickel nitrate
process with 60 mg/g nickel catalyst was tested. The room temperature permeance of
the bulb was measured in the ESR apparatus. The permeance results for hydrogen and
argon are plotted in Figure 7. The technique is a standard method for estimating pore
size and distribution and is described in more detail in refs. [12,13]. Permeation flux
(in sccm/cm?) as measured using an Alicat 500 mass flow controller is plotted versus
applied pressure in bar for pure H, and Ar. The curves have been adjusted to pass
through the origin with zero flux at atmospheric pressure. The slopes reflect the
permeance of the different gases. The units are sccm/cm”/bar. Often, a unit for
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Figure 7.
Hydrogen and argon permeation at room temperature in slip cast bulb.

permeability called gas permeance unit, GPU, is used, where one GPU = cm’(STP)/
(cm”.s.cmHg) x 10~ ° which is proportional to sccm/cm?/bar. The pressure-drop in bar
rather than 76.0 cm Hg is used for convenience. Absolute permeance is more useful
for comparing different materials, however, it is the separation factor that is more
relevant for these present studies. When the same specimen is tested against two
different gases, at the same gas flow rate, all that remains in the calculation is the
inverse ratio of the differential pressures required to maintain the same flux. This ratio
determines the gas separation factor and indicates the fraction of the permeance that
occurs by Knudsen diffusion versus by ordinary plug flow. Knudsen diffusion is
determined by the square root of the mass of the diffusing gas and becomes dominant
for pores on the order of 50 nm and below. The theoretical separation factor for two
different gases is the inverse square root of the ratio of their respective masses. For

hydrogen and argon, the value is 1/(40/2) = 4.47.

From the plot, it may be observed that the room temperature permeance of
hydrogen was 3101 GPU and that of argon was 770 GPU. The difference in the slopes
confirms that the diffusion mechanism is significantly by Knudsen diffusion. The
separation factor between the two gases is 4.03, which is 90% of the theoretical value
based on Knudsen diffusion and is consistent with the prediction of predominantly
Knudsen diffusion through the 50 nm pores measured by Hg intrusion porosimetry.

3.2 ESR performance testing

40% ABV Liquid feed was injected into the reaction vessel under pressure from the
HPLC pump and gasified to a pressure of between 10 and 20 barg. At 800°C ethanol
decomposes, into a mixture of H,, CO, CO,, CHy, and traces of other species, such as
ethane and ethylene. This gas constitutes the shell gas of the ESR reactor, passing
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through the walls of the membrane rector bulb, and exiting the reactor on the tube
side in a tube-and-shell reactor configuration. The ESR reaction occurs as the shell gas
encounters nickel catalyst embedded in the porous clay structure. Figure 8 shows the
mass spectrometer analysis of the reformate tube gas, switched to sampling shell gas
after eight minutes, and switched back to reformate tube gas after 17 minutes. The
effect of the MMR is demonstrated most compellingly by the increase in hydrogen
mole fraction from 45% on the shell side to 72% on the tube side, meaning that the
ESR reaction reached completion upon passing through the membrane. ESR is typi-
cally practiced using packed-beds and microchannel reactors, with length scales of
several centimeters. Figure 8 demonstrates that the clay-based MMRs achieves similar
performance in just one millimeter of wall thickness.

Figure 9 shows the mass spectrometer analysis of the tube-side reformate of the MMR
for 90 minutes of operation at a liquid feed rate of 0.5 ml/min of 40% ABV, or 0.2 ml/min
of effective ethanol feed. EtOH molar density is 0.789 £; +46.068 -£; = 0.0171mol /ml,
giving 0.0034 mol EtOH per minute entering the reactor. According to the plot, about
72% leaves the reactor as H, Therefore, the catalytic effectiveness is 0.72/0.75 = 96%. 0.96
times 6 moles of hydrogen per mole of EtOH gives 5.76 mol H, per mole EtOH reformed,
or 0.0196 mol Hy/min. This amounts to 1.18 mol/hr., or 2.35 grams of hydrogen per hour
being produced by the MMR.

The periodic variability is the result of non-uniform gasification of liquid reactant.
Liquid condensate accumulating in the vaporizer coil flashes over, causing a periodic
sudden burst of gasified fuel and steam. Each time this occurs, the pressure on the
shell side jumps from about 10 barg to 20 barg, then relaxes back to 10 barg. The
spikes of the hydrogen concentration correspond with these sudden pressure jumps.
More interestingly, the CO and CO, mole fractions are seen to be 180 degrees out of
phase, clearly indicating that equilibrium of Eq. (1) is being shifted to the right by the
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Mass spectrometer analysis of ESR tube composition (0—7 min), followed by shell composition (7-17 min), and
returned to tube composition.
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Figure 9.

ESR test run on MMR bulb with 60 mg/g infused Ni catalyst.

doubling of pressure, favoring reaction products H, and CO,, and providing a beauti-
ful confirmation of Le Chartier’s Principle. Hydrogen and methane at 800°C are in the
flat portion of the equilibrium diagram, so the mole fractions are less influenced by
pressure changes, unlike CO and CO, which are more sensitive to temperature and
pressure in this region as seen in Figure 1.

3.3 Future considerations

One of the grand challenges for implementing a compact ESR is that the reforming
reaction is endothermic, and thus, requires the introduction of heat to sustain the
reaction. With traditional packed-bed reformers, heat is applied from the outside, which
is inefficient and difficult to carry out at small scale. To solve this problem of efficient
thermal management, development is under way to extrude the clay MMRs as coils and
heat the reactor from the interior. A prototype of this architecture is shown in Figure 10.
A resistance cartridge heater was inserted into the coil, and the operation at 800°C may
be observed by the orange glow between the coils. Ultimately, the MMR will be encased
in insulation so that practically no heat is lost to the surroundings.

4 Conclusions

The transition from a petroleum-based energy economy to a renewable hydrogen-
based one will take decades. It took 150 years for the world to become addicted to
crude oil. Two world wars have been fought over it and dark storm clouds for a third
have been gathering for years. Withdrawal from petroleum addiction will also likely
not be painless once oil interests are threatened. However, although the societal
advantages of hydrogen as a replacement for fossil fuels has been appreciated for a
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Figure 10.
Extruded coil with internal heating.

long time, hydrogen has failed to gain a foothold due to its high cost. Hydrogen made
from fermented sugar has the potential to break through this $4/kg cost barrier to
provide the abundant and inexpensive energy people have come to expect without the
need for carbon taxes and government subsidies. Unlike crude oil, which is controlled
by a small cadre of oil-producing nations, hydrogen made by ethanol steam reforming
offers a path forward to energy independence for anyone on the planet. Many techni-
cal challenges remain-the biggest being scaling production to levels necessary to
trigger demand. This will not happen until hydrogen achieves price/energy parity
with fossil fuels. Barring some sort of hydrogen energy bonanza, such as tapping into
geologic hydrogen trapped in the earth’s mantle, steam reforming offers a cleaner,
more accessible, and more secure energy future for all.

Ethanol steam reforming (ESR) in a microporous membrane reactor, MMR, with
nickel catalyst has been described in this monograph. The mole fractions of reaction
products were determined using a mass spectrometer with software providing quantita-
tive gas analysis. MMR bulbs were prepared from clay-based kaolin by traditional slip
casting. Ni catalyst nanoparticles where prepared by infusion with nickel nitrate into the
porous fired ceramic. The catalytic effectiveness of the MMR was demonstrated for
conversion of ethanol to hydrogen at nearly the maximum possible yield-a remarkable
achievement for a flow channel of only about 1 millimeter in length. Two orders of
magnitude in process intensification were, thus, demonstrated with clay-based micropo-
rous membrane reactors. Hydrogen production of about 2.4 grams per hour was demon-
strated in a compact form-factor that is suitable for scaling up for commercial production.
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Chapter 3

Low-Carbon Hydrogen
Technologies: Methane Pyrolysis
for Production of Low-Carbon
Hydrogen and Solid Carbons

Ashton Swartbooi

Abstract

Methane pyrolysis offers a viable route for producing low-carbon hydrogen, provid-
ing an eco-friendly substitute for traditional techniques such as steam methane
reforming. This method thermally breaks down methane (CH,4) into hydrogen gas (H,)
and solid carbon, preventing direct CO, emissions during production. Commonly
known as “turquoise hydrogen,” this approach generates a valuable solid carbon by-
product, which can be captured or used in industrial processes, improving economic
feasibility. The technology utilises current natural gas distribution systems, allowing for
decentralised hydrogen generation while incorporating renewable energy sources to
drive the high-temperature reaction. This chapter thoroughly examines methane pyrol-
ysis, addressing essential chemical mechanisms, catalytic and non-catalytic routes,
reactor configurations, and operational issues such as catalyst deactivation and carbon
handling. It explores the importance of operating conditions, kinetic modelling, and
new commercial initiatives by firms such as Monolith Materials and Hazer Group,
showcasing scalability and market prospects. The advantages for the environment and
the economy depend on aspects such as methane leaks, the carbon intensity of energy
sources, and the final application of solid carbon products, including carbon black or
graphite. Life cycle assessments show that methane pyrolysis, when using clean energy,
can attain a carbon footprint much lower than the conventional methods. Methane
pyrolysis connects fossil fuel infrastructure to a low-carbon future, positioning it as a
key technology for the hydrogen economy, with continuous advancements in catalysts
and reactor designs set to improve its scalability and influence.

Keywords: methane decomposition, turquoise hydrogen, low-emission hydrogen,
solid carbon, carbon reduction

1. Introduction

The current global energy system is in the midst of transformation, largely driven
by climate goals, technological advances, and changing markets. To push the needs for
a decarbonized future, hydrogen has been identified as a leading energy carrier and
thus plays a central role. Its versatility is key, because it can act as a clean fuel for
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industries like shipping and aviation, a clean feedstock for chemical and petrochemi-
cals, and more areas requiring decarbonisation [1-4].

However, a large percentage of hydrogen produced today is derived from fossil
fuels through processes like steam methane reforming, which releases large amounts
of CO,. This is why developing low-carbon and green hydrogen technologies has
become a global priority. In 2023, global hydrogen demand was estimated at approx-
imately 97 Mt., a figure expected to increase to over 100 Mt. in 2024. This demand in
the market represents a huge opportunity for cleaner alternatives [5-7].

A promising low-carbon alternative is by utilising methane pyrolysis, also called
methane decomposition. Hydrogen produced in this manner is often referred to as “tur-
quoise hydrogen” [8]. During this process, a molecule of methane (CH,) is broken down
using heat into hydrogen gas (H,) and solid carbon, thus avoiding direct CO, emissions at
the point of production. Unlike “blue” hydrogen (which captures CO,) or “green” hydro-
gen (from renewable electricity), pyrolysis produces a solid carbon co-product. This
carbon can be sequestered, sold, or even re-used in circular industrial processes, creating
an additional revenue stream that can improve the project’s economics [6-8].

Interest in methane pyrolysis has grown due to a combination of maturing technol-
ogy, market pressures, and policy incentives. The core chemistry—splitting methane
into hydrogen and carbon—is a simple concept, though achieving high efficiency and
continuous operation is complex due to the stability of the methane molecule as well as
catalytic deactivation. While there are still many discussions around an agreed carbon
pricing mechanism, pathways with low lifecycle emissions are becoming more attrac-
tive. A wave of companies like Monolith Materials, Ekona Power, and Hazer Group are
now advancing pilot and demonstration plants, testing different reactor designs and
technologies and bringing the technology closer to commercial reality [9, 10].

To understand the full process, the promise of methane pyrolysis must be viewed
holistically. Its environmental benefit depends on where the methane comes from,
how much leaks during extraction and transport, and the carbon footprint of the
energy used to power the process. The final treatment of the solid carbon—whether it
is used in long-lasting products or sequestered—also determines the net emissions [8].

Economically, pyrolysis must compete with established methods like steam meth-
ane reforming with carbon capture. Its competitiveness hinges on natural gas prices
(the feedstock of methane), energy costs, reactor design, the value of the carbon co-
product, and the presence or absence of carbon taxes or subsidies. Under the right
conditions, it can be cost-competitive, especially if the produced carbon is of a higher
value and can be sold for a high price [6, 11-13].

This book chapter provides an integrated and holistic look at methane pyrolysis,
touching on all fundamentals related to the process, including fundamental chemical
reactions and catalysts to reactor designs, commercial projects currently in operation,
and economic models. Starting with fundamental atomic level chemistry, and linking
that with process level design and economics, this chapter hopes to provide a practical
view at evaluating methane pyrolysis’ role in the energy transition [7, 8].

2. Fundamental methane decomposition mechanisms

Methane pyrolysis requires the breaking or cleaving of the strong carbon-hydrogen
(C-H) bonds in the methane molecule. To achieve this requires large energy input and
is normally done at high temperatures. Methane is then converted into hydrogen and
solid carbon without producing CO; [8, 14, 15].
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The standard reaction is given in Eq. (1) below:
CH4 — 2H, + Ci) AH%g = +74.9 k] /mol 1)

Methane pyrolysis can typically be achieved without a catalyst at very high tem-
peratures (usually over 1000°C), but this can be lowered through the use of a catalyst.
The actual mechanism has been studied by various authors and is usually very com-
plex, since it involves radical chain reactions and the formation of intermediate
hydrocarbons before solid carbon finally deposits out [8, 14, 15].

2.1 The radical reaction pathway (non-catalytic)

For non-catalytic decomposition and thus pure gas-phase reactions, the reaction
proceeds through a series of steps initiated by radical formation. The process is
initiated when a methane molecule splits into a methyl radical (CH;') and a hydrogen
atom (H') [8, 14, 15].

e Initiation:

CH, — CHj + H*

This step is usually considered the slowest and requires the most energy.

The methyl radical and hydrogen atom then trigger chain reactions, with
larger hydrocarbons being formed which eventually fully decompose to carbon and
hydrogen:

* Propagation:

CH} + CH, — CyHg + H*
C,H¢ — CH4 + H,
C,Hy — ZC(S) +2H,

¢ Termination:
CH; +CH; — C)Hs

The chain reaction ends when radicals re-combine and thus do not take part in any
further reactions.

It has been shown that the activation energy for this non-catalytic path is around
355-420 kJ.mol . This high activation energy shows the stability of the methane
molecule and necessitates the needs for a catalyst to decrease the activation
barrier [8].

2.2 Catalytic pathways

By using a heterogeneous catalyst, the activation energy is dramatically reduced,
resulting in lower operating temperatures. Transition metal catalysts like nickel (Ni)
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or iron (Fe) have been shown to provide active sites that allow methane to decompose
at much lower temperatures (600-900°C instead of >1000°C) [8, 16].
The reaction on a metal catalyst surface follows a similar series of steps without the

building of longer hydrocarbon chains, however. The stepwise decomposition can be
described by:

1. Adsorption: A methane molecule is bound to the catalyst surface.

2.Stepwise dehydrogenation: The methane loses its hydrogen atoms one by one,
leaving a carbon atom bound to the surface.

3.Hydrogen recombination: The hydrogen atoms on the surface pair up and desorb
as H, gas.

4.Carbon nucleation: The carbon atoms on the surface cluster together to form
solid carbon.

As with the non-catalytic route, the first C—H bond break is usually the
limiting step and on a nickel catalyst, the activation energy can be approximately
87 kJ.mol !, which offers a massive reduction from the pure gas-phase reaction
(Figure 1) [8, 16].

Different catalysts can also play a key role when being used in the process and
can also lead to different carbon products being formed. Nickel is highly active
resulting in high conversions but can be quickly deactivated as carbon coats its
surface due to the fast kinetics. Similarly, iron catalysts might not be as active as
nickel, and they tend to form carbides that promote the growth of filamentous
carbon (like carbon nanotubes). This can lead to the requirement of different

(a)

CH,

l » H2 HZ
CHy* > CHy + > C‘& > CH'+{ *A]

Catalyst surface

(b)

CH,

l/» H, H;

l Catalyst surface ‘

Figure 1.
Mechanisms for the adsorption of methane molecules onto a catalyst surface through (a) molecular adsorption
mechanism and (b) dissociative adsorption mechanism. Taken from Song and Park, 2024 [17].

50



Low-Carbon Hydrogen Technologies: Methane Pyrolysis for Production of Low-Carbon Hydrogen...
DOI: http://dx.doi.org/10.5772/intechopen.1013818

catalytic packing or reactor set-ups depending on which parameter was the focus of
optimization, for example nickel would favour high hydrogen yields and low-grade
carbons, while iron favours high-value carbon formation with lower hydrogen
yields. Some researchers have also looked at reactors in series to maximise both
products [18, 19].

2.3 The role of operating conditions

The rate of the reaction and the type of carbon produced are highly sensitive to
temperature, pressure and residence time since all of these affect the equilibrium of
the reactions. From Eq. (1) and following the Le Chatelier principle, higher tempera-
tures and lower pressures generally favour the forward reaction and formation of
hydrogen and carbons, which then also favours deactivation on certain catalysts.
High temperatures, however, also favour the formation of more ordered, graphitic
carbon [8].

2.4 Kinetic modelling

To design efficient reactor models, kinetic models need to be developed to help
predict how fast the reaction will proceed under various conditions. A proper
kinetic model not only helps with unit (reactor) design but also plays a key role in the
process design, which subsequently feeds into the economics and operational cost
calculations. Common kinetic models are usually based on experimental results and
include:

* Power-law models for non-catalytic systems.

* Langmuir-Hinshelwood models for catalytic systems. This model accounts for
the fact that the reaction can slow down at high methane pressures as the
catalyst active sites become saturated. A dual Langmuir-Hinshelwood model
can also be developed when hydrogen is expected to be competing for the same
active sites.

* Nucleation-growth models that specifically describe how carbon builds up on the
catalyst and leads to its deactivation over time [20].

3. Reactor technologies

Turning the chemistry of methane pyrolysis into a practical, large-scale process is
the duty of the reactor. The reactor’s design not only controls methane conversion, but
the flow and catalyst used inside the reactor also determines the type of carbon
produced as well as the overall economics. The main challenge for methane pyrolysis
in general is how to supply the heat efficiently while managing the solid carbon that
forms, while at the same time preventing it from clogging the system and shutting the
operation down [7, 8].

Researchers have explored a wide range of reactor designs, which can be grouped
into a few key categories, and presented in Table 1 below:
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Technology Pros Cons Other comments

Fixed-bed  Simple to build and Catalyst deactivates quickly as Often used in labs for testing

reactors operate, excellent for carbon coats it. Poor heat catalysts. Temperature ranges

fundamental studies. distribution creates hot spots.  from 600 to 1000°C, with

Requires stopping production  methane conversion of 40-90%
to regenerate catalyst, making depending on conditions [21].
continuous operation difficult.

Fluidised- Great heat and mass Catalyst particles can be worn =~ Constant motion of catalyst

bed reactors

transfer, scalable,
suitable for continuous
operation.

down by attrition. Fine carbon
dust can be carried away with
the gas, requiring filters.

particles creates excellent heat
distribution and allows
continuous addition of fresh
catalyst and removal of carbon-
coated particles [22].

Molten Natural prevention of ~ Higher initial capital costs due Uses a bath of molten metal

media fouling, uniform to complex design. (e.g., tin) or molten salt.

reactors temperature, potential Carbon floats to the top or
for very high efficiency. disperses, preventing fouling.

[9, 23-25].

Plasma Fast reaction High electricity consumption.  Uses high-voltage electrical

reactors (milliseconds), compact discharge or microwaves to
size. create super-hot plasma that

decomposes methane [26].

Pulsed High energy efficiency, ~Complexity in operation, Uses controlled, tiny

combustion pulsation helps especially pulsing. combustion pulses to create

reactors distribute carbon and intense heat waves to crack
prevent clogging. methane.

Solar- Truly renewable-driven Challenges in scaling and cost. Innovative concept using giant

thermal process using mirrors to generate extreme

(emerging  concentrated sunlight heat needed for pyrolysis.

concept) for heat.

Membrane  Pushes chemistry to Complexity in integrating Integrates hydrogen-selective

reactors produce more hydrogen membranes. membranes to continuously

(emerging  at lower temperatures. extract hydrogen from the

concept) reaction zone.

Table 1.

Different advantages and disadvantages for different veactors used for methane pyrolysis.

4. Catalysts and catalytic processes

For non-catalytic methane pyrolysis, high temperatures are required, and hence, a
catalyst is required to reduce this high heat requirement. By lowering the activation
energy barrier required to break the C-H bond, it ensures that the reaction can be

operated at more manageable and practical temperatures (600-900°C). A good cata-
lyst must be active, but also resistant to being deactivated by the very carbon it helps
create [8, 16, 18, 19].

Catalysts provide a surface where methane molecules can bond and dissociate step-by-
step, lowering the activation energy significantly. They also play a huge role in determin-
ing what form the solid carbon takes—whether it is disordered carbon black or valuable
carbon nanotubes [8, 20]. The carbon property is determined by the elemental make-up
of the catalyst, since each element can provide a different type of carbon.
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4.1 Types of catalysts

Transition metals: Nickel (Ni), iron (Fe), and cobalt (Co) are the most studied
because they are highly active and readily available. Each species has its own advan-
tages and disadvantages:

Ni: Highly active but can be deactivated quickly when coated with carbon.

Fe: Tends to form carbides that promote the growth of filamentous carbon
nanotubes.

Bimetallic catalysts: Combining metals can create synergistic effects. For
example, adding a little copper to nickel can help stabilise it and slow down
deactivation.

Carbon-based catalysts: Ironically, carbon itself can act as a catalyst. Materials like
activated carbon or carbon nanotubes, especially when doped with nitrogen or other
elements, can catalyse the reaction. They are low-cost and avoid the issue of metal
deactivation [27].

4.2 Catalyst activity: Deactivation versus regeneration

While carbon is a desired product from the pyrolysis reaction, it is also the
primary enemy for many metal catalysts due to coking, where the carbon builds
up and encapsulates the active metal sites. To combat this, reactors often have regen-
eration cycles where the carbon is carefully burned off with air or treated with
hydrogen. This, however, is not desirable where the type of carbon formed is of a high
value and needs recovery. The latest research is focused on designing “carbon-
tolerant” catalysts, like certain iron-based ones, where the carbon grows as
filaments away from the active site, allowing the catalyst to remain active for much
longer [8, 18].

5. Commercial plants and industrial applications

Over the past decade, methane pyrolysis plants have moved from lab-scale to pilot
and early commercialisation scale demonstrations. The fast pace of these develop-
ments can be linked to the biggest driver namely climate policies but also market
interest in low-carbon hydrogen as companies move towards global net-zero targets.
Companies across the globe are now proving the technology can work at a meaningful
scale [9, 10], with the main push coming from:

* Decarbonisation: Industries need a clean alternative to CO,-heavy steam methane
reforming, especially in hard-to-abate sectors.

* Economics: The solid carbon co-product—whether carbon black, graphite, or
nanotubes—creates a valuable second revenue stream.

Producing hydrogen via pyrolysis is reported to have a carbon footprint as low as
1-3 kg of CO, equivalent per kg of H, (depending on the energy source and process
methane leaks), a massive reduction compared to conventional steam methane
reforming methods. Several economic analyses suggest that hydrogen can be pro-
duced competitively, especially when the carbon is sold [6, 11-13].
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5.1 Key projects leading the way

* Monolith materials (USA): Their Olive Creek 1 plant in Nebraska uses a plasma-
driven molten media reactor to decompose natural gas into hydrogen and high-
purity carbon black. They sell both, with the carbon revenue significantly
offsetting the cost of hydrogen production [9, 10].

* Hazer group (Australia): Their approach uses a low-cost iron ore catalyst
in a fluidised-bed reactor. The process simultaneously produces hydrogen
and high-purity graphite, a material in high demand for battery anodes. Their
pilot plant has demonstrated continuous operation, a key step towards larger
scales.

* Ekona power (Canada): Ekona uses a pulsed combustion reactor that creates
intense heat waves to crack methane. This design efficiently manages the carbon,
ejecting it with each pulse to prevent clogging. Their pilot unit highlights a
different, innovative path to continuous operation.

* BASF (Germany): The chemical giant is developing a molten metal bubble-
column reactor, using a tin bath. They plan to create a robust, continuous process
that could be integrated into their own industrial sites for hydrogen and carbon
production [25].

These diverse projects prove that there is not just one right way to do methane
pyrolysis and this all depends on how the carbon by-product will be handled or
formed. However, focussing on different reactor technologies and demonstrations
shows both technical feasibility and a growing market interest. The future of these
projects will depend on improving reactor durability, securing stable markets for the
carbon, and supportive policy frameworks [7-9].

6. Integration into the hydrogen economy

For methane pyrolysis to make a real impact, it must fit seamlessly into the
emerging low-carbon energy system yet at the same time compete with blue or green
hydrogen technologies. Methane pyrolysis’ unique advantage is that it acts as a bridge,
connecting the existing fossil fuel infrastructure of today to the renewable-powered
hydrogen economy of tomorrow [8]. This places turquoise hydrogen in a strategic
middle ground, offering immediate low-carbon hydrogen benefits without waiting for
a fully built-out renewable grid [2-4].

6.1 Leveraging existing infrastructure

A major benefit of pyrolysis is its compatibility with systems already in
place today:

* Natural gas grids: The same pipelines that deliver natural gas for heating and
power can feed distributed pyrolysis units. This allows for decentralised
hydrogen production right where it is needed, avoiding the huge cost of building
new hydrogen transport networks.
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* Industrial clusters: The high-purity hydrogen can be fed directly into existing
industrial processes, such as ammonia plants or refineries, for immediate
decarbonisation [13].

When using natural gas as a feedstock, and thus still fossil-based, renewable
energy sources can be used to provide the energy for the high-temperature reaction
including:

* Using renewable electricity for electric or plasma heating.

* Using concentrated solar thermal energy to provide the heat directly.

* Using waste heat from other industrial processes, like steel or cement
manufacturing.

This creates a hybrid system that reduces the overall carbon footprint and provides
a practical transition pathway [15].

7. Carbon product benefits and applications

Unlike other hydrogen production methods that treat carbon as a waste gas
(through the formation of CO,) resulting in significant cleaning or (regulatory) pen-
alty costs, pyrolysis ensures that the carbon can be sold. This transforms the econom-
ics and sustainability of the entire process [8].

7.1 The full spectrum of carbon products

The type of carbon produced can be tailored by adjusting the reactor conditions
and formulation of the catalyst. The resulting carbon formed ranges from common
industrial materials to advanced nanomaterials:

* Carbon black: A fine powder used as a reinforcing agent in tyres (about 70% of
the market) and as a pigment. Replacing conventional carbon black production
(which emits CO,) with sustainable pyrolysis derived carbon black also ensures
the environmental benefit.

* Graphite: High-purity synthetic graphite is essential for lithium-ion battery
anodes. Demand is soaring with the electric vehicle revolution, making this a
high-value target.

* Carbon nanotubes (CNTs): These are tiny, incredibly strong tubes of carbon with
the exceptional electrical and thermal properties. They are used in advanced
composites, electronics, and next-generation batteries. Even producing a small
amount can dramatically improve a plant’s revenue.

* Amorphous carbon/activated carbon: This porous, high-surface-area material is
used for water purification, air filters, and gas absorption [20].

It can be seen that Fe-based catalyst mostly produces graphitic and filamentous
carbons as discussed earlier. If we take the data from Figure 2 and convert it to
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Carbon Product Utilizing Different Catalyst and Temperature
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Figure 2.

Different carbon species formed when using diffevent catalyst and reactor configurations. Taken from Alhamed
etal [28].

understand how the reactor configurations play a role, the resultant figure is given
below.

Data from Figure 3 is also given in Table 2 below for ease of reference.

7.2 Environmental and economic impact

The economic benefit of the carbon by-product cannot be ignored or overstated:

Economic lever: Selling 3 tons of carbon black for every ton of hydrogen can
generate enough revenue to cover a significant portion of the hydrogen’s production
cost.

Climate benefit: Every ton of solid carbon produced is a ton that is not released into
the atmosphere as CO,. If this carbon is used in long-lived products like construction

materials or graphite electrodes, the process can even be considered carbon-negative,
as it effectively sequesters carbon [8].

7.3 Policy and positioning

Governments are starting to recognise the benefits of low-carbon (turquoise)
hydrogen. Policies in the EU and the US (like the 45 V tax credit in the Inflation
Reduction Act) are creating financial incentives for low-carbon hydrogen production,
which pyrolysis can qualify for if it meets specific emissions thresholds [1].
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Reactor Technologies and catalysts: Conversion, carbon types and Temperature
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Different reactor configurations resulting in different carbons. Bubbles ave vead on the left axis (conversion); bubble
colour velates to the type of carbon formed; points and errov bars are read on the secondary axis (operating temperature).

Reactor Catalyst Conversion Carbon Temperature Reference
Fluidized bed Iron oxide 80 Graphite 900 [7,29]
Fluidized bed Fe/Al,03 80 Solid carbon 600-1000 [7,29]
Packed bed Carbon-encapsulated Fe 95.7 Not specified 800-1000 [7,30]
nanoparticles
Packed bed Activated carbon 98 Not specified 1200-1400 [7, 21]
Fluid wall Not specified 60 Solid carbon 1100-1300 [7,31]
Moving Carbon granules 99 Carbon black 1000-1600 [7,32]
carbon bed
Plasma Plasma (non-catalytic) >99 Solid carbon 2100 [7, 33]
Microwave Coal char catalyst 90 Solid carbon 550-1216 [7, 34]
Bubble Molten tin (Sn) 78 CNT 1175 [7]
Bubble Molten Ni-Bi alloy 95 Carbon black 1065 [7]
Bubble Molten Gallium (Ga) 91 Carbon black 1119 [71
(amorphous)
Bubble Molten Ni-Sn 90 Grapbhite, carbon 1000 [7]
black
Table 2.

Overview of reactor technologies and carbon formed.

8. Techno-economic considerations

For methane pyrolysis to become a mainstream source of hydrogen, it must make
economic sense. The unique twist is that its business case depends on both products

formed during the cracking, that is hydrogen and solid carbon. This dual-revenue stream

is its greatest advantage, but it also makes the economics more complex [6, 11-13].
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8.1 What drives the cost?

The Levelised Cost of Hydrogen (LCOH) is the all-important metric. For pyrolysis,
it is calculated as:

(Annual Capital Cost + Annual Operating Cost — Carbon Revenue)/Annual Hydrogen Production

The Carbon Revenue term is what benefits the economics as this can be seen to be
reducing the LCOH from the above equation. The key cost drivers however can be
broken down into the following components:

* Feedstock: The price of natural gas is the single biggest factor, making up
40-60% of operating costs. Investigations into other sources of methane (bio-
methane) are investigated but sometimes have problems with scaling.

* Energy: The cost of the electricity or heat needed to drive the reaction.

* Capital (CAPEX): The upfront cost to build the plant. Reactors like molten metal
systems have higher initial costs but are built for long, stable operation.

* Carbon revenue: Selling carbon black for $1000 per ton creates a much stronger
business case than selling lower-value amorphous carbon [11-13].

8.2 The power of policy (again)
Government policies are powerful levers that can tip the scales:

* Carbon pricing: A tax on CO, emissions makes grey hydrogen more expensive,
narrowing the cost gap with turquoise hydrogen. However, because carbon
taxing varies across different countries, this shows that methane pyrolysis would
benefit in countries where the tax is high.

* Subsidies: Government incentives for clean hydrogen or products can
dramatically reduce the effective cost of hydrogen from pyrolysis, potentially
making it cheaper than fossil-based alternatives [1].

9. Environmental, life cycle assessment and circularity

A full cradle-to-grave life cycle assessment (LCA) should be used to properly
measure the true environmental impact of methane pyrolysis. Such a life cycle would
include the sourcing of the gas as well as the use of the final carbon product [8].

9.1 The full picture
A full LCA would examine:

* Methane leaks: If methane (a potent greenhouse gas) leaks during extraction and
transport, it can significantly undermine the climate benefits. Controlling these
leaks is critical.
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* Energy source: Because of the high temperature requirements, the reactor heat
can come from burning natural gas, which would push the emissions higher. If,
however it is powered by renewable electricity or solar thermal, the carbon
footprint is significantly reduced.

* Carbon’s end-of-life: The ultimate climate benefit also depends on what happens
to the solid carbon from the process. The benefit is limited when it is used in tyres
that have a shorter lifespan, but larger improves when it is locked away in the
long-lived graphite electrodes or building materials [8].

When all factors are accounted for, methane pyrolysis powered by clean energy
and with controlled methane process leaks can have a lifecycle carbon footprint of just
1-3 kg of CO; equivalent per kg of H,. This is a 70-95% reduction compared to
conventional grey hydrogen. Furthermore, if the process uses methane from biogenic
sources (like landfills or manure), the overall cycle can be considered to be carbon
negative.

9.2 Broader benefits
Over and above just the climate benefits, methane pyrolysis also benefits by:

* Reduced water use: Pyrolysis uses over 95% less water than electrolysis or SMR, a
major advantage in water-stressed regions.

* Circular economy: It turns a greenhouse gas into a valuable material, creating a
circular carbon pathway where carbon is used and reused rather than released [8].

9.3 Biogas as a circular approach

Biogas, which is derived through anaerobic digestion of organic waste, can serve as
a renewable feedstock for methane pyrolysis. Many countries limit the landfilling of
organic matter due to the formation of methane, which is a more potent greenhouse
gas. By rather capturing the methane from agricultural, municipal, or industrial waste,
hydrogen can be produced which would limit the reliance on fossil-based fuels. The
solid carbon which is also formed in the process has use cases in industries such as tyre
manufacturing or as a soil enhancer. Through this process, a full circular and closed
material loop is created.

Biogas does, however, present some challenges, especially related to the
cleaning and upgrading to achieve high purity bio-methane, which feeds into the
techno-economics of the process. A case-study for a South African facility based on
biogas feed [35] has shown that hydrogen produced from biogas can in fact be
competitive with green and even blue hydrogen production facilities. The same
study also showed that the price of the carbon sales was one of the largest
sensitivities in the economic analysis. This is also supported by many other similar
studies [36, 37].

The scalability of biogas supply is however a limiting factor, which rather points to
the fact that such a process favours decentralised hydrogen production facilities rather
than setting up one large, centralised facility as would be the case for green hydrogen
production. By valorising waste-derived biogas and its by-products, this approach
aligns well with circular economy principles.
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10. Future outlook and research directions

Methane pyrolysis is fast progressing and stands at a very good threshold—it has
moved from a theoretical concept to a proven technology with operating pilot plants.
The path going forward for the technology would focus on refinement, scaling and
integration [7, 8].

The global hydrogen demand is steadily increasing with many countries agreeing
to meet the net zero targets as outlined in the Paris Agreement. This hydrogen
demand can best be demonstrated by Figure 4 below which shows the projected
demand for hydrogen for the top 35 countries, taken from Ref. [38].

It can be seen that a large increase in electrolytic hydrogen production is planned,
with the biggest demand coming from the transport, ammonia and methanol sectors.
Latest market studies, however, have adjusted the demand that can be realised with
green hydrogen alone, pointing to the current high cost of green hydrogen and the
premium that it demands.

Methane pyrolysis, by using existing infrastructure and reactor technologies, can
fill in the short-term demand for hydrogen where industries need to decarbonize,
thus, providing a bridging technology up until the point where large green hydrogen
plants can provide feasible hydrogen costs.

From the discussions above, the key areas for innovations in the space of methane
pyrolysis needs to focus on the following topics which would allow methane pyrolysis
to be highly competitive with SMR, but at the same time addressing the low emissions
required to reach net zero targets:

* Smarter reactors: The next generation of reactors should focus on modular,
container-sized units for distributed production, improved materials to
withstand extreme temperatures, and designs that make continuous carbon
removal even more efficient.

2020

14 1.4

124% 10 1.2 - - . @y
10- 1.0 & Go0 e g & o !
s @or1 087 _° = o B 0 ee o |
6 062 - o 0.1
4- 01 0.4 N 9 o e o
2 I 0.2 m I B I oy o o t

0 | | 0.01 0.0 == — _. | == l - '-.__T...f_:_.a,_-—- ey 11§ Y 0.01

electrolytic hydrogen capacity (kWe per capita)
-]

(-) (Ayioedes foupoee joauip)/(Aioedes uaboipAy)

1.4+
14 o b
s ISR B LI
10 ‘ 1.0 oMole oo L X A oo L
s PBet1 08 ° I & i
2 B 0.6~ u = L 0.1
4 01 04 l - - ] = N :
S [} 028 gil. 1™ " el RRRRR.
0 OL‘D-U‘I 0.0-— T T+ N N P L et ST 001
wn — @ o o > T oo © c
&= SR RNEC oo oS ES0ESEEE8EEs
® T EmculPEm gl 0p 3*xg Pl GedlEU S BEgES
relos U =Zo SclEL-mov gPfosf DFa<P2=sn5olt ™ §
=] wn e T 5 e = el ] - X 1] D Vg T X =
= U8 G-f=c 3ET W Z2cc<s 5% g3
] o OB E = ITZ o Fs > =
12} ] = 5 < £
8 =] 4 =] k-] =] a
=} c o n @ @ =
e o 2
£ 5
mmethanol mammonia ® lightindustry  mcement s refineries transport steel
Figure 4.

Global hydrogen outlook for the top 35 countries until 2050. Taken from [38].
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* Next-generation catalysts: Research is pushing for catalysts that work at even
lower temperatures, last longer before needing regeneration, and give precise
control over the type of carbon produced. Al and machine learning are now being
used to discover new, high-performance catalyst materials at an unprecedented
speed.

* The circular carbon loop: The carbon loop needs to be closed, and this could
involve using “renewable methane” made by combining green hydrogen with
captured CO, (a process called methanation) and then feeding that synthetic
methane into the pyrolysis reactor. This creates a cycle where carbon is
constantly recycled rather than extracted from the ground [8].

11. Conclusion

In conclusion, methane pyrolysis represents a powerful and reasonable bridge to a
sustainable hydrogen future. By leveraging existing infrastructure, producing no
direct CO, emissions, and creating valuable carbon materials, it offers a compelling
combination of environmental and economic benefits.

While challenges around carbon handling and catalyst longevity remain, the pace
of innovation is fast and rapidly increasing with many demonstration plants at various
scales coming on-line. It is thus not merely a transitional technology, but it has the
potential to be a long-term player in a decarbonised world, by turning the problem of
fossil carbon into a portfolio of clean energy and advanced materials [7, 8].
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Chapter 4

Perspective Chapter: Hydrogen
Production Via Proton Exchange

Membrane (PEM) Water
Electrolysis

Shawn Gouws and Claudelle Sybilline Anensong Djadock

Abstract

This chapter provides an in-depth exploration of the various factors around
green hydrogen production from water electrolysis in response to the global drive to
mitigate carbon emissions. Eleven colors of hydrogen are used to illustrate the vari-
ous processes in industries where hydrogen is produced as a primary source or as a
by-product, for example, in green hydrogen produced from solar or wind energy.
Several industries today depend heavily on black, brown, or gray hydrogen for fuel
production in the saturation of molecules in reforming or cracking processes in a
petrochemical process. Carbon emissions in the steel or cement industries must be
mitigated to decarbonize these processes by introducing green hydrogen from water
electrolysis. The different water electrolysis methodologies that are currently avail-
able include proton exchange membrane water electrolysis (PEMWE), alkaline water
electrolysis, anion exchange water electrolysis, and solid oxide water electrolysis.
Their advantages and disadvantages are explored to demonstrate why PEMWE is
more favorable than other water electrolyzers. The different analytical techniques
characterize the material science of the catalysts by X-ray diffraction, X-ray fluo-
rescence, scanning electron microscopy, and transmission electron microscopy
analysis, and the electrochemical characterization by cyclic voltammetry, linear scan
voltammetry, and chronopotentiometry for stability studies. The last section details
the requirements for hydrogen production, transport, and storage, emphasizing the
importance of preventing catastrophic effects of hydrogen explosions or hazardous
release of hydrogen into the atmosphere that could create cloud explosions.

Keywords: hydrogen production, proton exchange membrane water electrolysis,
electrocatalysts, electrochemical characterization, hydrogen safety

1. Introduction

Conventional hydrogen is produced from steam methane reforming, where
methane, a natural gas, is the feedstock and emits carbon dioxide as a byproduct.
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One of the key drivers globally is to mitigate carbon dioxide to achieve a net-zero
carbon emission process by generating hydrogen from other sources, such as water
splitting, as a by-product from nuclear processes, or fracking of hydrogen from the
earth’s crust. Hydrogen production could be the answer to the effects of global warm-
ing and depletion of the ozone layer.

Green hydrogen is derived from water electrolysis connected to a renewable
energy source, such as solar or wind energy. The process is called “green” because it
does not generate carbon emissions. It is a clean and sustainable alternative to conven-
tional fossil fuel hydrogen production, which is classified as black or gray hydrogen.

The following discussion on hydrogen’s importance in the industry and chemical
sectors outlines the various methods of producing hydrogen for industrial applica-
tions and uses [1]. In its molecular form, hydrogen is a dihydrogen molecule that is a
stable, colorless, odorless, and tasteless gas with a very low melting point and boiling
point. A key discussion point in this chapter will be the production of green hydrogen
via proton exchange membrane (PEM) water electrolyzer, which involved electrical
current generated from renewable energy.

2. The importance of hydrogen and hydrogen production

Carbon dioxide is the most important anthropogenic greenhouse gas (GHG), with
over 35 billion tons emitted annually from burning fossil fuels, leading to an atmo-
spheric concentration of approximately 380 ppm. This value is expected to rise soon
[1]. Only half of the CO, released into the atmosphere is naturally recycled through
photosynthesis, while the remaining CO, contributes to global warming [2, 3]. Global
warming negatively impacts our environment in several ways, such as increasing
global average air and ocean temperatures and causing the loss of ecosystems [2-4].
Carbon dioxide emissions are a global concern; 25 years ago, under the auspices
of the United Nations Environment Program (UNEP), the World Meteorological
Organization (WMO), and the Intergovernmental Panel on Climate Change (IPCC),
governments globally established a framework to provide scientific information
on climate change, its environmental impacts, and to specify potential solutions to
mitigate CO, in the atmosphere [5]. In response, countries and regions have been
making significant efforts to promote the transition of energy structures from fossil
fuels to low-carbon or carbon-free options, aiming to keep the global average tem-
perature increase below 2°C by the end of the twenty-first century, in terms of the
Paris Agreement. To reduce carbon emissions and achieve low-carbon or carbon-free
energy, it is imperative to replace traditional fossil fuels with clean, sustainable fuels
derived from renewable energy sources such as wind and solar power, geothermal,
and biomass energy.

In this respect, hydrogen fuel is a promising carbon-free energy source with
a zero-carbon footprint; it is clean, nonpolluting, and has advanced globally as a
substitute for oil and fossil fuels [6]. The attractive properties of hydrogen as an
energy carrier include its high energy density of 140 MJ kg™, which surpasses that of
typical fuels (50 MJ kg™, its low volumetric density of approximately 0.08 kg m>,
and its distinction as the most environmentally friendly energy vector [1, 7, 8],
especially when produced via clean processes. These qualities have consistently
attracted researchers worldwide [9]. Hydrogen can be stored in various forms—gas,
liquid, or solid—depending on the requirements and target applications and can
later be re-electrified when energy demand arises. Gaseous hydrogen is stored under
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high pressure, up to 800 bar, while cryogenic cooling at 21 K is utilized for liquid
hydrogen storage. A promising approach for solid hydrogen storage is the chemi-
sorption or physisorption process [10]. The value of the hydrogen energy storage
market is significant. In 2024, the market reached US$16.64 billion, with projections
suggesting it could hit US$20 billion by 2028 [11]. This growth has been fueled by
increased research and development in hydrogen energy. More than 30 nations have
issued hydrogen road maps; the industry has noted over 200 hydrogen projects and
significant investment commitments, and governments globally have pledged more
than US$70 billion in public support. Should all the projects materialize, overall
investment in hydrogen would exceed US$300 billion by 2030, representing 1.4% of
global energy expenditure [12, 13]. By 2050, the annual demand for hydrogen could
increase to 560 million tons—ten times that of 2015—fulfilling 18% of global energy
demand [14].

Hydrogen is primarily used in industrial applications such as fertilizers, refin-
ing, steel, ammonia and methanol production, petrochemicals, fuel cells, and the
chemical industries [1, 8, 9]. Green hydrogen is gaining the most attention owing
to its zero-carbon emissions and diligent alignment with global sustainability goals.
The production capacity of green hydrogen is expanding rapidly, with companies
like Green Hydrogen International leading the way with a project pipeline of 87.4
million tons of capacity [15, 16]. The numerous benefits of hydrogen production have
received significant attention in recent years. The various widespread approaches to
hydrogen production, along with their disadvantages, advantages, efficiency, and
cost, are provided in Table 1 [17-20].

For the last half-century, hydrogen production has undergone intensive reviews
and has been skillfully developed through research. Generally papers address the
fundamentals of proton exchange membrane water electrolysis, including membrane

Hydrogen Advantages Drawbacks Efficiency  Cost (kg/
production methods (%) USD)
Steam Reforming Developed technology and Produces CO, CO,; unstable 74-852.27

existing infrastructure supply
Partial Oxidation Established technology H, production; produces 60-75 1.48

heavy oils and petroleum
coke
Autothermal Well-established Produces CO,; uses fossil 60-75 148
Reforming technology and existing fuels
infrastructure
Thermolysis Clean and sustainable 0, byproduct; copious 20-45 798-8.40
feedstock; high capital costs;
toxicity; corrosion problems

Photolysis 0, as aby-product, Low efficiency; ineffective 0.06 8-10

abundant feedstock, no photocatalytic material;

emissions requires sunlight

Electrolysis Established technology; Storage and transportation 60-80 10.30

zero-emission; existing problems

infrastructure; O, asa

byproduct

Table 1.
Advantages, disadvantages, efficiency, and costs of various hydrogen production methods [17-19].
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electrode assembly (MEA), electrocatalysts, gas diffusion layers (GDLs), bipolar
plates (BPs), and their degradation mechanisms. Several other papers report prevail-
ing challenges, recent advances, and possible mitigation strategies for realizing PEM
water electrolysis aimed at green and low-cost hydrogen production [18, 19, 21-23].

Yet other authors focus on hydrogen production from coke oven gas and coal gas-
ification [24, 25], steam methane reforming, autothermal reforming, syngas chemical
looping, and chemical looping reforming [26].

The production of blue hydrogen [27-29], turquoise, and green [30] is reported.
However, a purely economic assessment of different production methods by Bartels
etal. [31] found that gray hydrogen was the most economical method at the time
of the analysis. In their analysis of 14 different H, production methods, Nikolaidis
and Poullikkas [32] found that thermochemical pyrolysis and gasification have the
greatest potential to become competitive. Steam methane reforming is still regarded
as the most cost-effective production method, as reported by Yukesh et al. [33], which
provides a techno-economic assessment of various production technologies. Ozturk
and Dincer [34] compared different hydrogen colors and found that the current
PEM water electrolysis has a limited environmental impact, the lowest normalized
efficiency when powered by solar energy, and may become a cheaper technology. This
was further elucidated by reports made by Dincer [35], Acar and Dincer [36], and
Longden et al. [37].

3. Hydrogen color
3.1 Definitions of hydrogen color

Several approaches have been commonly agreed upon to produce H,, such as steam
reforming hydrocarbon, biomass, coal gasification, biological sources, hydride metal
hydrolysis, electrolysis, and photoelectrochemical (PEC) water splitting (see Table 1
[20]). Numerous sources for producing hydrogen can be used, such as coal, natural
gas, water, and biomass, making it possible to assign different colors to each common
method, depending on the source of the hydrogen produced, the direct emissions
from hydrogen molecules, and the environmental impact. The methods for produc-
ing hydrogen are frequently classified based on different colors to make it easier to
identify the alternative being considered for hydrogen production, without needing
to go into the details of the process. Literature reports, papers, press releases, and
national plans mention ten colors of hydrogen: black, brown, gray, blue, turquoise,
green, orange, purple, pink, yellow, and red, based on sources of energy, the process
for hydrogen production, and the CO, emissions. Here the focus is on hydrogen colors
of gray, blue, turquoise, green, purple, and yellow (Figure 1).

Hydrogen classification differs from one study to another. Some authors consider
all hydrogen production methods that rely on fossil fuel inputs without carbon
capture, utilization, and storage (CCUS) as gray hydrogen, including brown or
black hydrogen [7]. Others refer to gray hydrogen as hydrogen produced from steam
methane reforming without CCUS; green hydrogen, such as hydrogen produced from
water electrolysis powered by renewable energy sources (RES), and blue hydrogen,
are typically produced from steam methane reforming, including CCUS [40]. Some
authors assign purple [41], pink [42], or red [43] to nuclear-energy-powered pro-
cesses to produce hydrogen. Red and pink have been further divided according to the
process employed to produce hydrogen, notably thermolysis/thermochemical and
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Color of Technology Process
Hydrogen
Black Gasirication This is hydrogen produce from the gasification of coal.
3 The traditional process of producing hydrogen from
coal emits high volumes of carbon dioxide into the
atmosphere.
Reforming Hydrogen from natural gas in the reforming unit
1t produces fewer carbon emissions than brown or black
@ hydrogen.
Pyrolysis Methane is split into hydrogen and solid carbon, a
% i critical feedstock, without carbon dioxide emissions.
Reforming Carbon dioxide capture technology is combined with
@ gray hydrogen to minimize greenhouse gas emissions.
% 4
ccs
Electrolysis Produced by the high-temperature catalytic splitting of

& i

water using heat from nuclear reactors.

Produced via electrolysis using nuclear power and
heat.

Hydrogen is produced from water splitting in an
electrolyzer connected to nuclear power

R

Copturwol
concentrated CO,

Sometimes used to describe hydrogen
productiDadrockCOz2 sequestration.

Yellow

Hydrogen is produced from water splitting in an

vAs Electrolysis A 3 :
‘;’: V. electrolyzer connected via the national grid.
T
1
:
Electrolysis Hydrogen is produced from water splitting in an
e | - electrolyzer connected via renewable energies such as
)'\ L) 0y
I~ : wind and solar.
R i

Natural mining

Layers of the continental crust, or volcanic gases,
geysers, and hydrothermal systems. geological regions
and rock formations

Figure 1.
Colors of hydrogen [7, 38, 39].

electrolysis. White hydrogen is assigned to a product naturally occurring in a chemi-
cal reaction [44] or a resultant by-product of chemical processes [45], which is not
relevant in a hydrogen economy future.

3.1.1 Gray hydrogen

According to Howarth and Jacobson [28], gray hydrogen is the hydrogen gener-
ated from fossil fuel (96%), especially from steam methane reforming (SMR) and
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coal gasification processes. The SMR process is responsible for approximately 75%
of all hydrogen production worldwide. Hydrogen and carbon dioxide are produced
by heating water and high-pressure natural gas. Steam then splits the methane in the
reformer into syngas, having CO and H, as the main components. The waste product
CO,, which is estimated to be around 830 Mt. CO, per year, is released directly into
the atmosphere. Ten tons of carbon dioxide are produced for each ton of hydrogen
extracted [46], making gray hydrogen detrimental to the climate [45]. Other authors
ascribe the hydrogen produced via the SMR process as a by-product and designate it
white hydrogen [44, 45, 47].

Coal gasification, another production process, results in gray hydrogen, which
some authors classify as brown or black hydrogen [42, 45]. This production method
is frequently used since coal reserves are the largest fossil energy source worldwide.
With its large coal reserves, and in response to high natural gas prices, China produces
copious amounts of hydrogen from coal gasification [42]. Coal gasification and
SMR are completely mature technologies; both processes produce hydrogen with an
efficiency of up to 85% [48].

The cheapest form of hydrogen is gray hydrogen, ranging from 0.7 to 2.3 US$/
kgH,, followed by black and brown hydrogen (1.3-2.5 US $ /kg H, [49-51]); however,
the cost could increase with an increase in CO, taxes [50-52]. Gray hydrogen is used
in the petrochemical industry and to produce ammonia [33].

3.1.2 Blue hydrogen

Unlike gray hydrogen, blue hydrogen production utilizes natural gas in steam
methane reforming, followed by carbon capture storage (CCS) [1, 41, 42, 45]. During
this process, natural gas is split into hydrogen and CO,. Carbon dioxide emitted in the
steam methane reforming (SMR) process is stored or processed industrially through
CCS or carbon capture utilization (CCU) technologies, even if a certain amount of
CO, capture has not been defined [1, 45]. This suggests that blue hydrogen does not
produce any CO, emissions. However, the long-term impacts of storage are uncertain,
and leakage can still negatively affect the environment and contribute to climate
change.

Blue hydrogen may have different carbon intensity values, depending on the
equipment and the percentage of CCUS applied. For 95% CCUS, carbon intensity
varies from 0.8 to 4.8 kg CO, eq./kg [51]. For example, for 5000 km transport dis-
tance and 90% CCUS, 1-3.9 kg CO, eq./kg H; is reported, while for 1700 km and 98%
CCUS, it can be as low as 0.2-0.4 kg CO, eq./kg H; [53, 54]. In many projects, the
captured carbon was intended to be used in oil refining processes or for urea produc-
tion and eventually released back into the atmosphere. Whether blue hydrogen helps
mitigate CO, or contributes is unclear.

The cost of blue hydrogen ranges from 1.4 to 3.2 US$ /kg H, [50, 51], increasing
since the addition of CCUS increases the cost of production. The EU sponsored €587
million carbon capture and sequestration demonstration projects to be added to fossil
power plants; however, none have been implemented to date [54].

3.1.3 Turquoise hydrogen

Turquoise hydrogen is produced via a process called methane pyrolysis in which
natural gas is broken down by methane pyrolysis into hydrogen and solid carbon [42,
45]. Unlike the production of gray and blue hydrogen, the by-product of turquoise
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hydrogen is solid carbon, filamentous carbon, or carbon nanotubes [55]. Carbon
remains permanently bound and is not combusted during further processing; this
process is also CO,-neutral. However, in the production of turquoise hydrogen,
extracting the raw material, such as natural gas, often produces emissions. As a
result, turquoise hydrogen is usually not completely climate-neutral, given the entire
production process and the downstream carbon processing as a by-product [45].
The solid carbon can be found in various forms, and its price depends on its type:
€150-400/t for coke.

€500-1000/t for carbon black, €1500-1800/t for activated carbon, and up to €1
Mio/t for carbon filaments [56]. Although pyrolysis has not yet been industrially
applied in hydrogen production, methane pyrolysis for turquoise hydrogen produc-
tion is currently one of the most discussed technologies. Apart from green and gray
hydrogen, its technology has received significant investment, owing to the solid
carbon that eliminates CCUS; a 1.9-4.8 kg CO, eq./kg H, impact has been reported
[49]. The cost of turquoise hydrogen is estimated at 1.6-3.4 US$/kg H,, slightly higher
than blue hydrogen [49].

3.1.4 Other colors of hydrogen

Some colors are assigned based on the method of hydrogen production. Nuclear
power drives the electrolyzers for purple, pink, and red hydrogen. Yellow hydrogen is
hydrogen produced from a mixture of renewable and fossil fuels. Red and pink hydro-
gen have no direct carbon emissions, but they have a serious environmental spinoff
from radiation and the risk of accidents. Low associated CO, emissions of 0.3-0.6 and
0.1 kgCO; eq./kg H2, respectively, have been reported [49]. Pink and red hydrogen
could be an economically viable, cost-effective, and cost-competitive technology of
3.8-7 US$/kg H, and 2.2-2.6 US$/kg H,, respectively [49, 51]. However, the cost of
pink hydrogen depends primarily on the cost of the nuclear power plant.

3.1.5 Green hydrogen

Green hydrogen is produced on a CO,-neutral basis through water electrolysis
using electricity from renewable energy sources like solar, wind, and hydropower.

In electrolysis, water is split into its oxygen and hydrogen constituent elements.
Since neither the production of green hydrogen nor the end products, hydrogen and
oxygen, are harmful to the environment or the climate, green hydrogen is climate-
neutral [41, 42, 45]. Among the hydrogen colors mentioned above, green hydrogen
is the only one produced with zero harmful greenhouse gas emissions. The resulting
reaction produces only hydrogen and oxygen, emitting zero carbon dioxide [42]. For
large-scale green hydrogen, larger electricity generation capacities from renewable
energies are required. Electricity prices must also be affordable if green hydrogen is
to be economically competitive. To produce 1 kg of green hydrogen (theoretically
from stoichiometry) requires approximately 9 kg of water. This also applies to orange
and pink hydrogen, while gray hydrogen, utilizing SMR, needs only 7 kg of water.
However, a more realistic assessment of water consumption can be conducted in a
future study [57, 58].

Of all the costs of the various colors, green hydrogen costs vary the most, from US$1.9
to 8.2/kg H, [49, 51], because of the different RES technologies that can be used to power
the electrolyzers. Some countries, such as Chile, and some North African countries
produce low quantities of green hydrogen using solar PV, whereas northern European
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Figure 2.
(a) PEM water electrolysis technology, (b) PFSA is a linear fluorocarbon polymer composed of tetrafluoroethylene
and perfluoroalkyl vinyl ether monomers.

countries will be at the high end of the range [59]. Green wind energy costs depend on
whether the wind is onshore or offshore, centralized or decentralized. The cost of elec-
tricity depends on the capital cost of RES as the demand for green hydrogen grows, and
policies provide incentives for constructing more green hydrogen plants; green hydrogen
is expected to become cost-competitive by 2030 [12, 13].

Although green hydrogen remains puzzling in some cases, it has recently become
the main focus of study and interest, as shown in Figure 2. Scientists and organiza-
tions have tried to normalize the definition and to reduce the number of terms used
to avoid confusion. Instead of color, the International Energy Agency (IEA) uses
the term “renewable hydrogen” or “low-emission” or “low-carbon hydrogen” as the
hydrogen produced via electrolysis is powered by renewable electricity or via bio-
mass-based routes with less—or even zero—CO, emissions with CCUS [51]. In such a
case, green hydrogen can be renewable hydrogen. The latest IEA report [59] suggests
that discussions around the different colors of hydrogen should be limited to carbon
emissions as a way to avoid the confusion caused by using hydrogen colors. The EU
refers to green hydrogen as “clean energy” if more than 90% of electricity used to run
the electrolyzers comes from RES without adding extra renewable power capacity
to the grid [60]. However, hydrogen production does not occur in just a few hours,
and renewable electricity may vary by location. In this situation, the short supply of
renewable electricity and its associated costs will limit the hours available for hydro-
gen production [60]. The EU has clarified that the green hydrogen label will not be
used for hydrogen produced from nuclear-powered electrolysis. This recent plan has
mentioned only green and low-carbon hydrogen. A 14.5 kg CO,/kgH, threshold was
adopted for “low-carbon” hydrogen (corresponding to a 50% reduction relative to the
CO; emissions of hydrogen from coal gasification). The term “clean and renewable”
hydrogen has also been defined when the emissions are lower than 4.9 kg CO,/kgH,
(corresponding to a 65% reduction relative to the “low-carbon” hydrogen threshold)
[61]. According to the IEA report in 2021, 0.04% of green hydrogen was produced
globally from 94 Mt. of hydrogen. Practically all the hydrogen still comes from fossil
fuels (83%), mostly from gray hydrogen (62%), followed by 19% from a mixture of
black and brown hydrogen, and 0.7% from blue hydrogen. The rest was a by-product
in the chemical industry [51].

4. Types of electrolyzer for hydrogen production

The benefit of hydrogen and its growing global demand have stimulated
researchers to rapidly develop efficient and sustainable hydrogen production
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technologies, and water electrolysis technologies (WET) have recently become
a major interest. WET utilizes intermittent electricity from energy sources such
as solar or wind power to produce large-scale hydrogen and oxygen. Deiman and
Troostwijk were the first authors, back in 1789, to demonstrate the concept of
water electrolysis by using gold electrodes in water with an electrostatic genera-
tor to provide an electrostatic discharge [62]. Later, in 1888, Lachinov built

an industrial synthesis of hydrogen and oxygen via electrolysis [63]. Since the
twentieth century, industrial electrolyzers have been developed using various
electrolytes. The EWS technologies, which depend on different types of electro-
lytes (acidic, neutral, and basic), operating temperatures, and ionic transport
(OH- and H+), can be categorized into several broad groups (Table 2): Alkaline
Water Electrolyzer, Anion Exchange Membrane Water Electrolyzer, Polymer
Electrolyte Membrane Water Electrolysis, Solid Oxide Water Electrolysis, and
Proton Exchange Membrane Water Electrolyzer, typically abbreviated as AWES,
AEMWES, SOWES, and PEMWES, respectively [17]. The characterization of
these types of water electrolyzers are summarized in Table 2.

Parameters SOWES AWES AEMWES PEMES
Operating 700-850°C 70-90 40-60 50-80
temperature
(°C)
Operating 1 1-30 <35 <70
pressure (bar)
Electrolyte Yttria-stabilized Potassium DVB polymer PFSA membranes
zirconia (YSZ) hydroxide support with
(KOH) 5-7 KOH/NaHCO3
molL-1 1mol L™
Separator Solid electrolyte ZrO, stabilized Solid electrolyte Solid electrolyte
(above) with PPS mesh (above) (above)

Electrode/ Perovskite-type (e.g., Nickel-coated High surface area Iridium oxide
catalyst LSCF, LSM) perforated nickel or NiFeCo
(oxygen side) stainless steel alloys
Electrode/ Ni/YSZ Nickel-coated High surface area Platinum
catalyst perforated nickel nanoparticles on
(hydrogen stainless steel carbon black
side)
Porous Coarse nickel mesh Nickel mesh Nickel foam or Platinum-coated
transport layer or foam (not always carbon cloth sintered porous
anode present) titanium
Porous None Nickel mesh Nickel foam or Sintered porous
transport layer carbon cloth titanium or carbon
cathode cloth
Bipolar plate None Nickel-coated Nickel-coated Platinum-coated
anode stainless steel stainless steel titanium
Bipolar plate Cobalt-coated Nickel-coated Nickel-coated Stainless steel;
cathode stainless steel stainless steel gold-coated

titanium
Frames and Ceramic glass PSU, PTFE, PTFE, silicon PTFE, PSU, ETFE
sealing EPDM
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Parameters SOWES AWES AEMWES PEMES
Current 0.5-1 <06 0.2-2 0-4 (up to 10)
density
(Acm-2)
Voltage range 14-3 1.4-2.0 14-25
(V)
H, purity N/A 99.8% 99.99% 99.99999%
Charge carrier Or- OH- OH- H+
Efficiency 89% (laboratory) 59-70% 52-67% 65-82%
Capacity N/A 5 0.25-1 0.265-30
[Nm3h-1]
Stack lifetime N/A 100,000 >5000 50,000-80,000
(h]
Advantages Low cell voltage Well PGM-free Immediate
electrolysis; Efficiency established; electrocatalysts; response; High
close to 100% at Low cost Low alkaline current densities;
current densities of corrosion High-purity
1A/cm2) hydrogen
Long start-stop time; Low current Low OH Acidic corrosion;
Rapid degradation; densities; conductivity; Noble metal
High temperature; Alkaline Short lifetime; catalysts;
Interdiffusion of the corrosion; Membrane High-cost
cell components; Expensive degradation; components.
Corrosion products. maintenance High catalyst
costs; loading.
Low hydrogen
purity;
High gas
Crossover.
Development R&D Large-scale R&D Small-scale
status application application
Table 2.

Summariges the different types of water electrolyzsers.
4.1 Solid oxide electrolyzer (SOWES)

The solid oxide electrolyzer (SOWES) was first introduced by Donitz and Erdle
in the 1980s [64] who found that, by conducting long-term tests in a single cell
with electrolysis tubes of series-connected cells, an enrichment of hydrogen in the
vapor stream of up to 85% was achieved at a current density of 0.3 A/cm” and 100%
Faraday efficiency at a voltage of only 1.07 V. The greater efficiency, along with the
ultrapure flexibility of hydrogen, highlights the appeal of the solid oxide electrolyzer
[65]. The SOWES system operates at high temperatures up to 850°C using an ionic
conductivity yttrium-stabilized zirconia electrolyte (YSZ). The SOWES process
utilizes O, ion conductors (~0.05S/cm at 800°C) derived from nickel/yttrium-
stabilized zirconia [65] to produce oxygen at the anode side, while the water sup-
plied to the cathode is then transferred to the anode through the solid electrolyte to
generate hydrogen. Current research focuses on improving electrolyte conductivity,
minimizing reactant crossover, and optimizing electrode stability. Several ceramic
proton-conducting materials have been studied; among them, scandium-stabilized
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zirconia (ScSZ) stands out as an alternative to YSZ owing to its superior oxygen ion
conductivity of ~0.128 S/cm at 800°C. Additionally, doped ceria with intermediate
conductivity and temperatures of 0.079 Scm — 1 at 800°C and 0.012S/cm at 600°C,
as well as perovskite LaGaO3 doped with Sr. and Mg, namely, Lag ¢St 1Gag sMgo.
203 — 8 (LSGM) (0.12S/cm at 800°C) with high conductivity, have also been reported
[66, 67]. The primary drawback of this electrolyzer is the high operating tempera-
ture, which results in degradation and a lack of stability, along with the elevated
capital costs associated with the solid oxide electrolyzer (SOE) system that must be
addressed before large-scale commercialization [67].

The state of the art for SOWES for hydrogen production has reported achieving
a current density of 0.3-1 mA/cm” at operating temperatures of 700-850°C and
1 bar, with an efficiency of 40-50 kWh,/kgH,, and a lifetime exceeding 20 kWh in
a cell size of 200 cm? [68]. It has also reported a current density of 0.3-1 mA/cm? at
operating temperatures of 700-850°C, 1 bar, with an efficiency of 40-50 kWh/kgH,
and a lifetime of more than 20 kWh in a cell size of 200 cm®. The production capacity
is expected to be 2 mA/cm” at temperatures below 600°C, at pressures greater than
20 bar, with an efficiency of <40 kWh/kgH, and a lifetime of 80 kWh in a 1000 cm?
cell size projected for 2050 [68].

4.2 Alkaline electrolyzer (AWES)

AWES is a well-established electrolyzer type for hydrogen production. In AWES,
technology anodic and cathodic electrodes are made of nickel (Ni)-coated, stainless
steel-based electrocatalysts, immersed in a KOH (5 M) solution as the electrolyte at
lower temperatures of 70-90°C [69]. An asbestos/ZrO,-based diaphragm separates
the two electrodes, producing hydrogen and oxygen gases separately. The low cost
of using non-noble electrodes and robust stack durability has garnered significant
attention as a state-of-the-art method for large-scale hydrogen production. However,
using a liquid KOH electrolyte and a diaphragm as a separator for the anodic and
cathodic electrodes can lead to low efficiency, low purity of hydrogen, and poten-
tial safety concerns if critical concentrations of hydrogen and oxygen are reached.
Furthermore, the 0.252 mm-thick diaphragms result in high ohmic resistances
between the two electrodes, significantly hindering the transport of OH- and drasti-
cally reducing current density at a given voltage [68]. Today, the investment cost
of AWES is about US$ 500-1000/kW, and the system has a lifetime of 90,000 h
[69, 70]. The drawback associated with AWES is low current densities of 0.1-0.5 A/
cm” owing to moderate OH— mobility and the usage of corrosive KOH electrolytes.
To address this, several research institutes and organizations are actively working
on developing new electrode materials and separators [69, 71-74]. A recent report
outlines a cobalt-sulfo-boride compound as a bifunctional electrocatalyst for high-
current-density in alkaline water electrolysis [75]. Akash et al. [75] reveal that the
developed electrocatalyst was validated through a 50 h chronoamperometry stability
test and a recyclability test involving 10,000 cycles of linear sweep voltammetry.
Furthermore, Co-S-B was tested in an alkaline zero-gap water electrolyzer, achiev-
ing 1 A/cm” at 2.06 V and 60°C. Despite the drawbacks observed, AWES is a mature
technology for industrial hydrogen production up to the multimegawatt range in
commercial applications across the globe. It is known for reliability, scalability, and
cost-effectiveness. Pricing varies based on capacity, custom features, and installation
requirements. For smaller applications, procurement professionals expect prices in
the range of US$500-US$1500 per kW, with total project costs influenced by system
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size, auxiliary equipment (e.g., compressors, gas separators), and installation. Finally,
anew approach in the alkaline electrolysis, anion-exchange membranes (AEM) is
under the development to increase conductivity. This innovative technology appears
to be a promising development in alkaline water electrolysis.

4.3 Anion exchange membrane water electrolyzer (AEMWES)

AEMWES is an innovative version of AWES technology. The system replaces
asbestos diaphragms with an anion exchange membrane (quaternary ammonium ion
exchange membranes) for alkaline water electrolysis. Transition metal catalysts and
a distilled water/low concentrated alkaline solution (1 M KOH) are used instead of
noble metal catalysts, and a high concentration (5 M KOH solution) is avoided as the
electrolyte [76]. Here, quaternary ammonium ion exchange membranes (AEM) are
separators, transporting OH- from cathode to anode sites [76]. At this stage, water is
reduced to H, and OH" by receiving two electrons from the anode (H,0 +2e — H; + 2
OH"). At the anode, OH- recombines to form O, and H,0, producing two electrons (4
OH™ — 2H,0 + O, + 2e") [76]. This technology can achieve a higher current density of
2 Acm™at2.0 V, compared to 0-0.6 A cm™ in AWES. The key challenges are limited
stability (currently 35,000 h with a targeted stability of 100 1.00.000 h) and a high
hydrogen production cost. The current hydrogen production cost is US$1279 kW/

H, (2020), but a targeted cost reduction to US$ < 300 kW/H, is expected by 2050
[77]. To address these challenges, several research studies are developing AEM water
electrolyzers [78, 79]. A recent AEMWES performance report has been based on a
poly(fluorenyl-co-aryl piperidinium) (PFAP)-based anhydrous cathode. Chen et al.
[80] developed poly(fluorenyl-co-aryl piperidinium) (PFAP)-based anion exchange
materials, including membrane electrolyte and binder, with high ionic conductivity
and durability under alkaline media. The developed electrolyte with platinum group
metal (PGM) catalysts (IrO, and Pt/C) achieved a new record cell performance of
768 A/cm?® two at 2 V with 1 M KOH, and PGM-free materials (Ni- Fe) displayed an
outstanding current density of 1.62 A cm™ at 2.0 V. Additionally, PGM and PGM-
free materials demonstrated excellent durability of more than 1000 h of operation
at a constant current density of 0.5 A cm™ at 60°C without any voltage degradation.
Extensive research on AWE and AEMWE continues, focusing on developing mem-
branes and electrocatalysts to create stable AEMs and high-efficiency and low-cost
catalysts. The significant drawbacks of the previously mentioned water electrolysis
technologies have directed unparalleled attention to PEMWES for green hydrogen
production.

4.4 PEM electrolyzer systems (PEMWES)

Proton exchange membrane (PEM) technology was developed in the mid-1960s
[81] and was primarily used for life support in space and submarines, focusing on
oxygen generation rather than hydrogen generation. Russell et al. [82] first reported
on PEM water electrolysis for hydrogen generation in 1973. The authors demon-
strated the remarkable performance of PEM water electrolysis at the General Electric
Company, achieving a current density of 1to2 A/cm” at a voltage range of 1.88—

2.24 V, with stability exceeding 15,000 hours. Compared to AWES and AEMWES,
PEM water electrolysis technology (Figure 2a), also called solid polymer electrolyte
(SPE) electrolyzers, utilizes an ultrathin solid polysulfonated membrane (PFSA:
Nafion, fumapem) as a proton conductor [83, 84]. PFSA is a linear fluorocarbon
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polymer composed of tetrafluoroethylene and perfluoroalkyl vinyl ether monomers,
with terminal side chains containing sulfonic acid groups that facilitate proton trans-
port within the membrane when suitably hydrated (Figure 2b) [62-66, 81, 85-88].

The solid polymer electrolyte is preferred owing to its high proton conductivity
(0.07-0.08 S/cm at room temperature) and lower thickness (20-300 pm) compared to
SOWES (~0.05S/cm at 800°C) and AEMWES (0.252 mm) [10]. The polymer must also
possess exceptional chemical and thermal stability, high electrochemical performance,
and hydrophilicity to retain moisture within the catalyst layer [10]. The PEMWES oper-
ates at low temperatures (20-80°C), and the gas permeability of the proton exchange
membrane enhances proton transport while isolating cathode and anode electrodes,
resulting in large current densities (>2 A/cm?), excellent conversion efficiency (80-90%),
and high hydrogen purity (>99.99%). On the other hand, catalyst properties such as
porosity and electrochemical surface area (ECSA)—as well as cell operating conditions,
for example, current density and voltage—are other essential factors to consider when
determining the efficiency of hydrogen production. The electrochemical water splitting
process involves anodic oxygen evolution reaction (OER) and cathodic hydrogen evolu-
tion reaction (HER) in a water electrolysis PEM cell. While the OER process proceeds via
four-electron transfer to produce oxygen with a large overpotential, the HER is a simple
two-step process involving two electrons and occurs at a very low overpotential. From this
point of view, OER processes are kinetically sluggish compared to HER. The basic reaction
of water electrolysis is described in Eq. 1.

2H,0 +Electricity (237 kJ.mol ™ ) —0, (g)+2H, (g)+Heat (48.6 kJmol ™! ) (1)

The key parameters (energy efficiency, operational temperature, current density,
and long-term durability) quantitative comparison of PEMWEs versus other tech-
nologies are reported in Table 3 [76-82].

In summary, while both PEMWEs and AEMWEs operate using PGM-free cata-
lysts, PEMWEs are recognized for their high performance related to high efficiency,
high current densities, and high membrane chemical and thermal stability at low tem-
perature. AEMWESs offer potential cost advantages. Besides, AWEs provide long-term
durability and are a well-established technology, but the lower efficiency and current
density compared to PEMWE:s are outlined. Understanding the trade-offs between
efficiency, current density, and durability is essential for optimizing these technolo-
gies for different applications.

Thus, highly efficient catalysts are essential to enhance the reaction kinetics of
OER and improve the overall efficiency of PEMWE cells. Noble metals and their
oxides are the most efficient electrocatalysts for the HER and OER reactions under all
pH conditions. Platinum serves as the benchmark catalyst for the HER, while ruthe-
nium oxide/iridium oxide are the most effective for the OER [10, 89].

Keys parameters AWEs AEMWEs PEMWEs

Efficiency (%) 65 >90 80-85

Operational temperature (°C) 60-90°C wider temperature range 50-80

Current density (Acm™) 0.2-04 0.2-2.0 1-2

Long-term durability (h) 60.000 to 90.000 1000 at 60°C 20.000-80.000
Table 3.

Key parameters comparison of PEMWEs versus AEMWEs and AWEs.
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4.4.1 Oxygen evolution reaction (OER)-electrocatalysts for hydrogen production

Because of the pivotal role of oxygen evolution reaction (OER) in water electroly-
sis, developing robust, highly active, and stable electrocatalysts for OER-PEM electro-
lyzers is important. Until now, electrocatalysts for OER-PEM have predominantly
centered on Ir- and Ru-based materials [17, 90-92], their oxides [93, 94], and alloys
[95, 96]. Various nanostructures of Ir- and Ru-based electrocatalysts have been stud-
ied to enhance OER activity and stability in acidic media [97-100]. Titanium-based
materials, such as TiO,-supported Ir at IrO(OH)x core—shell nanoparticle catalyst
[101], Ti-PTL/TiO, - %/Ir catalyst [102], TiC material [103], noble metal catalysts,
and protective coatings, are needed not only to provide long-term stability to cell
components but also to ensure optimal electron conductivity and cell efficiency.
Besides Ir/Ru-oxides and their material-based counterparts, researchers have also
developed alternative cost-effective, high-performance, and durable proton exchange
membranes and electrocatalyst materials for OER-PEM in acidic electrolytes [17,
104-107]. Recently, in 2025, Jiaqi et al. [104] reported that a PEM electrolyzer with
Raney-IrOx anodes achieved 3 A. cm™ at 1.8 V with a low geometric Ir loading of
approximately 0.3 mg Ir/cm’, meeting the technically important power-specific Ir
utilization target of 0.05 glr/kW.

In 2023, Siracusano et al. [105] reported the high activity of Ag/Ti-suboxides asa
non-PGM anode electrocatalyst deposited on a 212 NAFION® membrane for PEM
water electrolysis in an acidic environment, showcasing the promising performance
of 0.6 A cm™ at 2 V/cell at 80°C with excellent stability (degradation rate < 14 pV/h
during a 1000-hour test). The catalyst loadings for the anode and cathode were 12 and
1.25mg cm™?, respectively, for Ag/TiO,, 1 and 40% Pt/C.

Spinel Co;04 has also gained significant attention owing to its cost-effectiveness
and impressive electrocatalytic properties among various cobalt oxides. Its lattice
structure features Co’* ions in octahedral sites and Co** ions occupying tetrahedral
sites. Notably, the Co* sites, residing in tetrahedral positions, act as the active centers
for OER [108]. However, its application in acidic OER environments is hindered by
the undesirable formation of unstable CoO,, which further decomposes to yield CoO
and release oxygen [107]. To overcome this challenge, researchers have explored
diverse approaches to enhance the stability of spinel Co;O,4 or other non-noble
transition metals in acidic environments. Peiyu et al. [109] synthesized Na-doped
Co30,, prepared in situ by programmed electrostatic spraying. A Nafion N117 proton
exchange membrane separated the anodic and cathodic compartments. A PEMWE
was constructed with Na-Co;0, catalyst-coated CP as the anode and commercial
20 wt% Pt-deposited Ti felt as the cathode. A PEMWE device assembled using
Na-Co3;04/CP as the anode achieved a current density of 100 mA/cm” at a voltage of
only 1.62 V (using a Nafion N117 membrane). Using the same method, Qisheng et al.
[110] reported a Cr-doped Co30, catalyst, achieving a current density of 1.5 A/cm’
at only 2.17 V that remained stable at 500 mA/cm” for 100 hours in PEMWE. The
introduction of chromium into cobalt spinel (Co;04) catalyst regulates the electronic
structure of cobalt, resulting in a high oxidation state and increased Co-O covalency
within a stable structure. Moreover, Fanfan et al. [111] introduced P atoms into the
lattice of spinel Co;0, (P-Co;0,) to replace octahedrally coordinated Co** via a hydro-
thermal process followed by thermal treatment. The obtained P-Co;0, demonstrated
satisfying stability over 30 hours in a PEM electrolysis device with an overpotential of
400 mV@10 mA/cm? in 0.1 M HCIO4.
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4.4.2 HER-PEM electrocatalyst for hydrogen production

On account of their high performance and stability, Pt and Pt-based materials are
documented as the pioneer electrocatalysts for the cathode side in PEM electrolyzers
for hydrogen production [17, 21, 90, 105, 107, 112, 113]. Many strategies (such as low
loading, structure control, and even transition metal substitution) have been devel-
oped to reduce the usage of noble metals and, simultaneously, improve their catalytic
performance. Ayers et al. [114] reported the synthesis of Pt/Ru core-shell catalysts,
where the Pt is placed on the surface of Ru particles. The Nafion N117 membrane with
5 cm x 5 cm active area was used as electrolyte, the Pt/C cathode was loaded with
0.1-0.3 mg of Pt/Ru, and the IrO, anode had an Ir loading of 0.1 mg/cm”. The elec-
trolyzer stack was initially allowed to operate at 1.8 A/cm” for up to 500 h at 50°C or
80°C and 435 psi differential pressure. The cell’s performance showed the steady state
(potential cell of 2.3 V during 600 h) performance for a cell operated at 2 A/cm?, 50°C
temperature. So, to date, the core-shell catalysts have been limited to the gas diffu-
sion layers configuration in electrolyzers owing to current manufacturing capability.

Martin et al. [115] used the electro-spraying deposition technique to pre-
pare electrodes with a Pt loading of 0.1 mg Pt cm” and an active area of 4 cm*.
Polytetrafluoroethylene (PTFE) was added to prepare electrodes by incorporating the
corresponding amount of PTFE to achieve catalytic deposits with 5-30 wt% PTFE
(in solids). The maximum performance of MEAs (Pt/C-PTFE) operatesat 0.2 A cm™
and undergoes a long transient of about 300 h until a steady-state voltage of 15 pV h™!
is reached. Despite the low Pt loading, the degradation rate of the 30 wt% PTFE MEA
aligns well with the values found in the literature for the same operating temperature
(180°C). Similarly, Kannan et al. [116] reported a voltage decay of 12.5 pV h'at180°C
with a cathode Pt loading of 0.72 mg Pt cm™® and an operating cell at 200 mA cm 2,
demonstrating long-term durability of more than 5500 h. A comparable low cathode
Pt loading of 0.72 mg Pt cm™ and 0.35 mg Pt cm ™ at a high temperature of 180°C was
reported by Gabialti et al. [117] and Pinar et al. [118], respectively. Transition metal
substitution electrocatalysts for HER-PEM have also been reported; Pd/NCNTs [119],
MoS [120], FeP Nanocatalyst [121], and Boron-Doped Carbon nanoparticles sup-
ported palladium [122].

4.4.3 Membrane electrode assembly (MEA)

The core of a PEMWES is the membrane electrode assembly (MEA), where the
crucial electrochemical reactions occur. The MEA is prepared with proton exchange
membrane, ionomer solution, and catalysts [83, 84]. Proton polymer membranes
mainly focus on Nafion membranes (Nafion 115, 117, and 212). The fabrication of the
MEA plays an important role in determining the electrolyzer’s performance, produc-
tion costs, and longevity. The methods often used for water electrolysis MEA are
the catalyst-coated membrane (CCM) and catalyst-coating substrate (CCS) method
[123]. In the CCM approach, the selected catalysts are mixed with ionomer in an
appropriate solvent and dispersed under sonication [69, 70, 123]. The resulting ink is
coated on both sides of the membrane, at the anode and cathode, forming the so-
called CCM, which is then fabricated with anode and cathode gas diffusion layers to
form the MEA. This CCM-MEA route provides good contact between the membrane
and the obtained MEA; it usually has small contact resistance and thus improves
proton transfer conductivity.
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In the CCS fabrication process, the catalysts are first coated onto the substrate
and form the anode and cathode sides, which are then used to fabricate CCS-MEA.
This CCS-MEA production does not suffer from the swelling of the membrane but
is limited by the insufficient cohesion of the catalyst layers with the membranes.
Reasonably, the CCS-MEA has large contact resistance and low proton-transfer con-
ductivity [90, 123]. Besides enhancing the performance, these procedures optimize
the noble metal loadings by increasing catalyst utilization.

4.5 Technology readiness level

The AWES (which mostly relies on orange hydrogen) and PEMWES (which relies
on green hydrogen) are both electrolyzers that are commercially available and have
a technology readiness level (TRL) of 9 [51]. Although AWES for hydrogen produc-
tion has been on the market longer than PEMWES, recently PEMWES has received
significantly increased attention, leading to a reduction in the price of the electrolyz-
ers. Several manufacturers worldwide have lately developed large-scale PEMWES
for hydrogen production in industrial applications [1]. It is expected that the stability
of PEM water electrolysis could reach up to 100.000 h with negligible loss of perfor-
mance, satisfying the requirements of industrial utilization. There is wide agreement
that PEM water electrolysis could be the most environmentally friendly and efficient
technology for producing high-purity green hydrogen from water, coupled with
intermittent renewable energy sources. However, the large-scale practical application
of commercial PEMWES is prevented by the high costs of its materials, including
specific catalysts and construction materials: (a) under the highly corrosive acidic
environment of PEMWES, only a few precious metal-based electrocatalysts, usually
Pt and Ir/Ru-O; for cathode and anode, respectively, are available for practical activ-
ity and stability; (b) titanium materials are widely used to construct the stack compo-
nents of PEMWES, which increases electrolysis cost; and (c) expensive Nafion-type
membranes are used as electrolytes in PEMWES.

4.6 Future research on PEM technology for hydrogen production

One of the important key advantages of PEMWE:s is the production and compres-
sion of hydrogen at the same time. For that, some components of PEMWEs, such as
MEA optimization, fluctuating conditions of renewable energy sources integrated
with PEMWES, as well as future challenges, need to be addressed. As mentioned in
paragraph 4.4.3, MEA is the core of PEMWEs. Optimized MEA means improved pro-
ton exchange perfluoro sulfonic acid (PFSA) membrane, ionomer solution, catalysts,
and the assembly process associated with two bipolar plates [83, 84]. Various reports
on the effect of anode catalyst loading, temperature, membrane thickness, flow
field design, and anode porous transport layer have been mentioned [124]. Lirong
etal. [125] reported that increasing the Ir catalyst from 1 to 3.5 mg at the anode site
increases the ECSA as well as the performance of PEMWEs. Additionally, Liso et al.
[126] show that the use of a Nafion-117 membrane at a high temperature of 80°C
decreases the efficiency of the cell due to the dissipation [127] of heat. The influence
of MEA compression was further investigated by Martin et al. [128] revealed that
the higher compression enhances cell performance while increasing mass transport.
The effect of PTL thickness on liquid water was also reported by Chen et al., and they
found that PTL thickness significantly influences liquid water access to the catalyst
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layer, which eventually affects the cell’s performance and the degradation of MEA.
So, future research trends to optimize MEA's for water electrolyzers, particularly for
scale-up and integrating with renewable energy sources such as photovoltaic or wind
fluctuations, revolve around several interrelated themes across material science that
involve the development of advanced ionomer development [115] that will enhance
proton conductivity while reducing gas crossover while improving mechanical
strength. Durable catalyst layers that could lower PGM content with non-precious
metals with high activity and stability, together with nanostructured materials such
as carbon or conductive ceramics to improve catalyst dispersion [105, 108-110, 121].
Through architectural design, the gradient gas layer can be enhanced by optimizing
(i) the water-gas distribution. (ii) Improving ionic conductivity while minimiz-

ing thickness to reduce the ohmic losses lead to higher power output efficiency and
improving overall performance of MEAs and (iii) Study chemical and mechanical
degradation under real conditions, including catalyst dissolution and delamination.

The expected demand of hydrogen scales up electrolyzer is 4-5 TW capacity by
2050 [129]. However, diverse scale-up challenges include maintaining consistency in
the manufacturing process to produce uniform catalyst layers for MEA production,
and rigorous quality controls must be in place. Another potential problem due to
stacking is maintaining temperature consistency and hydration across all the MEA;
this can be built into the design to incorporate smart flow field and humidification
control systems needed for scale-up. This will include substantial resources innova-
tion, in terms of materials, supplies, and the manufacturing methods used to produce
electrolyzers at Large scale application. For example, PEM electrolyzers still rely on
Ir-catalyst at the anode site, perhaps around 7-8 tons of Ir/year is extracted globally
with the cost of R 2508198, 74 R (Ir/kg). Therefore, stable supply chains of materials
for all electrolyzer technologies and a reduction in cost by the introduction of non-
precious metals without losing performance are urgently required.

PEMWE is well-suited for integrating renewable sources (solar, wind) due to its
adaptation to varying power input. Still, this integration presents some challenges
related to system stability, efficiency, and long-term durability of the electrolyzer
[130]. This requires real-time monitoring and control systems to adapt MEA opera-
tion to the profiles of PV and wind output. The integration of battery backup power
to buffer intermittent power as a hybrid system and storage allows for buffering
intermittent power sources like solar or wind while improving reliability and enabling
a more consistent energy supply.

5. PEM electrocatalyst characterization tools
5.1 Analytical characteristics

Structure-activity property relationships and reaction mechanisms have been
a significant challenge for acidic OER-PEM catalysts. During electrochemical
reaction, most electrocatalysts undergo reversible, irreversible, or reconstruction
structural changes. Furthermore, the synthesis approach (such as hydrothermal/
solvothermal, precipitation, sol-gel, impregnation, solid-state synthesis, thermal
decomposition, electrodeposition, etc.) of the electrocatalyst affects its shape, phase
composition, size, and efficiency in catalyzing OER [17]. Therefore, to elucidate the
electrocatalysis structure, shape, size, and so on, the clear mechanism, after and
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before electrolysis, several operando techniques, include scanning microscopy (SEM-
EDS, HR-TEM), spectroscopy analysis (FT-IR/Raman, XPS, XAS), XRD, and DFT
have been established.

Microscopy techniques such as scanning electron microscopy (SEM-EDS) and
transmission electron microscopy (HRTEM) can provide insights into the elemental
composition and distribution, surface morphology, and particle size of the catalyst
from the nanometer to micrometer scale. The morphology, or physical shape and
structure of the electrocatalyst are key determinants of its performance [131].
Different morphologies, including nanosheets, octahedral, nanorods, nanoparticles,
nanotubes, and others [18, 132, 133], significantly impact the electrochemical sur-
face area (ECSA), electron conductivity, and mass transport between reactants and
products. The surface area of an electrocatalyst exposed to an electrolyte directly
affects the number of active OER sites available. A higher ECSA generally trans-
lates to improved OER activity. Certain morphologies, such as nanostructures and
nanosheets, offer a large ECSA owing to their significant surface-to-volume ratio [17].
Fourier Transform Infrared (FT-IR) spectroscopy is frequently used to determine
the functional groups, their binding mode, and the variations of key intermediates
in chemical reactions [113]. X-ray photoelectron spectroscopy (XPS) is a useful
technique for surface analysis that operates on the principle of the photoelectric effect
proposed by Albert Einstein in around 1905. This technique was used as a standard
surface characterization to detect and quantify the chemical and oxidation state of
elements present in material at a nanometer range of 1-10 nm in catalytic materials
[134, 135]. X-ray absorption spectroscopy (XAS) is a very sensitive technique used to
illustrate the electron transfer and probe the structure and composition of heteroge-
neous catalysts, revealing the nature of the active sites and establishing links between
structural motifs in a catalyst, local electronic structure, and catalytic properties [113,
136]. X-ray diffraction (XRD) is the most important method for determining struc-
tures. This method describes structures such as bond lengths, bond angles, and the
relative positions of ions and molecules in a unit cell, which allows one to predict the
structure of compounds and explain the trends in many properties. Recently, theo-
retical tools have been intensively employed to complement experimental studies.
Computational approaches use computer simulations or modeling based on theoreti-
cal chemistry to study the properties of compounds. Density Functional Theory
(DFT) is one of the promising computational modeling approaches used in the field
of inorganic chemistry [137-139] owing to the limited storage, high cost, and time
involved in real-time laboratory experiments. The DFT method not only is used to
study the electronic properties (HOMO, LUMO, MESP, DOS, etc.), or to investigate
the chemical reactivity (u, 7, S, etc) of compounds, but also has progressed over the
years in accessing deeper and greater insights into surface chemistry [140]. Using this
technique, the real active sites for the electrocatalyst during the HER and OER can be
identified.

A better understanding of the degradation mechanisms of MEAs designed for
polymer electrolyte membrane (PEM) water electrolysis is based on a novel short-
side chain (SSC) perfluorosulfonic acid (PFSA) membrane, (e.g. Aquivion®), with
various supported Pt/C cathode and nanosized Iry;Rug 304 solid anode noble metal
loadings that were also reported by S. Siracusano et al. [141], who referred to the
ex situ characteristics such as XRD, SEM/TEM, XPS, and so forth. The XRD pat-
tern reveals a rutile structure of the IrO.RuO. Solid solution and the cubic structure
of Pt after 2 1000 h durability test at 1 A-cm™? for the low catalyst loading MEA.
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Additionally, a slight change in crystallite size and a larger relative particle size
increase were recorded for the cathode. This could probably represent a significant
electrochemical active surface area (ECSA) loss when considering the inverse rela-
tionship between particle size and surface area and the smaller initial crystallite size.
The TEM images of the anode layer scraped from the MEA show that the IrRuO NPS
are embedded into the Aquivion ionomer before and after the 1000 h durability test
(low-loaded MEA). However, after the durability test, the anode layer appears to be
less agglomerated than at the beginning of the durability test. Moreover, recent trends
have outlined the use of operando characterization tools to investigate low cost, low
toxicity, high abundance, interesting redox properties, and various valence states

of non-precious metal catalysts (Mn, Ti, Co, Ni, and Cu) as an alternative to Pt, Ir,
and Ru precious metal [105, 106, 110, 111]. For example, the incorporation of Na*
into Co;0, results in an increase in particle size compared to pure Co;0,, as revealed
by SEM analysis. XRD and SAED patterns confirm the polycrystalline structure of
Na-Co304, with a high dispersion of Na+ ions in the crystal lattices. Large Na+ ions
(~1.12 A) introduced into the Co;0, lattice (0.63 to 0.65 A) tend to occupy the octa-
hedral sites of Co”". This selective occupation leads to the distortion of the reticular
network, hence the formation of oxygen vacancies (detected by high-resolution Ols
XPS spectra) that allow rapid oxygen evolution and durability of the electrocatalyst,
Na-Co30; at the electrode under acidic conditions (0.5 M H,SO,). The oxidation state
of Na and Co 2ps, and Co 2py,; was also confirmed by XPS survey.

The post operando characterization PEMWE through SEM and XPS reveals that
the morphology, composition, and electronic states of the spent Na-Co;04 (AA)
electrode remain nearly unchanged compared to their pristine states.

At the same time, the operando characterizations were also used to investigate the
catalysts used in or bifunctional electrode. This type of electrode, which is part of
the MEA, can catalyze both the OER in electrolysis mode and the Oxygen Reduction
reaction (ORR) in fuel cell mode in PEMWEs. However, the catalyst selection for
a bifunctional electrode is one of the formidable challenging problems. Recently,
Padilla et al. [142] have reported the inkjet low-loading mixture of Pt, IrOx asa
bifunctional oxygen electrode for a unitized regenerative fuel cell (URFC) and
characterized it through SEM and CV. The characterization of Ir/TiOx, IrO, on Pt was
also reported.

In situ visualization analysis, such as high-speed optical imaging, neutron imaging,
and synchrotron radiography approaches, has also been established to disclose the
behavior of the bubble inside the electrolyzer cells to prevent electrolyzer efficiency
and MEA degradation [113]. These nondestructive, complementary imaging tech-
niques use more penetrating X-rays and neutrons for visualizing and quantifying
many processes that occur inside electrolyzers at internal interfaces between layers in
the membrane electrode assembly (MEA) or elsewhere inside the cell [28, 128], which
is not possible with conventional imaging techniques. Neutrons can infiltrate metallic
materials and are highly sensitive to water and H,; the two-phase flow in a PEMWE
was then imaged using in operando neutron imaging. K. Lee et al. [143] used in
operando neutron imaging at operating current densities of 9 A-cm™ as a platform to
analyze the role of reactant flow rates on the performance indicator for gas-evolving
electrochemical energy conversion and to elucidate the underlying mass transport
behavior in the PEM electrolyzer. These findings unequivocally demonstrate the
importance of analytical characteristics of PEM-electrocatalysts for hydrogen
production.
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5.2 Electrochemical characteristics

Electrochemical characterization approaches such as polarization curves, electro-
chemical impedance spectroscopy (EIS), and cyclic voltammetry (CV) are suitable
for assessing integrated systems [144]. The linear scanning voltammetry (LSV) and
CV are the most widely used voltammetry techniques for studying redox reactions of
organic and inorganic species because they are unmatched in their ability to provide
information on the steps involved in electrochemical processes with only a modest
expenditure of time and effort in acquiring and interpreting data. Overpotential (1))
is the most important parameter to define the activity of an electrocatalyst, which is
commonly determined from the Linear Scanning Voltammetry (LSV) in both posi-
tive and negative zones. Tafel potential or Tafel slope is one of the primary studies in
evaluating the kinetic aspect of the studied electrocatalyst, derived from the well-
known Butler-Volmer equation, which predicts the kinetics of the electrocatalytic
reaction at the interface of the electrode-electrolyte.

The Tafel slopes could be calculated as follows: the ohmic loss region of the current
(I) versus potential (E) data. Calculate the current density (j) by dividing the current
density (I) by the electrode GCE surface area A/ cm? The current density is converted
to a logarithmic scale and plotted against the applied potential, E. The Tafel slope
region is generally identified within the range where the kinetics are controlled by
electron transfer, not diffusion. The ohmic drop correction was done by subtract-
ing the current (I) and the solution resistance (R;) given by IR, from the measured
potential. Given in Eq. 2.

AE

Tafel slope, b Alog () )
The resulting Tafel slope provides insight into the electron transfer process and
can indicate whether the reaction is under activation control or mass transport
control.
Electrochemical impedance spectroscopy (EIS) is an analytical technique used
to analyze interfacial properties related to bio-recognition events at the electrode
surface. The EIS could be used to explore mass transfer, charge transfer, and diffusion
processes. Accordingly, the EIS can study intrinsic material properties or specific
processes that could influence an electrochemical system’s conductance, resistance, or
capacitance. Chronopotentiometry (CP), in its most basic form, consists of apply-
ing a single voltage step at time ¢ and then measuring the current that results from
the applied potential. The simplicity of CP makes it an ideal technique for analyzing
a basic voltammetry operation and evaluating the stability of the material at the
electrode surface during electrochemical reactions.

6. Hydrogen production PEM electrolyzer system safety

The growing challenge of rapidly scaling up sustainable hydrogen production
requires careful attention to the safety of production, storage, transport, and equip-
ment. Policymakers must consider the safety option. Three factors illustrate a conven-
tional way to avoid combustion: fuel (H,), oxidizer (O,), and ignition. The strategy is
to keep the hydrogen away from the oxidizer, avoiding accidental mixing.
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6.1 PEM electrolyzer system safety strategies

What happens if H; and O, combine during hydrogen production? Water electrol-
ysis is a complex system involving several physical phenomena. Hydrogen and oxygen
both have distinct properties. The two miscible gases can be amplified if a fault allows
them to mix within an electrolyzer system. Hydrogen is highly flammable, with one
of the widest flammability ranges of any fuel and will ignite at concentrations rang-
ing from 4 to 75% in air [145]. Thus, producing a combustible mixture of hydrogen is
much simpler than other fuels like propane, which will only ignite at 210% concentra-
tion in air. Hydrogen requires as little as 0.02 m] of energy to ignite in air. If H, and
O, mix accidentally, the results can be catastrophic. Hydrogen ignites easily in pure
oxygen and will combust with significantly more energy. If the oxygen concentration
increases, the explosion will be more severe. A typical example is a hydrogen storage
tank explosion at an electrolysis unit in Gangneung, South Korea, which led to two
deaths, six injuries, and over $30 million in damage [145, 146]. The preliminary results
from the legal investigation indicate that the explosion was caused by a static spark
in the hydrogen buffer tank, combined with oxygen in the hydrogen stream. This
oxygen contamination occurred due to a malfunctioning separation membrane in
the electrolyzer, which allowed oxygen to diffuse into the hydrogen stream. The most
effective mitigation strategy is to utilize the H, product immediately, which helps
mitigate the risk of combustion.

What happens if O, is accumulated in the catalyst layer during the PEM elec-
trolyzer process? PEM electrolysis starts by breaking down water molecules at the
anode side, causing the production of O, at the anode and H" ions that traverse the
membrane to form H, at the cathode side. Unintentional accumulation of O, bubbles
in the PTL anode side, where the liquid water is transported to the catalyst layer, can
hinder the liquid water supply and create localized hotspots, leading to increased
mass transfer losses and reducing the effective surface area available for the elec-
trochemical reaction. This causes degradation of the catalyst layer and the MEA,
negatively impacting performance and durability and restricting the large-scale com-
mercialization of PEMWEs [147, 148]. There is a clear need for more extensive studies
to investigate and better understand the impact of bubbles on the performance of
PEM electrolysis systems and safety issues. What happens if O, is accumulated in
the air during the PEM electrolyzer process? Numerous electrolysis systems purge
their oxygen into the atmosphere. According to the stoichiometry equation of PEM
electrolysis, O, in volume is almost half of the H, produced. Regarding different molar
weights, oxygen is produced eight times more than that of hydrogen, at ambient pres-
sure. For example, it is estimated that if 5 GW of electrolyzer capacity is generated in
Sweden, it will produce about ~750.000 tons of H,/year for 45 weeks of production,
and 6.0 million tons of O,/year will be produced as a by-product. The supply of O, in
the atmosphere enhances oxygen-enriched atmospheres, significantly increasing the
risk of ignition and fire due to the reactivity of oxygen. In such a case, compounds
that may not burn under normal conditions may burn energetically in an oxygen-rich
milieu and propagate faster [149]. Research also reveals that the chemistry of Earth’s
atmosphere in prehistoric times altered dramatically with increased oxygen levels and
the replacement of methane (some methane is still present today). It is assumed that
the accumulation of oxygen in the atmosphere led to one of the first ice ages on Earth.
Methane is a greenhouse gas because it traps the sun’s heat and warms the planet.
Replacing methane with oxygen caused global temperatures to cool enough to form
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ice sheets stretching from the poles to the tropics [150]. Though the oxygen can be
harmlessly emitted, it is wise to explore the prospect of oxygen utilization for elec-
trolyzer capacities. As the second most widely used gas after nitrogen, oxygen can be
used in various industries, such as medical, industrial, and food processing industries
[149]. Using O, from PEMWES concerns could supply medical oxygen to a capacity of
2500 hospital beds, requiring approximately 12.1 million Nm?® of oxygen per year. A
20 MW electrolyzer powered by an offshore wind farm could provide purified oxygen
to be distributed via cylinders at 200 bar [150].

Mitigation strategies: Other plausible strategies to avoid the risk during H, produc-
tion via PEM electrolysis include:

i. Ventilation: Install mechanical ventilation fans to sweep the electrolyzer
enclosure and reduce hydrogen accumulation.

ii. Venting and disposal: Evaluate concentrations for all operational modes and
create procedures for venting O, and H, during system start-up, operation, and
shutdown.

iii. Purging: Purge H, systems with nitrogen or other inert gases before and after
use (optional).

iv. Detection: Use personal monitors, leak sniffers, imaging cameras, and fixed
H,. Incorporate detection into procedures and automated safety controls.
Industry relies on hydrogen gas detectors to detect leaks. Industrial gas detec-
tion (IGD) has two technologies suitable for detecting hydrogen: pellitory and
electrochemical sensors.

v. Safety planning: Regularly train all personnel working around hydrogen or
electrolysis systems. Develop clear plans for maintenance, operation, and
emergencies [146].

6.2 Hydrogen storage and transport safety

Hydrogen storage and transportation are the main obstacles to developing a fully
hydrogen-powered economy. It is currently more cost-effective to relocate large
hydrogen consumers to producers’ sites than ship hydrogen to them long distances.
Ambitious policies and investments are needed now to support the hydrogen
storage, transportation, and conversion infrastructure that will be essential for
the future hydrogen market to function properly. Hydrogen as an energy carrier
occupies an enormous volume in normal conditions (1 kg of hzdrogen at ambient
temperature and atmospheric pressure takes a volume of 11 m’), making it difficult
to store [151]. Generally, hydrogen can be stored in pure form as compressed gas
or liquid, or in materials (solid form). Four type of cylinders are commonly used
for compressed hydrogen storage: Type I: all-metal cylinders (45 MPa), Type II:
all-metal hoop-wrapped composite cylinders (20-30 MPa), Type III: fully wrapped
composite cylinders with metallic liners (30-45 MPa), and Type IV: fully wrapped
composite cylinders (>45 MPa) [49, 152]. Thus, different safety measurements must
be taken according to the hydrogen delivery model (if in gaseous or liquid form).
Gaseous hydrogen is stored under high pressure (between 35 and 70 MPa) and low
energy density (40 kg/m’@70 MPa), making it difficult to meet the requirements for
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along cruising range and the related risks regarding leakage and explosion. The key
to gaseous hydrogen storage is to improve hydrogen storage density while ensur-

ing safety [152]. The main exploitation of hydrogen gas lies in its electrical energy
consumption during the filling process, that is, 20 to 40% of the total cost. Safety
and regulatory compliance issues must be considered, given the potential for leaks in
exploiting hydrogen gas at very high pressures. Since the transport distance increases
with the length of the tubes, which induces an increase in the price of H,/kg, there

is a gradual increase in safety issues. A recent report has stated that for transport
distances of 50 to 500 km, prices vary from approximately 0.6-7 US$ of H,/kg. To
reduce the cost of hydrogen gas while improving the safety angle of storage and
transport, three aspects must be considered: (i) developing new high-performance
materials to reduce the weight and price of containers while improving safety, (ii)
optimizing compressor efficiency to reduce energy consumption, and (iii) adopting
advanced monitoring and control technologies to improve storage system security
while reducing security costs.

Liquid hydrogen storage is mainly under cryogenic cooling, below -250°C, and the
energy density can reach 70 kg/m’. The high energy density of liquid hydrogen storage
reduces the hydrogen storage space. The evaporation latent heat of liquid hydrogen
is very large, which has advantages in thermal management and safety protection.
Companies such as BMW and Toyota have all launched liquid hydrogen fuel cell
vehicle prototypes with a cruising range of 500 km. However, the high energy con-
sumption of 12 kWh/kg and the evaporation loss of the liquid hydrogen tank are also
problems [152]. Safety and regulatory costs for liquid hydrogen storage account for
about 10-20% of the total cost, as it is stored at very low temperatures. In addition, the
transportation cost of liquid H, is about 2-3.1 USD/kg over a transportation distance
of 50-500 km. Cost optimization can be achieved by (i) improving the efficiency of
hydrogen liquefaction through technological innovation to reduce energy consump-
tion and safety; (ii) developing more efficient insulation materials and tank designs
to minimize hydrogen evaporation losses during storage, and ultimately reduce the
risk of explosion; and (iii) developing specialized low-temperature safety technolo-
gies and equipment to improve overall system safety [49]. Such low temperatures and
high pressures pose colossal methodical queries, the problems related to refrigera-
tion costs, safety, manipulation, and losses by evaporation, and require extensive
hands-on experience. Distributing hydrogen over long distances is problematic and
dangerous. Pipelines will be required for long distances; there is a high risk of leakage
and a greater possibility of deflagration and detonation. Additionally, the large-scale
hydrogen storage in gas and liquid form is still a technical challenge and it will take
time to develop technology. Effective storage can rely on underground and underwater
reservoirs. Geologic hydrogen storage includes salt caverns, saline aquifers, depleted
oil and gas reservoirs, or engineered hard rock reservoirs. It is the best option for
large-scale and long-term storage rather than tanks, which are more suitable for short-
term and small-scale storage. However, the accumulation and the reaction mechanism
of hydrogen with minerals in underground or geologic reservoirs can lead to several
issues, including geochemical reactions that alter reservoir and caprock properties,
potential microbial activity that can consume hydrogen and produce impurities, and
changes in reservoir pressure that can impact wellbore stability and induce seismicity.
Furthermore, hydrogen’ high penetrability and low solubility in water can pose chal-
lenges for long-term containment in some geological formations [153].

Solid hydrogen storage, which involves both physisorption and chemisorption, is
a viable option. Hydrogen storage in chemical storage materials includes ammonia,

87



Advances in Hydrogen Energy — Production, Storage, and Utilization

methanol, methane, methylcyclohexane, sodium borohydride, and so on. These
materials can store significant volumes of hydrogen under standard conditions,
which will help promote the adoption of a hydrogen economy because they can be
internationally traded and easily used in many industrial processes [1]. Production
and transport of ammonia are already commercialized worldwide. However, the
technology and commercial readiness of methanol directly from hydrogen rather
than natural gas is still incomplete and must improve before being fully commercial-
ized. It is essential to emphasize that converting into methanol, ammonia, and so on
requires a huge energy input for compression and decompression processes. Physical
state solid storage focuses on MOFs and COFs as materials for hydrogen storage.

Solid hydrogen storage offers advantages such as low operating pressure between
0.1-5 MPa, a high energy density of 100-130 kg/m’; it does not require gas cylinders
or compressors, nor ultralow-temperature insulation devices, greatly reducing the
complexity of the system and providing economical and safer storage. Hydrogen stor-
age materials can exist stably at normal pressure and temperature, so that if there is
damage, there will not be a large amount of hydrogen leakage, so avoiding the hazards
caused by the high pressures and extreme temperatures required for gas and liquid
storage, and facilitating easier shipping and handling [152, 154]. To mitigate the risks
associated with compressed hydrogen storage, solid-state hydrogen storage materials
are increasingly used in hydrogen refueling stations and as backup power supplies and
are integrated into portable devices and vehicles [155]. Certain vehicle manufacturers,
such as Honda, Toyota, and GM have integrated cylindrical hydrogen storage devices
(~10-100 L) to optimize the utilization of constrained vehicle volumes [155]. These
innovative storage and transport techniques, along with the crucial collaboration
between researchers, industry stakeholders, and policymakers, could pave the way for
enhanced safety, efficiency, and more practical hydrogen technologies in future clean
energy solutions.

7. Conclusions

The chapter deals with the various factors around green hydrogen production
from water electrolysis. The authors took you, as the reader, on a journey in search
of an answer to the question: Why is green hydrogen an energy source so important
to mitigate carbon emissions in a net-zero mission? The colors of hydrogen were
described to illustrate the various processes in industries where hydrogen is produced
as a primary source or as a by-product, for example, in red or pink hydrogen pro-
duced from nuclear energy. Several industries today heavily depend on black, brown,
or gray hydrogen for fuel production in the saturation of molecules in reforming
or cracking processes in a petrochemical process. Carbon emissions in the steel or
cement industries must be mitigated to decarbonize these processes by introducing
green hydrogen from water electrolysis. The different water electrolysis methodolo-
gies that are currently available include proton exchange membrane water electrolysis
(PEMWE), alkaline water electrolysis, anion exchange water electrolysis, and solid
oxide water electrolysis. Their advantages and disadvantages were discussed to
demonstrate why PEMWE is more favorable than other water electrolyzers. The dif-
ferent analytical techniques need to characterize the material science of the catalysts
by XRD, XRF, SEM, and TEM analysis and the electrochemical characterization by
cyclic voltammetry, linear scan voltammetry, and chronopotentiometry for stability
studies. The last section briefly discusses the requirements for hydrogen production

88



Perspective Chapter: Hydrogen Production Via Proton Exchange Membrane (PEM) Water...
DOI: http://dx.doi.org/10.5772/intechopen.1011797

and storage, emphasizing the importance of preventing catastrophic effects of
hydrogen explosions or hazardous release of hydrogen into the atmosphere that could
create cloud explosions.
Acknowledgements

The authors thank Nelson Mandela University for its support of the project and
financial support to Dr. Claudelle Anensong for conducting a postdoctoral fellowship
in the green hydrogen project research group. Financial support also comes from NRF
(CSUR) and the Technology Innovation Agency (TIA) for seed fund support for this
project and all the students involved in completing their MSc studies.

Conflict of interest

No conflict of interest to be declared.

Author details

Shawn Gouws™ and Claudelle Sybilline Anensong Djadock
Department of Chemistry, Nelson Mandela University, Gqeberha, South Africa

*Address all correspondence to: shawn.gouws@mandela.ac.za

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

89



Advances in Hydrogen Energy — Production, Storage, and Utilization

References

[1] IEA. Global Hydrogen Review:
Hydrogen Production. 2024. pp. 1-298.
Available from: https://www.iea.org/
reports/global-hydrogen-review-2024/
hydrogen-production

[2] IPCC. 2007: Climate Change 2007:
Synthesis Report. Contribution of
Working Groups I, IT and III to the
Fourth Assessment Report of the
Intergovernmental Panel on Climate
Change. Geneva, Switzerland: Core
Writing Team, R.K. Pachauri, and A.
Reisinger, IPCC; 2007. pp. 1-104

[3] Arrhenius S. On the influence

of carbonic acid in the air upon the
temperature of the ground. Philosophical
Magazine and Journal of Science.
1896;41(5):237-276

[4] Dawson TP, Jackson ST, House JI,
Prentice IC, Mace GM. Beyond
predictions: Biodiversity conservation

in a changing climate. Science.
2011;332(6025):53-58

[5] Pires JCM, Martins FG, Alvim-
Ferraz MCM, Simoes M. Recent
developments on carbon capture
and storage: An overview. Chemical
Engineering Research and Design.
2011;89(9):1446-1460

[6] Kazim A, Veziroglu TN. Utilization
of solar-hydrogen energy in the UAE to
maintain its share in the world energy
market for the 21st century. Renewable
Energy. 2001;24(2):259-274

[7] Ajanovic A, Sayer M, Haas R. The
economics and the environmental
benignity of different colours of
hydrogen. International Journal of
Hydrogen Energy. 2022;47:24136-24154

[8] Abdin Z, Zafaranloo A, Rafie A,
Merida W, Lipinski W, Khalilpour KR.

90

Hydrogen as an energy vector. Renewable
and Sustainable Energy Reviews.
2020;120:109620

[9] Jun C, Yu H. Water electrolysis based
on renewable energy for hydrogen
production. Chinese Journal of Catalysis.
2018;39(3):390-394

[10] Nurettin S, Sertac B, Ugur F,
Antonio S. A comprehensive review of
the state-of-the-art of proton exchange
membrane water electrolysis. Materials
Science for Energy Technologies.
2025;8:44-65

[11] Berezin A, Gorodnova N, Sergi BS,
Handoko CT, Permana CT. Prospects
for energy transition to hydrogen fuel:
Analysis of world experience and
Russian practice. International Journal
of Energy Economics and Policy.
2023;13(4):641-653

[12] Veza 1, Idris M, Fattah IMR. Circular
economy, energy transition, and role of
hydrogen. Mechanical Engineering for
Society and Industry. 2022;2(2):54-56

[13] Grand View Research. Hydrogen
Energy Storage Market Size, Share &
Trends Analysis Report by Technology
(Compression, Liquefaction), by
Physical State (Solid, Liquid, Gas), by
Application (Residential, Commercial),
by Region, and Segment Forecasts, 2024-
2030. 2023. pp. 1-90

[14] Hydrogen Council. Significant
growth for Hydrogen Council, publishes
report on cost competitiveness. Fuel Cells
Bulletin. 2020:13-14

[15] GlobalData. Net Capacity for Green
Hydrogen in the Pipeline Worldwide

in Q1 2024 by Leading Company (In
1,000 Tons Per Annum) [Graph],



Perspective Chapter: Hydrogen Production Via Proton Exchange Membrane (PEM) Water...

DOI: http://dx.doi.org/10.5772/intechopen.1011797

Statista. 2024. Available from: https://
www.statista.com/statistics/1374638/
globalnet-capacity-for-green-
hydrogenby-leadingcompany/ [Accessed:
October 16, 2024]

[16] Konstantin G, Permana CT,

Handoko CT. The growing demand

for hydrogen: Current trends, sectoral
analysis, and future projections.
Unconventional Resources. 2025;6:100176

(17] Tamilarasi B, Jithul KP, Jay P. Non-
noble metal-based electro-catalyst for
the oxygen evolution reaction (OER):
Towards an active & stable electro-
catalyst for PEM water electrolysis.
International Journal of Hydrogen
Energy. 2024;58:556-582

[18] Mohd NS, Teuku H, Jonathan G,
Abu BS. High-pressure PEM water
electrolyser: A review on challenges
and mitigation strategies towards green
and low-cost hydrogen production.

Energy Conversion and Management.
2022;268:115985

[19] Shirvanian P, Van BF. Novel
components in proton exchange
membrane (PEM) water electrolyzers
(PEMWE): Status, challenges and future
needs. A mini review. Electrochemistry
Communications. 2020;114:106704

[20] Ali M, Pervaiz E, Noor T, Rabi O,
Zahra R, Yang M. Recent advancements
in MOF-based catalysts for
applications in electrochemical and
photoelectrochemical water splitting:

A review. International Journal Energy
Research. 2021;45(2):1190-1226

[21] Shiva, Kumar S, Himabindu V.
Hydrogen production by PEM water
electrolysis — A review. Materials Science
for Energy Technologies. 2019;2:442-454

[22] Siracusano S, Van DN, Backhouse R,
Merlo L, Baglio V, Arico AS. Degradation

91

issues of PEM electrolysis MEAs.
Renewable Energy. 2018;123:52-57

[23] Feng Q, Yuan XZ, Liu G, Wei B,
Zhang Z, Li H, et al. A review of proton
exchange membrane water electrolysis on
degradation mechanisms and mitigation
strategies. Journal of Power Sources.

2017;366:33-55

[24] Adnan M, Kucuk H, Topal ME,
Akbulut U, Dincer I. A comprehensive
review on hydrogen production from coal
gasification: Challenges and opportunities.

International Journal of Hydrogen Energy.
2021;46(50):25385-25412

[25] Li J, Cheng W. Comparative life cycle
energy consumption, carbon emissions
and cost for hydrogen production from
coke oven gas and coal gasification.
International Journal of Hydrogen
Energy. 2020;45(51):27979-27993

[26] Salkuyeh YK, Saville BA,

MacLean HL. Techno-economic analysis
and life cycle assessment of hydrogen
production from natural gas using
current and emerging technologies.

International Journal of Hydrogen
Energy. 2017;42(30):18894-18909

[27] Bauer C, Treyer K, Antonini C,
Bergerson ], Gazzani M, Gencer E, et al.
On the climate impacts of blue hydrogen
production. Sustainable Energy & Fuels.
2022;6:66-75

[28] Howarth RW, Jacobson MZ. How
green is blue hydrogen? Energy Science
and Engineering. 2021;9(10):1676-1687

[29] Khan MA, Daiyan R,

Neal P, Haque N, MacGill I, Amal R. A
framework for assessing the economics
of blue hydrogen production from
steam methane reforming using
carbon capture, storage & utilisation.

International Journal of Hydrogen
Energy. 2021;46(44):22685-22706



Advances in Hydrogen Energy — Production, Storage, and Utilization

[30] Gerloff N. Comparative life-cycle-
assessment analysis of three major water
electrolysis technologies while applying
various energy scenarios for a greener
hydrogen production. Journal of Energy
Storage. 2021;43:102759

[31] Bartels JR, Pate MB, Olson NK. An
economic survey of hydrogen production
from conventional and alternative
energy source. International Journal of
Hydrogen Energy. 2010;35(6):8371-8384

[32] Nikolaidis P, Poullikkas A. A
comparative overview of hydrogen
production processes. Renewable
Sustainable Energy Review.

2017;67:597-611

[33] Yukesh KR, Kavitha S, Preethi OP,
Karthikeyan G, Kumar NV, Dai-Viet JRB.
Techno-economic assessment of various
hydrogen production methods—-A
review. Bioresources Technology.
2021;319:124175

[34] Ozturk M, DincerI. A
comprehensive review on power-to-
gas with hydrogen options for cleaner

applications. Journal of Hydrogen
Energy. 2021;46(62):31511-31522

[35] Dincer I. Green methods for
hydrogen production. International
Journal of Hydrogen Energy.
2012;37(2):1954-1971, 2021

[36] Acar C, Dincer I. Review and
evaluation of hydrogen production
options for a better environment. Journal
of Cleaner Production. 2019;218:835-849

[37] Longden T, Beck FJ, Jotzo F,
Andrews R, Prasad M. ‘Clean’ hydrogen?
- Comparing the emissions and costs of
fossil fuel versus renewable electricity
based hydrogen. Applied Energy.
2022;306:118145

[38] Droege T. What are the Colors
of Hydrogen? Williams Companies;

92

2021. Available from: https://
wwwwilliams.com/2021/04/23/
what-are-the-colors-of-hydrogen/

[39] Dodgshun J. Hydrogen: Clearing
up the Colours. 2021. Available from:
https://www.enapter.com/newsroom/
hydrogen-clearing-up-the-colours

[40] Incer-Valverde J, Korayem A,
Tsatsaronis G, Morosuk T. “Colors”
of hydrogen: Definitions and carbon
intensity. Energy Conversion and
Management. 2023;291:117294

[41] Chandra S. What is the Hydrogen
Rainbow? 2021. Available from: https://
www.linkedin.com/pulse/whathydrogen-

rainbow-sandeep-chandra/ [Accessed:
May 08, 2025]

[42] Global Power Technology Leader.
What is the Hydrogen Rainbow?
Cummins Inc., Global Power Technology
Leader; 2021. Available from: https://
www.cummins.com/news/2021/11/16/
what-hydrogen-rainbow [Accessed: May
08, 2025]

[43] Arcos JMM, Santos DMF. The
hydrogen color spectrum: Techno
economic analysis of the available

technologies for hydrogen production.
Gases. 2023;3(1):25-46

[44] Aimikhe V], Oghenegare EE. Recent
advances in white hydrogen exploration
and production: A mini review. Journal

of Energy Research and Reviews.
2023;13(4):64-79

[45] Samson O], Tawanda M, Japheth OO,
Mzxolisi BS. Advancing the hydrogen
production economy: A comprehensive
review of technologies, sustainability, and

future prospects. International Journal of
Hydrogen Energy. 2024;78:642-661

[46] Lebrouhi BE, Djoupo JJ, Lamrani B,
Benabdelaziz K, Kousksou T. Global



Perspective Chapter: Hydrogen Production Via Proton Exchange Membrane (PEM) Water...

DOI: http://dx.doi.org/10.5772/intechopen.1011797

hydrogen development - A technological
and geopolitical overview. International
Journal of Hydrogen Energy.
2022;47(11):7016-7048

[47] Roeth M. The Many Colors of
Hydrogen. North America: ] FleetOwner;
2021. Available from: https://www.
fleetowner.com/perspectives/
ideaxchange/article/21151562/
the-many-colours-of-hydrogen

[48] Dawood F, Anda M, Shafiullah GM.
Hydrogen production for energy: An
overview. International Journal of
Hydrogen Energy. 2020;45(7):3847-3869

[49] Monjur MHB, Zahed S. Hydrogen

as an alternative fuel: A comprehensive
review of challenges and opportunities in
production, storage, and transportation.

International Journal of Hydrogen
Energy. 2025;102:1026-1044

[50] WEC. Working Paper: Regional
Insights into Low-Carbon Hydrogen
Scale Up|World Energy Insights. United
Kingdom: World Energy Council; 2022.
pp. 1-46

[51] IEA. Global Hydrogen Review. Paris:
IEA; 2022. pp. 1-294

[52] Mulligan J. The Failed
Europeanisation of Carbon Capture and
Storage (CCS): A Comparative Analysis
of the Impact of Domestic Factors on
Six CCS Demonstration Projects. Berlin:
Freie Universitit; 2020. pp. 1-23

[53] Energiewende A, Guidehouse.
Making Renewable Hydrogen Cost-
Competitive: Policy Instruments for
Supporting Green H,. Berlin: Agora
Energiewende; 2021. pp. 1-96

[54] Newborough M, Cooley G.
Developments in the global hydrogen
market: The spectrum of hydrogen
colours. Fuel Cells Bulletin. 2020;11:16-22

93

[55] Amin AM, Croiset E, Epling W.
Review of methane catalytic cracking
for hydrogen production. International
Journal of Hydrogen Energy.
2011;36(4):2904-2935

[56] Leal Pérez BJ, Medrano Jiménez JA,
Bhardwaj R, Goetheer E, van Sint AM,
Gallucci F. Methane pyrolysis in

a molten gallium bubble column
reactor for sustainable hydrogen
production: Proof of concept & techno-
economic assessment. International
Journal of Hydrogen Energy.
2021;46(7):4917-4935

[57] Schneider S, Bajohr S, Graf F, Kolb T.
State of the art of hydrogen production
via pyrolysisof natural gas. Chemical
Biology Engineering Reviews.
2020;7(5):150-158

[58] Altgelt F, Micheli M, Sailer K,

Crone K. Water Consumption of
Powerfuels Demand, Supply, and

Policy Recommendations to Foster
Environmental Sustainability. Berlin:
Deutsche EnergieAgentur GmbH (dena);
2021. pp. 1-14

[59] IEA. Towards Hydrogen Definitions
Based on their Emissions Intensity. Paris:
International Energy Agency; 2023. pp.
1-89

[60] Kadri S. Commission Sets out Rules
for Renewable Hydrogen. Bruxelle:
European Commission; 2023. pp. 1-2.
Available from: https://ec.europa.eu/
commission/presscorner/detail/en/
ip_23_594 [Accessed: May 08, 2025]

[61] Gregor E, Sara S. EU Rules for
Renewable Hydrogen. BRIEFING
Towards Climate Neutrality. EPRS|
European Parliamentary Research
Service; 2023. pp. 1-10. Available from:
https://www.europarl.europa.eu/
RegData/etudes/BRIE/2023/747085/
EPRS_BRI(2023)747085_EN.pdf



Advances in Hydrogen Energy — Production, Storage, and Utilization

[62] IRENA. Green Hydrogen Cost
Reduction: Scaling up Electrolysers to
Meet the 1.5 C Climate Goal. Abu Dhabi:
International Renewable Energy Agency;
2020. pp. 1-103

[63] Chisholm G, Zhao T, Cronin L.
Hydrogen from water electrolysis.
Storing Energy. 2022:559-591

[64] Donitz W, Erdle E. High-temperature
electrolysis of water vapor—Status
of development and perspectives for

application. International Journal of
Hydrogen Energy. 1985;10:291-295

[65] Brisse A, Schefold ], Zahid M. High
temperature water electrolysis in solid
oxide cells. International Journal of
Hydrogen Energy. 2008;33(20):5375-5382

[66] He S, Zou Y, Chen K, Jiang SP. A
critical review of key materials and issues
in solid oxide cells. Interdisciplinary
Materials. 2023;2(1):111-136

[67] Sapountzi MF, Gracia M]J, Kees-Jan
Weststrate CJ, Hans Fredriksson OA,
Niemantsverdriet JW. Electrocatalysts
for the generation of hydrogen, oxygen
and synthesis gas. Progress in Energy
Combustion Science. 2017;58:1-35

[68] Sayed-A H, Toldya Al
Lappalainenb M, Himanena O,
Bajamundi C, Santasalo AA. Strategies
and challenges for reducing green
hydrogen cost: Operation mode

and revenue streams. Renewable

and Sustainable Energy Reviews.
2025;223:116065

[69] Shiva Kumar S, Lim H. An overview
of water electrolysis technologies for
green hydrogen production. Energy
Reports. 2022;8:13793-13813

[70] Schmidt O, GambhirI,
Hawkes A, Nelson ], Few S. Future cost
and performance of water electrolysis:

94

An expert elicitation study. International
Journal of Hydrogen Energy.
2017;42(52):30470-30492

[71] Liu S, Li B, Mohite SV,

Devaraji P, Mao L, Xing R. Ultrathin
MoS, nanosheets iz situ grown on rich
defective Nig ¢S as heterojunction
bifunctional electrocatalysts for
alkaline water electrolysis. International
Journal of Hydrogen Energy.
2020;45(55):29929-29937

[72] Qazi UY, Javaid R, Zahid M,
Tahir N, Afzal A, Lin X-M. Bimetallic
NiCo-NiCoO, nano-heterostructures
embedded on copper foam as a self-
supported bifunctional electrode

for water oxidation and hydrogen
production in alkaline media.
International Journal of Hydrogen
Energy. 2021;46(36):18936-18948

[73] Xu Z, Yeh C-L, Chen J-L, Lin TJ, Ho
K-C, Lin RY-Y. Metal-organic frameworks
derived 2D NiCoP nanoflakes from
layered double hydroxide nanosheets

for efficient electrocatalytic water
splitting at high current densities. ACS
Sustainable Chemistry and Engineering.
2022;10(35):11577-11586

[74] Wu X, Scott K. A Li-doped

Co30, oxygen evolution catalyst for
non-precious metal alkaline anion
exchange membrane water electrolysers.
International Journal of Hydrogen

Energy. 2013;38(8):3123-3129

[75] Akash S, Riya ABJ, Aniruddha B,
Suraj G, Matjaz S, Rupali P, et al.
Designing bifunctional electrocatalysts
based on complex cobalt-sulfo-boride
compound for high-current-density

alkaline water electrolysis. Energy &
Fuels. 2024;38(19):18965-18975

[76] Liu YP, Liang X, Chen H, Gao RQ,
ShiL, Yang L, et al. Iridium-containing
water-oxidation catalysts in acidic



Perspective Chapter: Hydrogen Production Via Proton Exchange Membrane (PEM) Water...

DOI: http://dx.doi.org/10.5772/intechopen.1011797

electrolytes. Chinese Journal of Catalysis.
2021;42(7):1054-1077

(771 Omid T. White Paper: Hydrogen
Production Cost by AEM Water
Electrolysis: Document ID: FM-7024-B.
Canada: Ionomer Innovations Inc.; 2020.
pp. 1-12

[78] Thangavel P, Kim G,

Kim KS. Electrochemical integration
of amorphous NiFe (oxy)hydroxides
on surface-activated carbon fibers for
high-efficiency oxygen evolution in
alkaline anion exchange membrane
water electrolysis. Journal of Materials
Chemistry A. 2021;9:14043-14051

[79] Guo W, Kim ], Kim H, Ahn HS.
Cu—Co-P electrodeposited on carbon
paper as an efficient electrocatalyst for
hydrogen evolution reaction in anion
exchange membrane water electrolyzers.

International Journal of Hydrogen
Energy. 2021;46(38):19789-19801

[80] Chen N, Paek SY, Lee Y, Park JH,

Lee SY, Lee YM. High-performance anion
exchange membrane water electrolyzers
with a current density of 768 A cm™and

a durability of 1000 hours. Energy &
Environmental Science. 2021;14:6338-6348

[81] Smolinka T, Bergmann H,

Garche ], Kusnezoff M. The history of
water electrolysis from its beginnings
to the present. In: Systems and
Applications. 2022. pp. 83-164

[82] Russell JH, Nuttall L], Fickett AP.
Hydrogen generation by solid polymer
electrolyte water electrolysis. American
Chemical Society. 1973;18(3):24-40

[83] Xu W, Scott K. The effects of
ionomer content on PEM water
electrolyser membrane electrode
assembly performance. International
Journal of Hydrogen Energy.
2010;35(21):12029-12037

95

[84] Abdol Rahim AH, Tijani AS,
Kamarudin SK, Hanapi S. An overview
of polymer electrolyte membrane
electrolyzer for hydrogen production:
Modeling and mass transport. Journal of
Power Sources. 2016;309:56-65

[85] Di Virgilio M, Basso

Peressut A, Arosio V, Arrigoni A,
Latorrata S, Dotelli G. Functional and
environmental performances of novel
electrolytic membranes for PEM fuel
cells: A lab-scale case study. Clean
Technology. 2023;5:74-93

[86] Ren K, Liu X, Rao Z. Effect of
temperature and external electric

field on proton transport in ordered

and amorphous proton exchange
membranes: A molecular dynamics
study. International Journal of Hydrogen
Energy. 2024;54:1422-1435

[87] Nicotera I, Simari C, Enotiadis A.
Nafion-based cation-exchange
membranes for direct methanol fuel
cells. Cell Technology. 2020:13-36

[88] Kusoglu A, Weber AZ. New
insights into perfluorinated sulfonic-
acid ionomers. Chemical Reviews.
2017;117(3):987-1104

[89] Anensong CS, Vengatesan S, Tagne
Kuate AC, Ngoune J, Ravichandran S,
Vasudevan S. Distorted octahedral
cobalt()-acylpyrazolone complex with
a tunable lattice-strain structure - An
efficient electrocatalyst for overall
water splitting. Catalysis Science and
Technology. 2023;13(5):2184-2200

[90] Shi L, Chen ], Zhao S, DulL,

Ye S. Proton-exchange membrane water
electrolysis: From fundamental study
to industrial application. Chemical
Catalysis. 2023;3:100734

[91] Pushkarev AS, Pushkareva IV,
Bessarabov DG. Supported Ir-based



Advances in Hydrogen Energy — Production, Storage, and Utilization

oxygen evolution catalysts for polymer
electrolyte membrane water electrolysis:
A mini review. Energy & Fuels.
2022;36(13):6613-6625

[92] Hrbek T, Ku P, Sutov TK, Veltrusk K,
Dinhov TN, Dopita M, et al. Sputtered
Ir-Ru based catalysts for oxygen
evolution reaction: Study of iridium
effect on stability. International

Journal of Hydrogen Energy.
2022;47(89):21033-21043

[93] Lv H, Wang S, LiJ, Shao C, Zhou'W,
Shen X, et al. Self-assembled RuO,@
IrOy core-shell nanocomposite as high
efficient anode catalyst for PEM water
electrolyzer. Applied Surface Science.
2020;514:145943

[94] Bohm D, Beetz M, Gebauer C,

Bernt M, Schréter J, Kornherr M, et al.
Highly conductive titania-supported
iridium oxide nanoparticles with low
overall iridium density as OER catalyst
for large-scale PEM electrolysis. Applied
Materials Today. 2021;24:101134

[95] Yasutake M, Noda Z,

Matsuda J, Lyth SM, Nishihara M, Ito K,
etal. Ru-core Ir-shell electrocatalysts
deposited on a surface-modified Ti-based
porous transport layer for polymer
electrolyte membrane water electrolysis.
International Journal of Hydrogen
Energy. 2024;49:169-183

[96] Kim IG, Lim A, Jang JH, Lee K-Y,
Nah IW, Park S. Leveraging metal alloy-
hybrid support interaction to enhance
oxygen evolution kinetics and stability
in proton exchange membrane water

electrolyzers. Journal of Power Sources.
2021;501:230002

[97] Wang C, Lan F, He Z, Xie X, ZhaoY,
Hou H, et al. Iridium-based catalysts for
solid polymer electrolyte electrocatalytic

water splitting. Chemistry Sustainability
Chemistry. 2019;12:1576-1590

926

[98] Siracusano S, Van

Dijk N, Payne-Johnson E, Baglio V,
Arico AS. Nanosized IrOx and IrRuOx
electrocatalysts for the O, evolution
reaction in PEM water electrolysers.
Applied Catalysis B: Environmental.
2015;164:488-495

[99] Oh H-S, Nong HN, Reier T,

Gliech M, Strasser P. Oxide-supported
Ir nanodendrites with high activity
and durability for the oxygen evolution

reaction in acid PEM water electrolyzers.
Chemical Science. 2015;6:3321-3328

[100] Wu Z-Y, Chen F-Y, Li B, Yu S-W,
Finfrock YZ, Meira DM, et al. Non-
iridium-based electrocatalyst for durable
acidic oxygen evolution reaction in proton

exchange membrane water electrolysis.
Nature Materials. 2023;22:100-108

[101] Hoang PT, Hong NN,

Matej Z, Aram Y, Uta H, Martina R, et
al. Reactivity and stability of reduced
Ir-weight TiO,-supported oxygen
evolution catalysts for proton
exchange membrane (PEM) water
electrolyzer anodes. Journal of

the American Chemical Society.
2024;146(46):31444-31455

[102] Muntean R, Pascal DT, Rost U,
Holtkotte L, Nither J, Koster F, et al.
Investigation of iridium nanoparticles
supported on sub-stoichiometric
titanium oxides as anodic electrocatalysts
in PEM electrolysis. Part I: Synthesis and
characterization. Topics in Catalysis.
2019;62:429-438

[103] Saha S, Rajbongshi BM, Ramani V,
Verma A. Titanium carbide: An emerging
electrocatalyst for fuel cell and electrolyser.
International Journal of Hydrogen Energy.
2021;46(24):12801-12821

[104] Jiaqi K, Xingli W, Sebastian M,
Shima F, Miklés MK, Johannes S, et al.
Synthesis, molecular structure, and



Perspective Chapter: Hydrogen Production Via Proton Exchange Membrane (PEM) Water...

DOI: http://dx.doi.org/10.5772/intechopen.1011797

water electrolysis performance of TiO2-
supported Raney-IrOx nanoparticles
for the acidic oxygen evolution reaction.
ACS Catalysis. 2025;15:5435-5446

[105] Siracusano S, Fausta G,

Antonino SA. Ag/Ti-suboxides as non-
PGM anode electrocatalyst for PEM
water electrolysis. Journal of Power
Sources. 2023;565:232903

[106] Morozan A, Johnson H, Roiron C,
Genay G, Aldakov D, Ghedjatti A, et al.
Nonprecious bimetallic iron—
molybdenum sulfide electrocatalysts for
the hydrogen evolution reaction in proton
exchange membrane electrolyzers. ACS
Catalysis. 2020;10(4):14336-14348

[107] LiuJ, Liu H, Yang Y, Tao Y, Zhao L,
LiS, et al. Efficient and stable proton
exchange membrane water electrolysis
enabled by stress optimization. ACS
Central Science. 2024;10:852-885

[108] Wan C, Deng R, Guo M, Zhang Q.
Recent progress of advanced Co;0,4-
based materials for electrocatalytic
oxygen evolution reaction in acid: From
rational screening to efficient design.

International Journal of Hydrogen
Energy. 2023;48(82):31920-31942

[109] Peiyu H, Xu F, Changjian Z,
Xuejun X, Guangjin W, Huawen H, etal.
Na-doped cobalt spinel electrocatalysts
prepared by programmed electrostatic
spraying for improving OER activity
and durability in acidic media. Chemical
Engineering Journal. 2024;500:156846

[110] Qisheng JF, Wenjuan S,

Wenzhe N, Zhuorong L, Kai S, XiaoY,
etal. Chromium-induced high covalent
Co-0 bonds for efficient anodic catalysts
in PEM electrolyzer. Advanced Science.
2024;11(25):2402356

[111] Fanfan S, Huijie H, Peng L,
Hairui C, Bei A, Xiaoqgian L, etal. PO6

97

geometric configuration unit enhanced
electrocatalytic performance of Co304
in acidic oxygen evolution. Journal

of Colloid and Interface Science.
2023;641:329-337

[112] Ni ], Shi Z, Wang Y, Yang ],

Wu H, Wang P, et al. Suppressing the
lattice oxygen diffusion via high-
entropy oxide construction towards

stabilized acidic water oxidation. Nano.
2024;17(3):1107-1113

(113] Liu R-T, Xu Z-L, Li F-M, Chen
FY, YuJ-Y, Yay, et al. Recent advances
in proton exchange membrane water

electrolysis. Chemical Society Reviews.
2023;52:5652-5683

[114] Ayers KE, Renner JN,

Danilovic N, Wang JX, Zhang Y, Maric R,
et al. Pathways to ultra-low platinum
group metal catalyst loading in proton

exchange membrane electrolyzers.
Catalysis Today. 2016;262:121-132

[115] Martin S, Garcia-Ybarra P,
Castillo J. Ten-fold reduction from the
state-of-the-art platinum loading of
electrodes prepared by electrospraying
for high temperature proton exchange
membrane fuel cells. Electrochemistry
Communications. 2018;93:57-61

[116] Kannan A, Li Q, Cleemann LN,
Jensen JO. Acid distribution and
durability of HT-PEM fuel cells with
different electrode supports. Fuel Cells.
2018;18(2):103-112

[117] Gabialti S, Baricci A, Casalegno A,
Marchesi R. Degradation in phosphoric
acid doped polymer fuel cells: A 6000 h
parametric investigation. International
Journal of Hydrogen Energy.
2013;38(15):6469-6480

[118] Pinar FJ, Cafiizares P, Rodrigo MA,
Ubeda D, Lobato J. Long-term testing
of a high-temperature proton exchange



Advances in Hydrogen Energy — Production, Storage, and Utilization

membrane fuel cell short stack operated
with improved polybenzimidazole-based
composite membranes. Journal of Power
Sources. 2015;274:177-185

[119] Ramakrishna SUB, Srinivasulu RD,
Kumar SS, Himabindu V. Nitrogen-
doped CNTs supported palladium
electrocatalyst for hydrogen evolution
reaction in PEM water electrolyser.
International Journal of Hydrogen.
2016;41(45):20447-20454

[120] Kim JH, Kim H, Kim J, Lee H]J,
Jang JH, Ahn SH. Electrodeposited
molybdenum sulfide as a cathode for
proton exchange membrane water

electrolyzer. Journal of Power Sources.
2018;392:69-78

[121] Sapountzi FM, Orlova ED,

Sousa JPS, Salonen LM, Lebedev Ol,
Zafeiropoulos G, et al. FeP nanocatalyst
with preferential [010] orientation
boosts the hydrogen evolution reaction
in polymer-electrolyte membrane
electrolyzer. Energy & Fuels.
2020;34(5):6423-6429

[122] Kumar SS, Himabindu V.
Boron-doped carbon nanoparticles
supported palladium as an efficient
hydrogen evolution electrode in PEM
water electrolysis. Renewable Energy.
2020;146:2281-2290

[123] Wang T, Cao X, Jiao L. PEM water
electrolysis for hydrogen production:
Fundamentals, advances, and prospects.
Carbon Neutrality. 2022;1(22):1-19

[124] Alkhaldi S, Aziz M, Amrite A,
Prasad AK. Parametric study of PEM
water electrolyzer performance.
Journal of Applied Electrochemistry.
2025;55:327-343

[125] Ma L, Sui S, Zhai Y. Investigations
on high performance proton exchange
membrane water electrolyzer.

98

International Journal of Hydrogen
Energy. 2009;34(2):678-684

[126] Liso V, Savoia G, Araya SS, Cinti G,
Kar SK. Modelling and experimental
analysis of a polymer electrolyte
membrane water electrolysis cell at

different operating temperatures.
Energies. 2018;11(12):3273

[127] Choi Y, Lee W, Na Y. Effect of
gravity and various operating conditions
on proton exchange membrane

water electrolysis cell performance.
Membranes. 2021;11(11):822

[128] Martin A, Trinke P, Stahler M,
Stahler A, Scheepers F, Bensmann B,
et al. The effect of cell compression
and cathode pressure on hydrogen
crossover in PEM water electrolysis.

Journal of the Electrochemistry Society.
2021;169:014502

[129] Altus SJ, Inkson BJ,

Hack J. Complementary X-ray and
neutron imaging of water electrolysers
for green hydrogen production.
Journal of Material Chemistry A.
2024;12:23364-23391

[130] AliM, Jin X, Liu F, Agar E, Wong
H-W, Rashinkar S, et al. Investigating
proton exchange membrane electrolyzer
performance under variable renewable
power: Insights into voltage and stack

efficiency. Journal of Electroanalytical
Chemistry. 2025;988:119130

[131] Zhou B, Gao R, ZouJJ, Yang H.
Surface design strategy of catalysts
for water electrolysis. Small.
2022;18(27):2202336

[132] Shaikh N, Sau S, Mitra S,
Mukhopadhyay I, Ray A. A self-
supported nickel pseudo-intermetallic
alloy electrocatalyst for overall water
splitting. Cell Reports Physical Science.
2025;6(1):102369



Perspective Chapter: Hydrogen Production Via Proton Exchange Membrane (PEM) Water...

DOI: http://dx.doi.org/10.5772/intechopen.1011797

[133] Retuerto M, Pascual L, Torrero J,
Mohamed AS, Tolosana Moranchel A,
Diego G, et al. Highly active and stable
OER electrocatalysts derived from
Sr2MIrO6 for proton exchange
membrane water electrolyzer. Nature
Communications. 2022;13(1):7935

[134] Yu G, Vetchinkin SI, Zimont SL,
Ivleva IN, Yu MS. Nature of satellites
in x-ray photoelectron spectra

XPS of paramagnetic cobalt (II)
compounds. Chemical Physics Letters.
1976;42(2):265-267

[135] Yin L, Adler I, Tsang T, Matienzo L],
Grim SO. Paramagnetism and shake-up
satellites in X-ray photoelectron

spectra. Chemical Physics Letters.
1974;24(1):81-84

[136] Timoshenko J, Cuenya BR. In situ/
operando electrocatalyst characterization
by X-ray absorption spectroscopy.
Chemical Reviews. 2021;121(2):882-961

[137] Kumari S, Thakur M, Kumar S,

Devi M, Sharma S, Bhatt AK, etal.
Synthesis, structural analysis, theoretical
calculations, in silico prediction of
antibacterial efficacy, toxicity assessment,
in vitro antioxidant evaluation, and
polymerization activity of cobalt(II)
coordination complexes of para-
biphenylol. Chemistry Africa. 2024;7:1-21

[138] Kumari S, Thakur M, Chauhan C,
Kumari M. Synthesis, characterization,
biological activity, and computation-
based efficacy of cobalt(II) complexes
of biphenyl-2-ol against SARS-CoV-2
virus. Journal of Biomolecular Structure
Dynamics. 2023;43(1):483-497

[139] Kumari S, Thakur M, Kumar S.
Design, spectroscopic analysis, DFT
calculations, catalytic evaluation, and
comprehensive in silico and in vitro
bioactivity studies, including molecular
docking, of novel Co(II) complexes

99

of 2-hydroxy-5,3- (phenylallylidene)
aminobenzoic acid. Journal of Inorganic
and Organometallic Polymers and
Materials. 2025;35:1535-1562

[140] Kumari S, Thakur M, Kumar S.
Synthesis, spectroscopic analysis, and
theoretical study of novel cobalt(II)
complexes: Solar radiation-driven
photocatalytic degradation of organic
pollutants in wastewater. Journal

of the Indian Chemical Society.
2025;102(2):101588

[141] Siracusano S, Baglio V,

Stassi A, Merlo L, Moukheiber E,

Arico AS. Enhanced performance and
durability of low catalyst loading PEM
water electrolyser based on a short-side
chain perfluorosulfonic ionomer. Applied
Energy. 2017;192:477-489

[142] Urbina LP, Liu J, Semagina N,
Secanell M. Low loading inkjet

printed bifunctional electrodes for
proton exchange membrane unitized
regenerative fuel cells. Journal of Power
Sources. 2023;580:233448

[143] Lee C, Lee JK, George MG, Fahy KF,
LaManna JM, Baltic E, et al. Reconciling
temperature-dependent factors affecting
mass transport losses in polymer
electrolyte membrane electrolyzers.

Energy Conversion and Management.
2020;213:112797

[144] Anantharaj S, Ede SR, Karthick K,
Sam Sankar S, Sangeetha K, Karthik PE,
et al. Precision and correctness in the
evaluation of electrocatalytic water
splitting: Revisiting activity parameters
with a critical assessment. Energy &
Environmental Science. 2018;11:744-771

[145] LiY, Wang Z, Shi M, Fan R. Safety
analysis of hydrogen leakage accident
with a mobile hydrogen refueling station.
Process Safety and Environmental
Protection. 2023;171:619-629



Advances in Hydrogen Energy — Production, Storage, and Utilization

[146] Kim Y. Hydrogen Tank Explosion

in Gangneung, South Korea. Center
Hydrogen Safety Conference; 2019.
Available from: https://www.aiche.
org/chs/conferences/international-
centerhydrogen-safety-conference/2019/
proceeding/paper/review-hydrogentank-
explosion-gangneung-south-korea

[147] Tovini MF, Weif§ AH, Gasteiger HA,
El-Sayed HA. The discrepancy in oxygen
evolution reaction catalyst lifetime
explained: RDE vs MEA-dynamicity
within the catalyst layer matters.

Journal of the Electrochemical Society.
2021;168:014512

[148] Zerrougui I, Li Z, Hissel D.
Investigating bubble impacts on PEM
electrolysis performance through
enhanced multiphysics modelling.
International Journal of Hydrogen
Energy;98:626-638

[149] Safetygram 33, the Hazards of
Oxygen and Oxygen-Enriched Mixtures,
Air Products and Chemicals, Inc., 1-10
(36202) 900-13-101-US, 2014

[150] Panchawadkar D. Review of
Opportunities to Valorise the Oxygen
Generated from Water Electrolysis.
Degree Project in Chemical Engineering
for Energy and Environment TRITA-
CBH-GRU-2024. Stockholm, Sweden:
KTH Royal Institute of Technology;
2024. pp. 1-58

[151] Principi G, Agresti F,
Maddalena A, Lo RS. The problem of
solid state hydrogen storage. Energy.
2009;34(12):2087-2091

[152] XuY, ZhouY, LiY, Ding Z. Research
progress and application prospects of
solid-state hydrogen storage technology.
Molecules. 2024;29(8):1767

[153] Dilshan RADP, Perera MSA,
Matthai SK. Effect of mechanical

100

weakening and crack formation on
caprock integrity during underground
hydrogen storage in depleted gas
reservoirs — A comprehensive review.
Fuel. 2024;371:131893

[154] Schlapbach L, Ziittel A. Hydrogen-
storage materials for mobile applications.
Nature. 2001;414:353-358

[155] Kalibek MR, Ospanova AD,
Suleimenova B, Soltan R, Orazbek T,
Makhmet AM, et al. Solid-state hydrogen
storage materials. Discover Nano.
2024;19:195



Chapter 5

Perspective Chapter: Research into
Obtaining Green Hydrogen from
Today’s Wind Turbines

Saban Pusat and Yasin Karagoz

Abstract

The present study aims to examine the relationship between price changes in the
day-ahead electricity market and changes in the amount of electricity generated from
wind energy, and to assess the implications of this relationship for green hydrogen
production and storage strategies. The present study is chiefly concerned with the
analysis of the relationship between day-ahead electricity market price data and wind
energy production data. Analyses conducted for different countries have determined
that both electricity prices and wind electricity fluctuate significantly throughout
the day. Following a thorough evaluation of the situation, it was determined that the
implementation of a green hydrogen production and storage strategy could be a viable
solution from both economic and environmental standpoints.

Keywords: green hydrogen, wind power, electricity market, electorlysis, green energy,
energy storage

1. Introduction

The present moment is characterized by an unprecedented global imperative to
combat climate change and transition toward a sustainable, carbon-neutral energy
system. However, the intermittent nature of dominant renewable sources such as wind
and solar power poses a significant challenge to grid stability and energy security. This
challenge has thus been instrumental in prompting the search for effective large-scale
energy storage and sector-coupling solutions. In this context, green hydrogen, pro-
duced via water electrolysis powered exclusively by renewable electricity, has emerged
as a cornerstone of the future energy landscape. It is capable of decarbonizing hard-
to-abate sectors such as heavy industry, shipping, and long-haul transport [1].

It is evident that, within the domain of renewable energy sources, wind energy
has attained a notable degree of technological maturity and cost-effectiveness.
Modern wind turbines, both onshore and offshore, represent a significant source of
clean electricity generation. However, the variability of their output is intrinsic and
frequently incongruent with energy demand patterns. This has the potential to result
in grid congestion, wasted resources that could otherwise be utilized [2]. This para-
dox underscores the necessity for innovative approaches to facilitate more effective
integration of wind energy into the energy value chain.

101 IntechOpen



Advances in Hydrogen Energy — Production, Storage, and Utilization

The direct integration of contemporary wind turbines with electrolysis systems
to produce green hydrogen exhibits a compelling synergy. This integration of wind
turbines with hydrogen production represents a paradigm shift in the conventional
function of wind turbines, transforming them from mere electricity generators into
integrated renewable hydrogen production facilities. The solution is multifaceted in
nature. It provides a valuable outlet for excess wind generation, mitigates grid balanc-
ing issues, and creates a storable energy vector that can be used flexibly across various
sectors [3]. This concept, frequently termed “power-to-gas,” is undergoing rapid
evolution from a theoretical model to a practical engineering and economic pursuit.

Electricity prices in the day-ahead market, where wind power plants predomi-
nantly supply electricity, exhibit high levels of volatility. When considered alongside
the significant fluctuations in electricity generated by wind power plants throughout
the day, this situation renders planning extremely difficult. The strategic manage-
ment of hydrogen reserves emerges as a pivotal solution to this planning challenge.

This research paper explores the practicalities and potential of obtaining green
hydrogen from wind turbines. The present study investigates the change of day-ahead
electricity prices and wind power production in the context of storage strategy. The
present study aims to provide a comprehensive assessment of how today’s wind
energy assets can be immediately leveraged to become a foundational pillar of the
emerging green hydrogen economy, thereby enhancing their value and accelerating
the clean energy transition. To this end, the study will examine real-world operational
data and existing market structures.

2. General perspective

Presently, the energy sector is undergoing a fundamental transformation process
with the objective of breaking free from its dependence on fossil fuels and combat-
ing climate change. The cornerstones of this transformation are wind energy, energy
storage systems, and green hydrogen. The synergy between these three components is
pivotal in establishing a sustainable energy ecosystem.

The advent of technological advancements over the past two decades has resulted
in wind energy becoming one of the most cost-effective renewable energy sources.
The role of onshore and offshore wind farms in energy production is growing, as their
capacities are increasing. However, the intermittent nature of wind energy requires
energy storage systems to increase efficiency.

Energy storage technologies have been identified as a solution to the intermittent
production issue, which is considered to be the most significant drawback of wind
energy. Lithium-ion batteries are well-suited to meeting short-term storage require-
ments, while green hydrogen is poised to become a leading option for large-scale
and long-term energy storage. Excess electricity generated by wind turbines can be
converted into hydrogen through water electrolysis, thereby minimizing energy loss.

Green hydrogen has been proposed as a means of facilitating the integration of
wind energy with storage systems. It is imperative to acknowledge the pivotal role
this will play in achieving decarbonization in sectors such as steel production, heavy
transport, shipping, and aviation. Electrolysis plants established in regions abundant
in wind energy have the potential to meet the local industry’s hydrogen needs and
contribute to international hydrogen trade.

In conclusion, wind energy, energy storage, and green hydrogen are complemen-
tary and reinforcing technologies. The coordination of investments in these three
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areas has the potential to accelerate the clean energy transition and play a critical role
in achieving zero-emission targets. The future of energy systems is predicated on the
intelligent integration of these three components.

2.1 Wind energy

Wind energy is one of the fastest-growing and most technologically mature sys-
tems among renewable energy sources. The growing recognition of the environmen-
tal challenges posed by fossil fuels and the escalating threat of climate change has led
to a concomitant increase in the importance of wind energy within the global energy
system. The historical development of wind energy can be traced back millennia. It
is established that the earliest windmills were utilized by the Persians circa 2000 BCE
for the purpose of grinding grain [4]. During the medieval period, windmills became
a common sight throughout Europe. These devices were utilized for a variety of
purposes, including water pumping and various industrial activities. The first wind
turbine to generate electricity in the modern sense was constructed in 1887 by the
Scottish Professor James Blyth [5]. The oil crisis of the 1970s represented a significant
turning point, accelerating the development of modern wind turbine technology.

Contemporary wind energy technologies can be categorized into two primary
classifications: onshore and offshore systems. Onshore wind turbines generally
possess a capacity of 3-5 MW and a tower height of 80-120 meters [6]. The most
significant advantages of these systems are their relatively low installation costs
and ease of maintenance. Nevertheless, the implementation of these measures
may encounter resistance at the local level, primarily due to concerns regarding
noise pollution and land use. In contrast, offshore wind farms are characterized by
turbines with capacities in excess of 10 MW, accompanied by floating platforms
installed in deep waters [7]. These systems facilitate greater access to more robust
and reliable wind resources, while concomitantly exerting a lesser visual and
environmental impact in comparison with onshore systems. Nevertheless, the
elevated expenses associated with installation and maintenance constitute a notable
disadvantage of offshore systems.

Global wind energy capacity is increasing at a rapid rate. According to data from
2023, the global installed capacity of wind power has surpassed 900 GW [6]. China
is the global leader in this field, with 365 GW of installed capacity, followed by the
United States with 140 GW and Germany with 66 GW. The approximately 70%
decrease in wind energy costs over the past decade has significantly increased the
economic competitiveness of this technology [8]. This decline in costs can be attrib-
uted primarily to large-scale projects and technological innovations.

The outlook for the future of wind energy is highly promising. The utilization of
floating wind turbines in deep seas has the potential to facilitate energy generation.
The integration of wind, solar, and storage systems in hybrid energy systems has
the potential to offer significant advantages in terms of uninterrupted energy provi-
sion. The utilization of wind-powered electrolyzers on a large scale is poised to play
a pivotal role in the development of a hydrogen economy that is devoid of carbon
emissions [9]. However, alongside these positive developments, there are also some
obstacles to the widespread adoption of wind energy. In consideration of the vari-
ability inherent in its capacity as an energy source, the necessity arises for the devel-
opment of energy storage solutions, thereby ensuring grid stability. Furthermore,
the promotion of public-private sector collaborations is of paramount importance in
order to enhance investment levels.
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Wind energy plays a pivotal role in the clean energy transition, and this role is
expected to expand further in the future. In order to achieve the full potential of
wind energy, there is a necessity for increased investment in offshore wind projects,
the development of energy storage and smart grid technologies, and the reduction of
costs through international cooperation. Should these measures be implemented, it is
projected that wind energy’s contribution to the global energy landscape will undergo
significant expansion, thereby solidifying its role as a pivotal instrument in the global
effort to combat climate change.

Despite its status as one of the fastest-growing technologies among renewable
energy sources, wind energy poses significant challenges for integration into energy
systems due to its inherent intermittency and unpredictability [10]. This phenomenon
can be attributed to the temporal and spatial variability of wind-based electricity
production. The irregular nature of wind energy can be examined in three ways:

* Short-term variability: Sudden fluctuations in wind speed have been shown to
result in changes of up to 50% in production within minutes or hours [11]. This
poses a significant threat to grid frequency stability.

* Daily and seasonal variations: It is evident that wind patterns demonstrate
marked variations throughout the diurnal cycle and across seasonal transitions.
For instance, in numerous regions, wind production exhibits an increase dur-
ing nocturnal hours, while concurrently decreasing during diurnal periods of
maximum demand [12].

* Geographical differences: The variability of wind resources from region to region
has been identified as a significant complicating factor in energy planning [13].

A range of solutions has been developed to address the variable nature of wind
energy. The utilization of advanced forecasting systems, employing artificial intelli-
gence and machine learning algorithms, has yielded a commendable level of accuracy
in wind speed predictions, ranging from 85 to 90% [14]. The implementation of these
systems has been demonstrated to engender substantial enhancements in the domain
of energy production planning.

Energy storage solutions are of critical importance in ensuring the balancing of
fluctuating levels of wind energy production. Lithium-ion batteries are employed for
short-term fluctuations, while hydrogen storage systems are utilized for long-term
and seasonal storage requirements [15]. These technologies ensure a more stable
integration of wind energy into the grid.

The geographical diversification strategy is predicated on the principle of the
dispersal of wind farms across a wide geographical area. The diversity of wind
patterns in different regions has been demonstrated to enable more balanced energy
production across the system [16]. This approach serves to mitigate the impact of
local weather conditions on production fluctuations.

Wind energy is a good addition to other renewable energy sources when used
together in a hybrid energy system. In particular, wind-solar-storage combinations
have been shown to significantly mitigate the intermittent nature of wind energy
alone [17]. The distinguishing characteristic of these integrated systems is their
capacity to deliver uninterrupted energy supplies.

These technological advancements and strategic approaches have enabled the more
effective management of the intermittent and unpredictable nature of wind energy.
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Research and development is making it possible for wind energy to play a central role
in future energy systems [6]. These advancements are accelerating the clean energy
transition and contributing to the construction of a sustainable energy future.

2.2 Energy storage systems

Energy storage systems have been identified as playing a critical role in modern
power grids, particularly in the context of the increasing share of variable renewable
energy sources, such as wind and solar, in the generation mix. The intermittent nature
of these renewable sources gives rise to challenges with regard to grid stability and
reliability, thus rendering energy storage essential for balancing supply and demand,
providing grid services, and ensuring continuous power availability [15]. Energy
storage can be considered to comprise a diverse range of technologies, each of which is
suited to different applications based on capacity, discharge duration, and scalability.

Battery Energy Storage (BESS): The preponderance of lithium-ion batteries in the
market is attributable to three key factors: their high energy density, efficiency, and
declining costs [18]. These devices are predominantly employed for brief-duration
storage (ranging from minutes to hours) in grid stabilization, electric vehicles, and
residential applications. Emerging alternatives, such as solid-state and sodium-ion
batteries, promise improved safety and lower material costs [19].

Pumped Hydro Storage (PHS): PHS is the most advanced and largest-capacity
storage technology, making up over 90% of the world’s storage capacity [20]. The
operational mechanism entails the pumping of water to an elevated reservoir during
periods of low demand, and the subsequent release of the water through turbines to
generate electricity when demand is high. However, geographical constraints and
high capital costs limit its expansion.

Thermal energy storage (TES): TES systems are capable of storing energy in the
form of heat or cold, frequently in conjunction with concentrated solar power (CSP)
plants. A notable illustration of this is the potential of molten salt storage to facilitate
the dispatch of electricity by solar plants even after sunset hours [21].

Hydrogen and power-to-X (P2X): When there is more renewable electricity than
is needed, it can be used to make hydrogen. This is done by using electrolysis, which
separates hydrogen and oxygen. The hydrogen can then be stored and used to power
things, or it can be used in industry [22]. The prospect of long-duration hydrogen
storage is particularly promising for the purpose of seasonal energy balancing.

Notwithstanding the rapid advancements witnessed in the field, energy storage is
confronted with numerous challenges, including but not limited to:

* The financial implications and the potential for expansion must be given due
consideration. Despite a significant decrease in lithium-ion battery prices (~89%
since 2010), long-duration storage remains costly [23].

* The reliance on critical minerals (e.g., lithium, cobalt) has given rise to concerns
regarding sustainability and geopolitical risks [20].

* Outdated market structures frequently fail to provide adequate compensation for
storage facilities in their role in stabilizing the grid [24].

The combination of batteries with hydrogen or thermal storage is a strategy
employed to address the requirement for multi-hour to multi-day storage. As posited
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by Ahmadi et al. [25], the repurposing of EV batteries for stationary storage has been
identified as a means to reduce costs.

The ability to store energy is imperative for the successful integration of high
levels of renewable energy into the energy mix. The ongoing innovation, favorable
policies, and investments in diverse storage technologies are identified as pivotal in
overcoming the current limitations and facilitating the transition to a fully decarbon-
ized energy system.

2.3 Hydrogen

Hydrogen has emerged as a pivotal energy carrier in the global transition to decar-
bonized energy systems. The usual way to make hydrogen uses fossil fuels. But green
hydrogen, made using water electrolysis with renewable electricity, is a better option
as it causes no carbon emissions [26]. This section examines hydrogen’s role in the
energy transition, focusing on production methods, current applications, and future
potential. There are different ways to make hydrogen, and these are put into groups
based on how much carbon they use:

Gray hydrogen: Gray hydrogen is produced via steam methane reforming (SMR)
of natural gas. It accounts for approximately 95% of current global production but
emits 9-12 kg of CO, per kg of H, [27].

Blue hydrogen: Similar to gray hydrogen but incorporates carbon capture and
storage (CCS), reducing emissions by 50-90% [28]. However, CCS technology faces
scalability and cost challenges.

Green hydrogen: Green hydrogen is a sustainable energy source that is produced
through water electrolysis using renewable energy sources such as wind, solar, and
hydro power. It does not emit any emissions, making it an environmentally friendly
option.

Current electrolyzer technologies are Proton Exchange Membrane (PEM)
Electrolyzers, Alkaline Electrolyzers (AEL), and Solid Oxide Electrolyzers (SOEC).
AEL is a mature technology with lower costs but limited flexibility [29]. PEM
Electrolyzers are more efficient and responsive but require expensive catalysts [30].
SOECs are high-temperature systems with superior efficiency but durability chal-
lenges [31].

The use of green hydrogen is set to play a crucial role in the decarbonization of
sectors that currently lack viable electrification pathways. In the industrial sector, it
has the potential to substitute for hydrogen derived from fossil fuels in the production
of ammonia, steel, and chemicals [32]. In the transport sector, there is potential for its
use in fuel cell electric vehicles for heavy-duty vehicles, trucks, and ships [33]. In the
domain of energy storage, hydrogen-energy systems present a significant solution for
the purpose of long-term storage and grid balancing [34]. The utilization of power-
to-fuel (P2X) technologies facilitates the production of synthetic fuels (e-fuels),
which find applications in the domains of aviation and maritime transport [35].

However, there are still several things that make it difficult for most people to
start using green hydrogen. The high production costs (currently between $3 and $6
per kilogram) make it hard to compete with gray hydrogen, which typically costs less
than $2 per kilogram [36]. The limitations in infrastructure, including the scarcity of
pipelines, storage facilities, and refueling stations, represent significant impediments
to the effective functioning of the system [37]. Moreover, in order to compete with
hydrogen derived from fossil fuels, policy support in the form of subsidies and carbon
pricing is required [38].
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Future developments in this field may focus on innovations in electrolyzer tech-
nology, such as the reduction of iridium usage in PEM systems and the scaling up
of AEL/SOEC technologies [39]. When it comes to using renewable energy sources,
putting electrolyzers together with offshore wind farms could mean lower costs [40].
Moreover, the establishment of hydrogen supply chains between regions with abun-
dant renewable energy sources and those with high energy-intensity demands offers a
substantial opportunity for global trade [41].

3. Market for wind power and hydrogen

The escalating global demand for energy, coupled with concerns regarding climate
change, underscores the imperative for sustainable and clean energy solutions that
will diminish reliance on fossil fuels. In this context, renewable energy sources,
particularly wind energy, have begun to account for a significant share of electricity
generation. Nevertheless, the variable and intermittent nature of wind energy gives
rise to challenges in terms of grid stability and meeting energy demand. One of the
most promising solutions to overcome these challenges and maximize the potential of
wind energy is the production of green hydrogen [1].

Green hydrogen is made by splitting water using electricity, and the electricity
used for this process comes entirely from clean energy sources. This carbon-emission-
free process is regarded as a pivotal technology for energy storage, transportation,
and decarbonization [42]. The purpose of this section is to examine the technological
infrastructure, integration models, advantages, challenges, and future prospects of
green hydrogen production from wind energy.

The electrolyzer is pivotal in the process of converting wind energy into hydrogen.
The integration of wind farms with electrolyzers can be achieved in a number of ways.

Grid-connected systems: The electrolyzer is connected to the grid at the same point.
The wind farm’s primary function is to sell energy to the grid. The electrolyzer is a device
that uses energy to make hydrogen when there is excess energy or when electricity prices
are low. It can draw power from the grid or directly from the farm. The model has the
capacity to provide grid balancing services and to prevent curtailment of the farm [3].

Off-grid systems: The electrolyzer is directly connected to the wind farm and
has no connection to the grid. This model is particularly well-suited for remote areas
lacking grid infrastructure or for offshore wind farms. The hydrogen produced is
compressed for storage and transported to shore/industrial consumers by tanker or
pipeline [43]. However, the intermittent nature of wind power generation may result
in low utilization of the electrolyzer capacity, thereby posing a risk to the system as a
whole.

Hybrid systems: The system may comprise solar panels or a small grid connection
in addition to wind energy. Using different energy sources like this means the electro-
lyzer can work better and cost less to make hydrogen [2].

3.1 Electricity market for wind power plants

Wind power plants sell their electricity on the free market through three main
channels: (1) spot markets (Day-Ahead and Intraday), (2) bilateral agreements/PPAs
(physical or virtual), (3) support/certificate mechanisms (e.g., YEKDEM, YEK-G).
The Day-Ahead Market (DAM) is the primary reference market in which supply and
demand are matched for each hour of the following day through a closed auction
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process, taking into account system constraints; the result is the “market clearing
price.” It is evident that imbalances are managed within the intraday and balancing/
balance markets.

The day-ahead market is the market where wind power plants conduct the most
transactions. The process is characterized by a centralized optimization procedure,
whereby bids are amassed for each hour of the subsequent day. This is accomplished
through the utilization of a closed auction method, a technique that is contingent
upon transmission constraints. The market clearing price (MCP) is ultimately deter-
mined [44, 45].

The day-ahead market in Europe functions in an integrated manner under the
Single Day-Ahead Coupling (SDAC) framework. A total of 27 countries are subject
to a uniform clearing mechanism, with transmission capacity constraints being a key
consideration [44, 46]. In contrast, the Intraday Market functions on a continuous
basis across the continent, utilizing the SIDC/XBID infrastructure [47]. State-
supported CfD auctions and corporate PPA agreements are also very common in wind
investments [48]. Green certificates are important for corporate buyers [49].

Within the United States, there are binding Day-Ahead and Real-Time markets in
ISO/RTO regions (PJM, ERCOT, ISO-NE, etc.). While regions such as PJM also have a
capacity market, ERCOT only operates an energy market [50].

In Turkey, wind power sales are facilitated by EPIAS. For the day-ahead market,
participants submit houtly price-quantity bids for the following day, and EPIAS
determines the MCP through centralized optimization [51]. YEKDEM provides a
TL-based, inflation-indexed purchase guarantee for renewable energy projects, thus
remaining a significant financing mechanism for wind investments [52].

The day-ahead market is the primary sales channel for wind power. However, due
to the uncertainty surrounding production forecasts, Intraday Market and balanc-
ing costs are of critical importance. Market liquidity has increased in Europe thanks
to integration (SDAC/SIDC). Within the Turkish context, the EP1A§ structure, in
conjunction with the YEKDEM and YEK-G mechanisms, offers wind producers
a dual income stream, encompassing both regulated and market-based revenue
opportunities.

3.2 Hydrogen market

The objectives of combating climate change and ensuring energy supply security
are compelling global energy systems to undergo a fundamental transformation. In
this transformation, there is a need for an energy carrier that will balance the inter-
mittent nature of clean energy sources and decarbonize various sectors.

It is evident that more than 30 countries worldwide have announced their national
hydrogen strategies. These strategies encompass investments in research and develop-
ment, infrastructure development, and mechanisms for market creation.

The European Union (EU) is pursuing an assertive policy agenda with the objec-
tive of establishing itself as a global leader in the field of green hydrogen. In the
context of the European Green Deal and the REPowerEU Plan, the EU has signaled
its commitment to increasing green hydrogen, with a view to reducing its reliance on
Russian fossil fuels for energy supply and achieving its objective of achieving carbon
neutrality by 2050. The EU has announced that it aims to produce a total of 20 million
tons of renewable hydrogen by 2030, with 10 million tons to be produced domesti-
cally and 10 million tons through imports [53]. In order to support this objective,
financial resources such as the “Hydrogen Bank” and regulatory frameworks such
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as the Carbon Border Adjustment Mechanism are being established to mandate that
imports conform to environmental standards.

The USA offers attractive incentives to green hydrogen producers through the
Inflation Reduction Act (IRA), with a maximum value of $3 per kilogram. This has led to
arise in global competition, with the US becoming a major recipient of investment [54].

China makes and uses the most hydrogen of all countries. Most of the hydrogen it
makes comes from coal. Nevertheless, there is an increasing trend of investment and
targets for renewable hydrogen projects. Japan and South Korea regard hydrogen as
a pivotal component of their national energy security strategies, with both countries
demonstrating notable leadership in the field of hydrogen transport technologies,
particularly in the domain of fuel cell technologies.

The Middle East and North Africa (MENA) regions are of particular interest in
this regard. Saudi Arabia, the UAE, Morocco, and Oman have announced their inten-
tion to establish large-scale green hydrogen production centers and export to Europe
by utilizing their abundant solar and wind potential [55].

Turkey’s geographical location, robust industrial infrastructure, and expanding
renewable energy capacity position it as a significant contender in the green hydrogen
economy. Turkey is currently a country that produces and consumes gray hydrogen,
particularly in refineries and the fertilizer industry. The Ministry of Energy and
Natural Resources has outlined its strategic vision for the development of hydrogen
technologies in Turkey. By the close of the 2030s, the strategy aims to achieve elec-
trolyzer capacity of 2 GW. Moreover, by the year 2050, the ministry envisions the
incorporation of green hydrogen into the nation’s final energy consumption [56]. It
is evident that there is considerable potential for the generation of renewable energy.
Turkey’s wind and solar energy capacity is increasing steadily on an annual basis. This
will provide cheap and abundant renewable electricity, which is the basic input for
green hydrogen. The proximity of Turkey to Europe’s largest green hydrogen market
has the potential to establish the country as a logistical hub for hydrogen exports via
pipelines or sea routes. Making changes to the natural gas pipelines so that they can
be used to mix hydrogen at certain ratios, as well as replacing the hydrogen used in
industry with green hydrogen, will make it much easier to set up a domestic market.

Despite the fact that the global green hydrogen market is still in its infancy, climate
targets and energy geopolitics are rendering it an inevitable future. While Europe
exerts its influence as the predominant demand center, significant competition has
emerged from the US and the MENA region in terms of supply.

Turkey has the opportunity to function not only as a consumer but also as a
producer and a transit hub, exporting to Europe in this new and massive global
market. In order to capitalize on this opportunity, it is critical to increase R&D incen-
tives for technology development and localization, support pilot projects, develop
international partnerships, and implement a clear and long-term policy framework
that will attract private sector investment. The potential of green hydrogen in Turkey
is twofold: firstly, as a source of energy, and secondly, as a high-value-added export
product. Furthermore, it is imperative to recognize the pivotal role that green hydro-
gen could play in catalyzing a green industrial transformation.

4. Market dynamics and shifts

The inherent difficulties and costs associated with the storage of electrical
energy necessitate its real-time balancing, rendering it a commodity of significant
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importance. The day-ahead market constitutes a fundamental wholesale market
mechanism, wherein electricity prices and quantities are determined for the subse-
quent 24-hour period. This enables the transmission system operator to operate the
system safely.

Electricity prices in the electricity market exhibit significant variations depending
on the time of day. When this situation is considered alongside the difficulty in pre-
dicting the electricity that a wind farm will generate the following day, the economic
profit margin is considerably limited. Figure 1 provides a detailed analysis of the
fluctuations in electricity prices within the day-ahead market across various countries.

Electricity prices demonstrate significant fluctuations both diurnally and geo-
graphically. A thorough examination of the available data reveals that the range of
electricity prices is from a minimum of €24/MWh to a maximum of €136/MWh. It is
noteworthy that both of these values are observed in Romania. For instance, a decline
in electricity prices is observed in France between 11 am and 7 pm, while in Romania,
this decrease occurs between 10 am and 5 pm. It has been observed that electricity
tariffs tend to be elevated during the morning and evening periods.

The analysis conducted for the sample day revealed that the highest standard
deviation was €30/MWh for Romania, while the lowest standard deviation was €8/
MWh for Italy. It is evident that Italy’s hourly electricity price exhibits significantly
less volatility compared to other countries.

Analogous to the shift in hourly electricity prices, the variation in electricity
derived from wind has also been examined. For instance, Figure 2 illustrates the
15-minute wind electricity price for Germany and France on 20/08/2025, which is
analogous to the electricity price.

The capacity of wind power generation in France ranges from 2873 MW to
4743 MW. In Germany, wind power generation varies between 5296 MW and
12,823 MW. The higher standard deviation is elevated for Germany. It is evident that
there is an increase in wind power generation after 17:00. For France, the standard
deviation is minimal.

Date: 20/08/2025

o—France —s—Belgium —8—Romania Denmark —e—italy —8—Germany

Day-ahead (EUR/MWh)

1 : 8 5 3 1 2 1 1 16 1 18 12 2 2

Hours

Figure 1.
Change in day-ahead electricity prices for different countries. Data taken from the ENTSO-E transparency
platform [57].
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Figure 2.
Change of wind power for Germany and France. Data taken from the ENTSO-E transparency platform [57].

A consideration of wind power generation and hourly electricity prices reveals
that they do not exhibit a similar pattern. It is not a realistic approach to expect a
highly fluctuating energy source such as wind to align with electricity consumption.
Consequently, the efficacy of storage options in optimizing revenue generation from
wind electricity is of paramount importance.

When evaluating the potential for the production of green hydrogen from wind
power in terms of future projections, it emerges as a significant option. A cost
analysis of hydrogen, categorized as “green” or “gray,” reveals that the former has
a cost of approximately $2-3/kg, whereas the latter is around $3-6/kg [58, 59].
However, when the imposition of a carbon tax is also taken into account, the price
of gray hydrogen can rise to the range of 4-7 $/kg [60, 61]. Consequently, when
considering carbon emissions, there is no substantial discrepancy in the costs of
gray and green hydrogen. Conversely, the heightened level of activity and growth
in the green hydrogen market serves to further emphasize the significance of this
option.

The present study examined the relationship between the day-ahead market
electricity price and wind-generated electricity in Turkey (Figure 3). An assessment
was conducted utilizing hourly data from 07/07/2025 to 13/07/2025.

As demonstrated in Figure 3, there is no discernible correlation between periods
of wind power generation and periods of high electricity prices. This finding indicates
that the revenue generated from wind power is minimal during periods when electric-
ity prices are low. Consequently, the implementation of a hydrogen storage strategy
during periods of low electricity prices may prove to be a more economically viable
option. Conversely, the mitigation of emissions from green electricity sources could
also have a beneficial effect on the environment.

Normalization has been performed to ensure easier comprehension using
sample data taken for Turkey. The normalization data is presented in Figure 4. As
can be seen, it is clearly evident that electricity prices remain low during periods
of high wind power generation. It has been assessed that higher revenues could
be achieved by producing hydrogen using the wind power generated during these
periods.
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Time

Time

Figure 3.
Hourly change of wind power and electricity price for Turkey (07/07/2025-2113/07/2025). Data taken from the
EPIAS transparency platform [62].
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Figure 4.

Hourly normalized data for Turkey (07/07/2025-2113/07/2025). Data taken from the EPIAS transparency
platform [62].

5. Conclusion

The present study investigates the relationship between the price of electricity in
the day-ahead market and the fluctuation of electricity generated from wind. This
relationship has been the basis of an analysis of green hydrogen production. The
challenges associated with predicting wind energy production and the volatility of
electricity prices have led to a renewed focus on storage strategies.

The market price of electricity is subject to considerable variation depending on
the time of day. A recent study of electricity price fluctuations in Romania revealed
arange of €24/MWh to €136/MWh, with a standard deviation of €30/MWHh, as
observed in specific city samples. In a similar manner, wind-generated electricity was
found to exhibit a daily variable profile. A sample analysis for Germany found that
wind power fluctuated between 5296 MWh and 12,823 MWh.

Analyses of a similar nature conducted for Turkey determined that there is no correla-
tion between electricity prices and the amount of electricity generated from wind power.
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The findings of the present study demonstrate that there is an absence of a com-
plete correlation between electricity prices in the day-ahead market and electricity
generated from wind power. In this particular instance, it has been determined that
the implementation of hydrogen storage applications has the potential to enhance the
profitability and environmental sustainability of wind power. It has been determined
that the operation of a power plant that is more economically and environmentally
efficient is possible through the production and storage of green hydrogen when
electricity prices are low.
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Abstract

The world is moving toward sustainable and low-carbon energy systems, which
means we need hydrogen storage solutions that are safe, scalable, and cost-effective.
Among several methods, solid-state hydrogen storage has become a promising
alternative to traditional gaseous and liquid storage methods because it has a higher
gravimetric capacity, is more stable, and is safer. This chapter delineates a computa-
tional analysis of perovskite hydrides XYH; (X = Li, Na, K) employing first-principles
density functional theory (DFT). The study thoroughly investigates their structural,
electrical, optical, and mechanical properties to assess their viability for hydrogen
storage applications. LiYH;, NaYH;, and KYH; have lattice constants of 4.42 A,

430 A, and 4.41 A, and their gravimetric hydrogen storage capacities are 3.06 wt%,
2.64 wt%, and 2.31 wt%, respectively. Thermodynamic study showed that the forma-
tion enthalpies were negative (—16.19 eV, —13.54 eV, and — 9.13 eV), which confirmed
their stability. The Gibbs free energy values at 1000 K were also still good (—0.51 eV,
—0.69 eV, and — 1.48 eV). The mechanical investigation showed that Young’s moduli
were 27.59 GPa, 52.19 GPa, and 49.29 GPa, and all of the compounds were brittle
(B/G < 1.75). Optical tests revealed significant absorption peaks between 26 and

29 eV, underscoring their suitability for optoelectronic applications. These findings
underscore that perovskite hydrides are promising candidates for next-generation
hydrogen storage devices, providing computationally informed design principles
that enhance experimental initiatives. This combination of simulation and materials
engineering helps create solid-state hydrogen storage solutions that are efficient,
long-lasting, and cheap, which is important for the growth of the hydrogen economy.

Keywords: solid-state hydrogen storage, perovskite hydrides, density functional
theory, structural stability, computational materials science, energy storage materials
1. Introduction

The world economy is booming and the population is growing continuously,
which is putting a lot of stress on current energy resources [1]. According to the
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International Energy Agency (IEA), using fossil fuels mostly meets this need [2].
Burning a wide range of fossil fuels releases carbon dioxide, which is a well-known
dangerous substance that pollutes the environment and speeds up global warming [3].
However, the increasing global demands for energy and climate change have led aca-
demics to conduct new experiments to find energy storage technologies that are both
sustainable and good for the environment [4]. In this view, pumped hydro, hydrogen
storage, and battery storage are all ways to store energy [5]. Batteries have a finite
lifespan and need certain materials, while pumped hydro needs to be in a certain place
[6]. Hydrogen storage is the greatest choice because it can be expanded and can hold a
lot of hydrogen for a long time [7].

Preparation, storage, and delivery make up the three primary links in the design
chain of hydrogen energy applications [8]. Traditional methods of storing data,
such as gaseous or liquid-state storage, have many limitations in terms of both cost
and storage density, despite their widespread use in business [9]. Consequently, it
is critical that all links in the chain settle on a more secure and effective method of
hydrogen storage [7]. As it stands, one viable option for storing hydrogen energy is
the solid hydrogen storage technique [10]. It has a lot of benefits, such as being able
to absorb and release hydrogen very well, being more space-efficient, and being safer
[11]. As a result, studies on solid hydrogen storage materials have also received a lot of
interest in the last several years. Perovskite hydrides have become a focus of hydrogen
storage research among the many solid-state materials that have been studied [12, 13].
These materials have great structural stability, a lot of room for hydrogen storage, and
good physicochemical properties. ABH;-type perovskite hydrides, which are made
from main group and transition metal elements, are very fascinating because they
have high gravimetric hydrogen densities and can be desorbed and reabsorbed [14].
This means they could be used in hydrogen storage systems of the next generation.

A lot of these compounds also meet the Department of Energy’s objective of having
5.5 wt% hydrogen storage capacity by 2025 [15, 16]. The results are between 1.2 wt%
and 6 wt% [17]. Because of this, simple hydride perovskite materials are still one of
the most investigated types of compounds for storing hydrogen [18]. Computational
materials science has lately emerged as a transformative approach for discovering
and enhancing novel materials for solid-state hydrogen storage [19, 20]. Density
Functional Theory (DFT) is one of the best ways to use computers to predict the
structural, electronic, thermodynamic, and kinetic properties of hydride systems
with a lot of accuracy and without much experimental data [21]. DFT enables us see
how materials behave at the atomic level, such as how much energy it takes to bond
hydrogen, how much energy it takes to create a molecule, how charge density is
distributed, and how electronic band structures work. These are vital for figuring out
if a substance can hold hydrogen.

This chapter seeks to deliver a thorough examination of the current state of
solid-state hydrogen storage materials from a computational standpoint. Although
numerous prior investigations have examined various perovskite hydrides, including
MgCrH; [22], LiScH; [23], and XSrH; (X = K, Rb) [13], for hydrogen storage pur-
poses, XYH; hydrides have received scant attention, notwithstanding their capacity
to fulfill the gravimetric capacity objectives established by the U.S. DOE. Prior studies
predominantly concentrated on structural stability or restricted property subsets,
resulting in a deficiency in the systematic correlation of structural, thermodynamic,
mechanical, electrical, optical, and hydrogen storage attributes within this category
of materials. In this paper, we fill this gap by using first-principles DFT to look at
XYH; (X = Li, Na, K) and give numerical information about their formation energies,
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gravimetric hydrogen capacities, phonon stability, mechanical behavior, and optical
properties. Our study not only adds to what is known about perovskite-type hydrides,
but it also sets up computationally guided design concepts that work well with experi-
mental work. This closes the gap between theoretical predictions and real-world
hydrogen storage applications.

2. Overview of solid-state hydrogen storage materials

There are a numerous of different materials that can be employed in hydrogen
storage, such as carbon allotropes, zeolites, metal-organic frameworks, and metal
hydrides [24]. A short summary of these contents will follow. The section will go into
great detail about metal hydrides, which are the main focus of this paper.

The process of adsorption happens when one species, the adsorbate, sticks to
the surface of another species, the adsorbent [25]. If the connection between the
adsorbate and the adsorbent is weak and involves intermolecular forces (like Van der
Waals forces), the adsorption is physical [26]. If the forces are ionic or covalent, the
adsorption is chemical. In absorption, the same thing happens, except this time the
whole object is involved, not just the surface [27]. Absorption, like adsorption, can be
either physical or chemical. Because they have a lot of surface area, carbon allotropes
are some of the most investigated materials for solid-state hydrogen storage. In this
respect, the most well-known examples include graphene, fullerenes, and carbon
nanotubes (both single-walled and multi-walled) [27]. Zeolites are porous alumino-
silicates that can store hydrogen because they have a large surface area [28]. Hydrogen
can stick to zeolites at very low temperatures and pressures (cryogenic temperatures
and low pressures) or at normal temperatures and high pressures (encapsulation).
Metal-organic frameworks (MOFs) are materials that have a very high specific surface
area. They are formed of metal ions or clusters that are linked together by organic
ligands. These materials only work well at cryogenic temperatures when it comes to
gravimetric capabilities [29].

Hydrides are a type of material that is made up of hydrogen and one or more other
elements [30]. Hydrides can be put into distinct groups based on the elements that
are bonded to H and the type of bonding that is used [31]. The broad classification
of hydrides is presented here, followed by a specific classification of metal hydrides.
Hydrogen may make binary compounds with almost all elements, except for He, Ne,
Ar, Kr, Pm, Os, Ir, Rn, Fr, and Ra [27]. Based on the type of bond that H has with the
other element, hydrides can be divided into three groups: ionic hydrides, covalent
hydrides, and interstitial hydrides (also called metallic hydrides) [32, 33]. In ionic
hydrides, hydrogen is attached to an electropositive element and behaves as a hydride
ion, H™. An alkali or alkaline-earth metal is normally the electropositive element;
however some lanthanides can also form ionic hydrides. For the later members of the
alkali and alkaline-earth metals groups, the ionic nature is more obvious, while for
the smaller elements, the covalent nature is more obvious: Be, in particular, exhibits
polymeric covalent behavior. H and the elements in groups 12 to 17 (including Be)
make covalent hydrides [34]. Hydrides are polymeric for Be and groups 12 and 13
(elemental hydrides from group 12 are frequently seen as a middle ground between
covalent polymeric hydrides and metallic hydrides), while they are volatile for groups
14 to 17 [35].

Transition metals, several lanthanides, and actinides create interstitial hydrides;
hydrogen is integrated inside the tetrahedral and/or octahedral interstices of the
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Evolution of hydrogen storage technologies from physical methods to advanced solid-state materials

metal lattice via metal bonds, resulting in little alterations to the metallic structure,
although the occurrence of some distortions. In general, ionic and covalent hydrides
(also called non-interstitial hydrides) can hold more hydrogen by weight than
interstitial hydrides [36]. They are also more stable, therefore the hydrogen release

happens at higher temperatures. The lower atomic weight of the elements that usually
make non-interstitial hydrides and the stronger ionic and covalent bonds compared to
metallic bonds explain these traits (Figure 1) [37].

3. Computational methods in hydrogen storage research

To make good solid-state hydrogen storage materials, we need to know a lot
about the basic atomic and electrical processes that control how hydrogen is
absorbed, diffused, and released. Experimental methods yield essential insights;
yet, they are frequently hindered by constraints in spatial resolution, temporal
scales, and the challenges associated with investigating dynamic processes at
the atomic level. In this context, computational materials science has become an
essential complement to experimental methods, providing predictive and inter-
pretive functions that greatly speed up the search for and improvement of materi-
als for storing hydrogen.

Density functional theory (DFT) is the most important computational method
for modeling contemporary quantum materials [38]. It enables highly accurate
predictions of the structural, electrical, and thermodynamic characteristics of the
ground state derived from quantum mechanics. In hydrogen storage research, DFT is
commonly applied to examine structural stability through the computation of total
energies and relaxed geometries and to investigate electronic properties including
band structures, charge density distributions, and density of states [21, 39]. Also,
DFT makes it possible to figure out formation enthalpies and the energies needed to
adsorb or desorb hydrogen, which are important for figuring out if hydrogen storage
processes will work. Using DFT, researchers may logically figure out how doping,
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replacement, or functionalization changes the performance of storage. This lets them
make materials at the atomic level that can hold more, go back to their original state,
and stay stable at high temperatures.

Ab initio molecular dynamics (AIMD) adds time evolution and temperature
effects to DFT. This enables scientists see how systems that contain hydrogen act at
different temperatures [40, 41]. AIMD simulations use Newtonian dynamics that are
changed by quantum phenomena. This lets you see how atoms move at temperatures
that are not zero. This method is especially good for assessing the structural integrity
of materials while they are in operation, studying how hydrogen diffuses, and study-
ing dynamic phase changes as hydrogen is absorbed and released. AIMD gives us vital
information about kinetic limitations and thermally activated phenomena that static
DFT computations do not show by simulating real-time interactions at high tem-
peratures [42]. Along with electrical and thermal impacts, vibrational characteristics
are highly significant in hydrogen storage systems. You can find vibrational modes,
zero-point energy, and vibrational entropy by doing phonon calculations. These are
commonly done with density functional perturbation theory or finite displacement
methods [43]. These traits change the total Gibbs free energy and help us learn about
dynamic stability by looking at phonon dispersion curves. The absence of imaginary
modes in the phonon spectrum confirms the dynamical stability of the proposed
hydride phase. Phonon analysis also helps us estimate thermodynamic properties like
heat capacity and thermal conductivity, and it helps us understand how vibrations
affect hydrogen diffusion and desorption.

The combination of various computational methods, which include first-
principles quantum computations, large-scale statistical modeling, and data-driven
prediction, makes it possible to gain a full and multi-scale picture of hydrogen storage
materials [44]. They give us a lot of information on processes that are hard or impos-
sible to measure in a lab, like how hydrogen atoms migrate via defect sites or how
electronic structure affects desorption energetics. Also, more and more, computa-
tional tools are being employed alongside experimental work to help with material
synthesis, make sense of experimental data, and improve theoretical models based
on feedback from real-world experiments. As the hydrogen economy grows, compu-
tational modeling will play an even bigger role in finding, designing, and improving
solid-state hydrogen storage materials. This will help make hydrogen storage systems
that are safer, more efficient, and more cost-effective.

4. Design principles for high-performance hydrogen storage materials

A set of basic design rules that make sure the materials are useful, efficient, and
reliable throughout time lead to the creation of next-generation hydrogen storage
materials. One of the most important things is to get both high volumetric and gravi-
metric hydrogen densities [45, 46]. For a material to meet energy density standards,
it needs to be able to carry a lot of hydrogen by weight and still be small enough to be
useful in real life, like when you store fuel in a car. To do this, you need to use light
elements like Li, Mg, or B and crystal structures that can accommodate more than one
hydrogen atom without breaking down.

Another key thing to think about is how hydrogen absorbs and releases heat,
which is commonly quantified by the enthalpy of formation [47]. Hydrogen should
be able to be absorbed and released in a fashion that can be reversed at normal
temperatures and pressures. It could be harmful if materials with very low enthalpy
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let hydrogen out too quickly. Materials with a lot of enthalpy, on the other hand,
need a lot of energy to let hydrogen go. So, a moderate enthalpy of formation of 20
to 50 kJ/mol H, is usually the ideal way to establish a balance between stability and
convenience of usage [48]. Hydrogen storage devices need to be able to swiftly adsorb
and desorb hydrogen, in addition to being thermodynamically stable. Kinetic bar-
riers can slow down the process of taking in or letting out hydrogen molecules. This
makes response times longer and affects efficiency. For materials to perform well,
hydrogen needs to be able to travel fast through the lattice. This is based on the kind
of chemical bond, the presence of diffusion channels, and the presence of catalytic or
structural promoters. Reversibility and cyclability are also very crucial for finding out
how effectively hydrogen storage materials will operate over time. A good material
should be able to hold hydrogen for many cycles without breaking down or turning
into other phases [49, 50]. This means that it needs to be stable both mechanically and
thermally while it goes through repeated cycles of heating, cooling, and hydrogena-
tion. For materials to last, they must not sinter, crack, or break down with time. You
should also consider about the economy and the environment. The optimum material
for storing hydrogen should be cheap, easy to find on the Earth, and safe for people.
When putting energy systems in place on a large scale, this is especially vital to think
about because sustainability and the availability of materials are very significant.
Computational approaches are useful for making these design criteria better and
more precise. DFT calculations can help us understand how substituting host atoms
with lighter or more electropositive elements affect the stability and energy of hydro-
gen bonds. Doping procedures, which inject small amounts of atoms from outside the
material, can modify the electrical structure or create active patches that make it simpler
for hydrogen to diffuse and desorb. Nano-structuring, which includes making particles
smaller or modifying the form of surfaces, can considerably increase kinetics by making
the surface area bigger and the diffusion routes shorter. You can even introduce vacancies,
interstitials, or dislocations on purpose to affect how hydrogen bonds and moves about via
defect engineering. These computational insights make it easier to systematically develop
materials with certain properties. This reduces the need for trial-and-error experimenta-
tion and speeds up the search for good hydrogen storage solutions.

5. Case studies of promising material classes

A targeted comprehension of solid-state hydrogen storage materials is optimally
illustrated through concentrated case studies that emphasize the application of
computational methods to assess their potential. This section discusses some types
of materials that have gotten a lot of attention because they can be changed, hold a lot
of hydrogen, and can be used in a variety of ways. These materials include perovskite-
type hydrides. This case study examines the structural, electronic, optical mechanical
and hydrogen storage properties derived from computer analyses, illustrating how
these insights facilitate material optimization and selection.

5.1 Theoretical approach

In the present research we are looking into the space group Pm3m as a possible cubic
structure for XYH; (X = Li, Na, K). The atomic coordinates for the X are (0.0, 0.0, 0.0).
The atomic coordinates for the elements Y are at (0.5, 0.5, 0.5), whereas the atomic coor-
dinate for Hisat (0.5, 0.5, 0.0). This simulation used the ultra-soft pseudo potential USP
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plane wave method to guess all of its characteristics. Perdew, Burke, and Ernzerhof (PBE)
came up with the exchange correlation functional for the generalized gradient approxi-
mation (GGA). The CASTEP software [51], grounded on Density Functional Theory
(DFT), utilizes the Kohn-Sham Equations [52]. In this study, we utilized the USP (ultra-
soft pseudo potential) plane wave method [53] to accurately determine all the physical
parameters. This strategy lets us fast run simulations without having to know anything
about the orbitals’ geometry beforehand. The nuclei’s interaction with the inner shell
electrons creates a cluster of ions in the center. So, the ionic core and the valence electrons
are quite close to each other. Because of this interaction, the electron-ion potential quickly
reaches a point of convergence. In this case, each atom has energy of 2.0 x 10~ electron
volts (eV). After optimizing the shape, the leftover atomic forces are 0.2 eV/atom. We set
the energy cutoff for the complete Brillouin zone at 489.8 eV after doing k-integration
witha 6 x 6 x 6 k-points mesh on the Monkhorst pack grid.

5.2 Results and discussions
5.2.1 Structural properties

The geometry of each compound was initially optimized. By using the lattice
parameters and internal coordinates to optimize the geometry, the structures are fully
relaxed. After conducting geometry optimization, the computed lattice parameters
of LiYH3;, NaYHj;, and KYH; compounds are listed in Table 1. Figure 2 depicts the
crystal structures of the LiYH;, NaYH;, and KYH; compounds. The Murnaghan’s
State Equation was used to determine these parameters. All the compounds possess
a cubic morphology and are categorized within the Pm-3 m space group (#221). The
electron configurations for the atoms in XYHj (X = Li, Na, K) are as follows: lithium
(Li): 1s*2s", sodium (Na): 1522522p63sl, potassium (K): 1522522p63sz3p64sl, yttrium (Y):
15725%2p°3s?3p°4s73d"4p®5s’4d’, and hydrogen (H): 1s".

Hydride a(A) Vv (A)? Cwt%
LiYH; (present study) 442 86.35 3.06
NaYH; (present study) 4.30 79.51 264
KYH; (present study) 441 85.76 231
MgCrH; [54] 345 41.06 3.77
LiScH; [23] 3.89 58.86 5.7
LiTiH; [23] 3.76 5315 55
LiVH; [23] 324 34.02 44
MgFeH; [54] 3.02 2754 3.60
MgMnH; [54] 3.35 37.59 3.64
KSrH; [55] 392 60.23 271
LiSrH; [55] 4.30 79.50 238
KCaH; [55] 4.55 94.19 327
LiCaHj [55] 4.18 73.03 273
Table 1.

Lattice constant, volume, and Cwt% of XYH; (X = Li, Na, K).
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Figure 2.
Optimized crystal structure of XYH; (X = Li, Na, K).

We utilized the following formula to calculate the enthalpy of formation (AH)
while accounting for the energy difference in order to offer more proof of the thermo-
dynamic stability [56]:

AH=E,,, (XYH,)-aE, —bE, —cE, )

Individual atomic energies inside their intrinsic lattice per unit cell volume are repre-
sented by Ex, Ey, and Ey, respectively, whereas the overall energies of XYH; are denoted
by Etotal (XYHs3). The amounts of Li, Na, K, Y, and H atoms per unit cell volume are
represented by the symbols a, b, and c, respectively. The computed formation energies
for LiYH;, NaYH3, and KYH; are —16.19 eV/atom, —13.54 eV/atom, and — 9.13 eV/atom,
respectively. Thermodynamically stable materials have negative enthalpy of production
values. Materials that are thermodynamically stable have negative values for enthalpy of
production. We have also added phonon dispersion curves for all of the compounds to
show that they are dynamically stable. Figure 3 shows that the compounds are dynami-
cally stable as there are no imaginary frequencies.

5.2.2 Thermodynamic properties

A thermodynamic analysis was conducted to comprehend the thermal stability of
XYH; (X = Li, Na, K) hydride compounds, focusing on enthalpy, entropy, and Gibbs
free energy, as illustrated in Figure 4. This study employed temperatures from 0 to
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1000 K. Also, (AH) stands for the amount of heat that is transported when hydrogen
is absorbed and released from the perovskite lattice structure [57]. Figure 4 illustrates
that the enthalpy of the XYH; compounds goes up in a straight line as the temperature
rises. This means that the system’s internal energy is slowly rising. At 1000 K, the
compounds LiYH;, NaYH3, and KYH; showed maximum enthalpy values of 0.37 eV,
0.41 eV, and 0.77 eV, respectively.

Figure 3 shows that the Gibbs free energy (F) calculations demonstrate that
the value becomes closer to zero as the temperature rises. These hydrides are stable
from a thermodynamic point of view, as shown. At 1000 K, the Gibbs free energy
values for LiYH3, NaYH3, and KYH; were — 0.51 eV, —0.69 eV, and — 1.48 eV,
respectively. Figure 4 demonstrates that as the temperature goes up, the entropy
(AS) goes up quicker than the enthalpy and Gibbs free energy. The highest

values for LiYH3, NaYH3, and KYHj; at 1000 K were 0.87 eV, 1.10 eV, and 2.25 eV,
respectively.

5.2.3 Electronic properties

In the Brillouin zone, the high symmetry directions are typically the focus of the
electronic property analysis. To determine the electronic band structures and density
of states of the XYHj; (X = Li, Na, K) compounds, the PBE + GGA approximation
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Band structure of (a) LiYH,, (b) NaYH,;, and (c) KYH,.
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[58] were utilized. Based on their Total Density of States (TDOS), the electrical char-
acteristics of XYH; (X = Li, Na, K) were examined. Figure 5 shows the band struc-
tures of these materials in (a), (b), and (c). The conduction band (CB) is a feature
of the electronic band structure that shows the possible energy levels for electrons
and the range of energies in which they are not present. Without taking temperature
into account and presuming a Fermi level of 0 eV, the computations were carried out
at a temperature of absolute zero. The Fermi energy divides the energy levels into
two distinct bands: the conduction band and the valence band. These compounds’
metallic properties are made abundantly obvious by the band structure data, which
does not distinguish between the lowest and greatest energy levels of the conduction
band and the valence band, respectively. The Fermi level is where all the compounds
are found. It is possible to show the band structure findings for these compounds

by applying density of state data. Both the total and partial densities of states for

the composites under study are displayed in Figure 6. Total density of states spectra
for LiYH; has prominent peaks at —23.44 eV and — 3.71 eV, for NaYH; at —24.91 eV,
23.17 eV, and — 3.85 eV, and for KYH; at —23.61 eV, —14.99 eV, and 7.60 eV. The
PDOS screen mainly shows the valence and conduction bands. The s-state is the
most prominent in the PDOS spectra’s valance band, with only a small amount of
contribution from the p- and d-states. The s-, p-, and d-states predominate in the
conduction band.

5.2.4 Optical properties

One can obtain a complete grasp of the interactions between light and matter by
studying optical characteristics. Materials’ optical characteristics are determined by
electron transitions and excitations. Excitations can be produced by plasmons, pho-
nons, or electrons. Every optical quality is related in a methodical way. The dielectric
function can be used to compute optical characteristics. The following describes how
these characteristics are related to each other [59].

o(w) =5, (0) +is, (0) @
n(0)=] & (@)/2+{ e} (@)+e (o) 2] @)
L(0)=-T'm( s(0)" )=s,(@)/5,(0) +&,(o) @
1(0)=2"0] {7 (0) +e7 (@)} e (0) | )

R(w)=(n+ik—1)/(n+ik+1) ®)

To ensure consistency, all computations of optical properties were done under
the same steady-state conditions and starting values as the theoretical model said
they should be. This makes sure that LiYH;, NaYH;, and KYH; compounds can all be
compared in the same way, which lets us fairly judge how they respond to light under
the same simulated settings.
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The dielectric function, denoted as e(w) in Eq. (3), comprises two components:
€1(®) and &;(w), which correspond to its real and imaginary sections, respectively.
The dielectric function real component &;(®) indicates polarization, and an imagi-
nary component &,(®) represents energy dissipation. The components can be seen
in Figure 7(e-f). The dielectric function governs the relationship between the mate-
rial and the external electromagnetic field, determining the behavior of all other
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(a) Loss function (b) Reflectivity (c) of XYH3 (X = Li, Na, K).

parameters in the system. The main peaks in the real part of dielectric function
appeared at 6.63 eV and imaginary component peak at 6.21 eV for all the investigated
compounds. All three chemicals exhibit a distinct primary peak at 6.90 eV in the
reflectivity spectra. The consistent peak position observed indicates a similarity in
how these substances interact with electromagnetic waves. This similarity may be due
to a common electrical structure or bonding property that affects their reflectivity.

To further understand these materials’ optical characteristics; we can look at their
refractive index spectra, which include both the real and imaginary parts. The real
section of the refractive index spectra shows prominent peaks at 5.95 eV for all three
substances. The uniform peak position suggests that the phase velocity of light is
identical when it passes through these materials, showing that their electronic polariz-
ability is equal. The imaginary section of the refractive index spectra has prominent
peaks at 6.73 eV across all substances. This statement describes the absorption losses
that occur in certain materials. The peaks indicate specific energy ranges where the
substance absorbs light very effectively, resulting in greater extinction coefficients.
Each compound exhibits separate primary peaks in the real section of the optical
conductivity spectra. Specifically, LiYH; has a peak at 29.45 eV, NaYHj; has a peak at
10.73 eV, and KYH; has a peak at 26.74 eV. These peaks indicate the frequency at which
these materials have the highest level of electrical conductivity when exposed to
optical stimulation. The variances in peak positions imply variations in the electronic
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band structures of the materials, which could impact their appropriateness for differ-
ent optoelectronic applications. The absorption spectra of LiYH;, NaYH3, and KYH;
exhibit prominent peaks at 26.28 eV. Out of these options, the peak for KYH; exhibits
the greatest intensity, indicating that KYH; has a greater inclination to absorb light

at this specific energy level in comparison to LiYH; and NaYHj. This attribute could
be beneficial in applications that necessitate a high level of absorption efficiency. The
energy loss function tells us how much energy is wasted when light interacts with

a substance because electrons move so quickly. Eq. (5) shows how this event can be
described mathematically. Plasma oscillations occur due to the displacement of rap-
idly moving electrons from their lattice sites. The primary peaks in the loss function
spectra for the compound LiYH; are observed at 11.05 eV and 29.36 eV; for NaYHj,
they are at 11.95 eV; and for KYH;, they are at 2744 eV and 31.45 eV (Figure 8).

5.2.5 Mechanical properties

The mechanical characteristics of the XYH; (X = Li, Na, K) can be studied by
determining their elastic constants. To comprehend mechanical stability and bonding
forces, elastic constants are crucial. We know the elastic constants (Cq1, Cq9, and Cyy)
from studying the strain-volume relationship. At birth, cubic compounds are deter-
mined to be stable according to the following rules [60, 61];

c,-C,>0
C,>0,C, >0 )
C,+2C,>0

The elastic constants satisfy the conditions for Born stability, as given in Table 2.
The x-direction compression resistance is given by the coefficient Cy;. C44 provides
similar information regarding the capacity to resist shear deformation caused by shear
force. The Cy4’s primary function is to measure the material’s hardness. Equations for
determining the elastic anisotropy (A) and the moduli of elasticity (Young’s modulus,
bulk modulus, and shear modulus) using the elastic constants are as follows [62].

2C
A=—""4 8
C11 _Clz ( )
_(Cy+2C,,)
— ©)
Gv _ (Cn _Clz +3C44) (10)
5
_ 5C44 (Cn _Clz) (11)
*4c, +3(Cy-C,,)
G, +G
G — ( \ ;— R) (12)
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o (95G)
= Ton 1
(3B+G) (13)

Eq. (5)‘s elastic constants help with the computation of the resistance to changes in
volume under pressure, which is defined by the component B. While E predicts a mate-
rial’s stiffness, G evaluates its resistance to permanent deformation under shear stress and
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Parameters LiYH; NaYH; KYH;
Cnp 30.05 90.25 62.66
Cp 5.65 536 15.68
Cus 11.59 12.58 17.83
A 0.95 0.29 0.76
B 13.78 33.65 31.34
Gy 11.82 24.52 20.09
Gr 11.83 17.50 19.73
G 11.83 21.02 1991
E 2759 52.19 49.29
B/G 116 1.60 157
Cii-Cpp 24.40 84.89 46.98
T 586.397 K + 300 K 584.683 K 645684 K +

+300 K 300K

Table 2.

The estimated mechanical pavameters.

provides a more all-encompassing picture of its hardness than B. A comprehensive set of
the calculated elastic moduli is shown in Table 2. The results demonstrated that NaYH;
exhibited higher Young’s modulus and shear modulus compared to LiYH; and KYH;. The
NaYHj is more resistant to damage than LiYH; and KYH;. Composites are evaluated for
their overall ductility or brittleness using Pugh’s ratio (B/G). A ductile composite hasa

B/G ratio greater than 1.75, whereas a brittle compound has a ratio less than 1.75 [63, 64].
In this case, all the compounds exhibit the property of brittle. Importantly, the anisotropic
ratio (A) indicates how much elastic anisotropy a material possesses. For isotropic materi-
als, where the characteristics are same in all directions, A = 1. But A is not equal to 1 for
anisotropic materials, which have varying properties in different directions. According

to the findings, A is not equal to 1, which means that the hydrides being studied exhibit
anisotropy. The investigated composites’ dynamic stability has been assessed by comput-
ing the value of G. According to Table 2, all compounds have a positive shear constant,
which means they are dynamically stable. We also figured out the Cauchy pressure (Cy,-
Cy4) so we could look at how the hydrides were bonded together. Cauchy pressure values
that are positive denote ionic bonding while values that are negative denote covalent
bonding. Positive Cauchy pressure values for LiYHs, NaYHs, and KYH; indicate that these
compounds include ionic bonds. The perovskites’ melting point has been determined
using an equation that takes into account the elastic constant data. In Table 2, you can see
the calculated results.

T, (K)=[553(K)+5.911C,, |Gpa+300K (14)

5.2.6 Hydrogen stovage capabilities

An important barrier to the general adoption of hydrogen as a fuel is the absence
of technology capable of storing hydrogen fuel with gravimetric ratios (Cw%) that
are sufficient for practical applications. A promising approach to address this issue is
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the synthesis of molecules capable of efficiently storing hydrogen at high densities.
The maximum hydrogen storage capacity of hydride perovskites XYH; (X = Li, Na,
K) has been examined and analyzed. The gas release of these compounds will also
demonstrate their hydrogen storing capabilities. An investigation will be con-
ducted to explore the potential use of perovskite hydride XYH; (X = Li, Na, K) for
hydrogen storage, focusing on the materials’ ability to release gas. The gravimetric
ratios (Cw%) of the substances under investigation are ascertained by quantifying
their hydrogen content per unit mass. The following correlation demonstrates the
methodology employed to examine the General Relativity theory for the item under
investigation [65]:

pMH

Cwt%=——"———
Mcom + pMH

x100% (15)

The letter p stands for the ratio of hydrogen to compound atoms, the letter Mcom
stands for the molar mass of the material, and the letter MH stands for the molar mass of
hydrogen. We have found that LiYH;, NaYH;, and KYH; can hold 3.06 Cw%, 2.64 Cw%,
and 2.31 Cw% of hydrogen, respectively. As a result of the preceding line of reasoning,
itis possible to draw the conclusion that perovskite hydrides XYH; (X = Li, Na, K) are
suitable combinations for hydrogen storage systems due to the fact that they possess high
gravimetric hydrogen storage ratios. Because of the qualities that they possess, all of these
molecules are stable and can be put through the synthesis process.

6. Conclusion

First-principles approaches have been used to look at the structural, electrical,
optical, and mechanical properties of XYH; (X = Li, Na, K) for hydrogen solid-state
storage. The lattice parameters of LiYH;, NaYH3, and KYHj; are 3.42 A, 4304, and
4.41 A, respectively. Their structural characteristics show that these compounds have
a cubic shape. The band structure of the hydrides we looked at showed that they have
metal-like electronic properties. The PDOS and TDOS analyses confirmed this find-
ing even more. We used elastic constants to look at the mechanical properties of these
hydrides and found that they met the Born stability requirements. As a result, these
hydrides are classified as compounds with mechanical stability. All ternary hydrides
are fragile because their modulus ratio is less than 1.75. They also have ionic bonding,
which is shown by the positive values of Cauchy pressures. The findings of this latest
study provide novel and relevant information to the existing body of literature on
solid-state hydrogen storage. But it’s apparent that perovskite hydrides could change
the way we store hydrogen for sustainable energy in a big way. As science and technol-
ogy continue to improve, it is becoming easier to find ways to store hydrogen safely,
efficiently, and affordably using perovskite hydrides. The ongoing efforts in this field
are essential for addressing global energy challenges and transitioning to a sustainable
hydrogen-based energy economy in the future.

7. Integration with experimental work

The combination of computer modeling and experimental research has become a
key part in making better hydrogen storage materials [19]. Computational methods
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are very important for screening and predicting how materials will behave before they
are synthesized in the lab [66]. This saves a lot of money, time, and work compared

to the old trial-and-error methods. By simulating a large selection of materials in the
lab, researchers can focus on the best ones. These candidates should have the best
hydrogen storage capacity, the right thermodynamic properties, and the best struc-
tural stability. These predictions act as a strategic filter that helps scientists focus their
experiments on the chemicals that are most likely to work. One of the most important
things that computational studies can do is anticipate structural and spectroscopic
signatures, like X-ray diffraction (XRD) patterns, infrared (IR) and Raman spectra,
and UV-Vis optical absorption. These generated fingerprints are very useful for
experimentalists who want to be sure they have successfully made a target phase or
find unknown or intermediate structures. For example, DFT-based phonon simula-
tions can predict the vibrational modes of complex hydrides. These modes can then
be compared directly with experimental IR or Raman spectra to check the bonding
arrangements and see if there are any vibrations associated to hydrogen. Simulated
optical properties, like the dielectric function and absorption coefficient, can also
help us understand UV-Vis data and figure out electronic transitions.

In addition to characterization, computational techniques can also offer ways to
dope, replace chemicals, or make nanostructures that can improve the kinetics or
thermodynamic profile of hydrogen storage materials [67]. For instance, theoreti-
cal predictions about how transition metal doping would affect MgH, and LiBH,
have been confirmed by experiments that showed higher desorption temperatures
and better cycling stability. Also, first-principles calculations can help choose the
best synthesis routes by finding reaction pathways and precursor phases that are
thermodynamically stable [68]. This prediction information lets you choose the right
synthesis settings, including temperature, pressure, and environment, to get the
material phase you want with as few by-products as possible. Computational insights
are especially useful for in situ and operando experimental studies, where structural
changes and hydrogen release mechanisms are watched in real time. Theoretical
models elucidate minor changes observed during dynamic processes, such as phase
transitions or the generation of intermediate species, by providing atomistic inter-
pretations that are challenging to obtain experimentally. A significant instance is the
theoretical forecasting of intermediate dehydrogenation stages in complex hydrides,
including alanates and borohydrides, subsequently validated through in situ neutron
diffraction and infrared experiments [69].

8. Outlook and future directions

The combination of computational materials science and experimental hydrogen
storage research is likely to have a bigger and bigger impact on the creation of new
energy systems. As the need for decarburization becomes more urgent and the
demand for energy around the world grows, it is evident that solid-state hydrogen
storage technologies need to be discovered, improved, and used more. Future study
will probably focus on the multistage modeling of hydrogen storage systems. This
means linking atomic-scale simulations with models at the musicale and macro scale
to better predict how the system would work in real life. This entails integrating first-
principles computations with finite element models to evaluate thermal, mechanical,
and chemical stability in operational conditions. One of the most promising options
is to employ machine learning (ML) and artificial intelligence (AI) to speed up the
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process of finding new materials. When used with high-throughput DFT databases,
ML models may quickly find correlations between structure and property and
guess how well thousands of new compounds can store hydrogen. At the same time,
automated workflows and materials informatics will make the screening process
even easier. This will let researchers not only find materials but also plan synthetic
routes and processing conditions that are likely to work. The investigation of innova-
tive material categories, including high-entropy hydrides, hybrid organic-inorganic
frameworks, and low-dimensional systems (e.g., functionalized 2D materials), will
broaden the spectrum of prospective possibilities. These materials have special quali-
ties, like stability that comes from configurationally entropy, a large surface area, and
adjustable hydrogen binding energies. For more precision, their theoretical assess-
ment will rely more and more on beyond-DFT methods, such as hybrid functionals,
random phase approximation (RPA), and quantum Monte Carlo (QMC) approaches.
In the future, it will be more usual to use computational models in real-time experi-
mental feedback loops. This will make adaptive experimentation possible, where simula-
tions help with continuous synthesis and characterization processes. Because these two
systems are so closely linked, they will be able to iterate more quickly and build more
useful storage systems more quickly. In the end, scalable, safe, and efficient hydrogen
storage solutions will depend on more than just improvements in individual approaches.
They will also depend on a comprehensive, cross-disciplinary strategy that combines
computation, experimentation, and systems engineering into one development pipeline.

9. Conclusion

We used first-principles methods to look into the structural, thermodynamic, electri-
cal, optical, and mechanical features of XYH; (X = Li, Na, K) hydrides for solid-state
hydrogen storage. The optimized lattice constants for LiYH;, NaYH;, and KYH; were
442 A,430 A, and 441 A, respectively. This shows that they have cubic symmetry. The
gravimetric hydrogen storage capacities that were computed were 3.06 wt%, 2.64 wt%,
and 2.31 wt%. Formation enthalpies (—16.19 eV, —13.54 eV, and — 9.13 V) and Gibbs free
energy values at 1000 K (—0.51 eV, —0.69 eV, and — 1.48 eV) revealed that the system was
stable thermodynamically. Phonon dispersion curves provided additional confirmation
of dynamical stability. Electronic band structure research showed that all the compounds
had metallic properties. The mechanical analysis showed that the material met the Born
stability criterion, with Young’s modulus values of 27.59 GPa, 52.19 GPa, and 49.29 GPa.
The B/G ratio (< 1.75) also revealed that the material was brittle. Optical experiments
revealed pronounced absorption peaks within the 26-29 eV range, indicating potential
applicability in optoelectronic applications.

The current results indicate that XYH; (X = Li, Na, K) perovskite hydrides are
viable candidates for next-generation hydrogen storage devices due to their stability,
sufficient gravimetric capacities, and synergistic optical and mechanical features.
Future studies ought to concentrate on customizing these materials by doping,
substitution, and nanostructuring to enhance kinetics and reversibility. It will also be
important to combine computer predictions with experimental synthesis and char-
acterization in order to confirm theoretical ideas and speed up the search for useful
storage materials. New methods including high-throughput screening, machine learn-
ing, and multistate modeling should also be looked into to make the search area bigger
and improve design techniques. Perovskite hydrides can help make hydrogen-based
energy sources more sustainable in this way.
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Abstract

This chapter discusses the role of electrical and optomechanical sensors in
hydrogen monitoring. To ensure safety in a simple, quick, and cost-effective manner,
the emerging electrical and optomechanical sensors, along with their various sensing
strategies, are described and discussed in detail, along with the current state of the art.
The nanostructured sensing element plays a crucial role in detecting H, under various
ambient conditions. Hence, the synthesis and deposition of nanostructured materials,
including semiconducting metal oxides, metals, conducting polymers, and unique
layered/dimensional structures, are crucial to ensure enhanced gas sensing proper-
ties. Finally, some examples of sensing systems applied in real-world scenarios are
reviewed, providing the current ground where future developments of electrical and
optomechanical systems will play a key role.

Keywords: hydrogen, electrical, optomechanical, nanomaterials, sensor array

1. Introduction

Hydrogen sensors have garnered significant attention in the research community
because they are essential for the processes of H, production, transport, storage, and
utilization. The majority of H, was used as a reducing agent and fuel due to its distinc-
tive nature compared to other gases, namely, high energy density and clean combustion.
H, has low density (0.0899 kg/m3), small molecular size, low boiling point (20.39 K),
minimum ignition energy (0.017 mJ), high heat of combustion (142 kJ/g H,), wide
flammable range (4-75% in air) [1], high diffusion coefficient (0.61 x 10~*m?/s) [2],
high propagation velocity (3.46 m/s) [3], high propensity for flame acceleration, and
high sensitivity to detonation [1]. Diatomic hydrogen does not have a toxic nature to
humans; at very high concentrations in the air, it acts as an asphyxiant gas, which causes
hypoxia. H, has a wide explosive range in terms of concentration, from 4 to 75% in the
air; also, leakage cannot be identified by the human senses since it is colorless, odorless,
and tasteless. Hence, it needs to be monitored for safety considerations.

Hence, this chapter addresses the current quest for H, sensing, focusing on detect-
ing H; in the gaseous state using electrical and optomechanical sensors (Figure 1).
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Figure 1.
Electrical- and optomechanical-based H, gas sensors and their major features.

These types of sensors play an important role where the rapid and in situ monitoring
of H, is required (e.g., in leakage situations). More specifically, this discussion will
cover electrical sensors, including chemi-resistive, chemFET, and electrochemical
sensors, as well as optomechanical sensors. In the latter group, we will cover fiber
optic sensors and cantilever sensors. On one hand, the electrical-based sensors are
portable, cost-effective, and low-power-consuming devices; quick detection is pos-
sible, and they do not require an operator [4-6]. On the other hand, optomechanical
sensors are resistant to electromagnetic interference, suitable for corrosive environ-
ments, and do not induce any electrical sparks [3]. In general, the optomechanical
sensors mainly use the Pd-based sensing element due to its greater affinity toward
H,, and it has remarkable reversibility in the PdH, (with x < 0.015) [2]. To build the
literature review presented in this chapter (Table 1), we considered the publications
describing the most relevant sensors in terms of analytical performance published
over the last 5 years. Due to the high number of published articles in the field of H,
gas sensors, we selected three relevant examples for each kind of sensor.

In this context, the objective of the chapter is to highlight the role of electrical and
optomechanical sensors for H, monitoring. A brief introduction to their working
principles, as well as the sensing mechanism for semiconductors and Pd metal, will be
provided. The major focus will be on the synthesis of various sensing elements, namely
metal oxide, palladium metal, conductive polymer, carbon-based materials, and MXene,
due to their major features for H, sensing. Selected examples of reported sensing systems
for real-time H, identification and conclusion are presented at the end of this chapter.

1.1 Electrical sensor

Three of the most relevant electrical-based sensing strategies for hydrogen moni-
toring comprise the chemi-resistive, chemFET, and electrochemical sensors.

In chemi-resistive gas sensors [5], the resistance change in the absence and pres-
ence of H, is measured. The sensor consists of a substrate, an electrical contact, a
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Sensing Method Detection oT Response/ Responsetime  Ref.
element limit (°C) sensitivity & recovery
time (s)
Pdy ¢, Aug 3g Chemi-resistive 0.0002-5% RT ~2.7% @ 1% 9.5 8&139.3 [7]
AgInO, 1-10,000 ppm  RT 66 @ 10,000 ppm ~6 & ~24 [8]
Ag-Pd/Cr 800 ppm-4% 200 213% @ 4% 80 & 170 [2]
CNT ChemFET 0-500 ppm 70 ~80 mV ppm™ 22 &na. [9]
Pd-Ag 1-5000 ppm 245 n.a. 16 & 14 [10]
Pd-gated 50 ppb— 120 19,137% 500 ppm 2.6 & 100 [11]
AlGaN/GaN 20,000 ppm
Pt-Pd/ Electrochemical 0.8-4% RT 1.336 pA % 6&6 [12]
rGO-CNT/SPE
Nafion and 20-100% —40 01mV %! 35&n.a [13]
Pt/C-Pt
IL/Pt-Ni 0.05-1.25% RT 0230 pAcm %™ na [14]
PDMS/Pt/WOj3 FPI 0.5-2.9% RT 2.664nm %" 51&73 [15]
Pd nanofilm 0.5-3.5% RT 0397 nm %" 8 & 16 [16]
Pt/WO;/PDMS 0.25-1.75% RT 5.255nm % n.a [17]
Pd Cantilever 0.2-1.0% RT 048mm™ @ 1% na [18]
Cu/Pd 0.4-2% RT 2825@ 0.4% 1&1 [19]
Pd/GaN 180 ppb- RT n.a. 10 & 90 [20]
1000 ppm
Graphene-— FPIand 0-1000 ppm RT 30.3 pm ppm™ 315&na [21]
Au-Pd cantilever
Polymer/Pd 0-4.5% 235 -2nm %"’ 135&n.a [22]
Au/Pd 1-3.5% 25 0.153nm %" 12&1 [23]
Table 1.

Survey on electrical (chemi-vesistive, chemFET, and electrochemical) and optomechanical (Fabry-Perot
interferometer, FPI, and cantilever)-based hydrogen sensing devices. (n.a.: not available and OT: operating
temperature).

sensing element, and a heater (when high operation temperatures are needed). The
interdigitated electrode (IDE) is a popular design for chemi-resistive gas sensors
because it improves the movement of electric charge.

Regarding the chemFET [24], it is a chemically sensitive field-effect transistor. The
changes in the drain current in the presence of the H, gas are used to detect it. Based
on the structure, it is classified as a back-gate FET, a top-gate FET, a dual-gate FET,
and a floating-gate FET. It consists of source, gate, and drain electrodes along with an
insulating gate oxide, a semiconductor material channel, and a substrate.

Concerning the electrochemical sensor-based H, detection [25], it can rely on con-
ductometric-, amperometric-, or potentiometric-based measurements. It consists of
an electrode, electrolyte, membrane, and substrate. During the H, gas detection, H,
interacts with the working electrode (anode), and it forms H* and electrons through
an anode oxidation reaction. The H" moves to the counter electrode via the proton-
conducting membrane, and the cathode reduction reaction will occur. This process
will change the potential of the overall electrochemical cell, which can be correlated
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with the concentration of H,. Itis reported that electrochemical H, sensors can offer
higher selectivity than the chemi-resistive semiconducting sensor [12].

The substrate provides a platform for the sensing material, and the adhesion
between the sensor and substrate plays a crucial role in ensuring long-term stability.
This primarily depends on the thermal expansion coefficient and surface roughness.
Based on the elastic limit, substrates are classified as rigid and flexible. In general,
the rigid substrate is used for relatively high operating temperatures (above 100°C),
whereas the flexible substrate is used for low operating temperatures (e.g., wearable
sensor applications). Both can be used for integrated wireless technology in end-user
applications. Glass, conducting glass (fluorine-doped tin oxide and indium tin oxide),
Si wafers, sapphire, and Al,O; are widely used as a rigid platform for various sensing
elements. Si, sapphire, and Al,O; are used for sensors operating above 200°C due to
their high chemical and mechanical stability. However, these substrates are expensive
and less flexible compared to polymer-based substrates [6]. Nowadays, flexible sub-
strates such as polyethylene terephthalate (PET), polyimide (PI), polydimethylsiloxane
(PDMS), polyethylene naphthalate (PEN), polyurethane (PU), Kapton, cloth, and
paper are utilized for wearable applications due to their stretchability, amenability, bio-
compatibility, low weight, and high degree of bending and tilting nature [6]. Yet these
substrates are unsuitable for high temperatures and relatively humid environments.
Gold (Au) is widely used as an electrode and heater for electrical-based H, gas sensors.

1.2 Optomechanical sensor

The different sensing schemes based on fiber optic sensors to detect H, are
reported in Figure 2, and the performance comparison between each measurement
method is given in Table 2. All the mentioned fiber optic and cantilever-based H,
sensors consist of a thin sensitive layer mainly made up of Pd or Pd-based material.
This thin layer changes its physicochemical property in the presence of H, gas, and it
induces the variation in the intensity, wavelength, and phase of the light. The inter-
action between the Pd and the H, is discussed in Section 2. In the cantilever-based
sensor, the resonance frequency of the cantilever changes due to the mass change in
the Pd-sensitive layer [18-20]. The reported detection methods in Pd-based cantile-
vers are Fabry-Perot interferometry, piezoresistivity, plasmonic amplification, quartz
crystal microbalance, frequency detection, and interferometry.

Instead of using the optical and cantilever sensors separately to detect H,,
Xiong et al. [21] integrated the cantilever with FBG fiber to construct H, sensors.

Fiber optic H,
sensor

Surface
plasmon
resonance

I
II Mzl Il FPI Il Sagnac
Figure 2.

Schematic representation of various types of fiber optic H, sensors (FBG—fiber Bragg grating, LPG—long-period
grating, MZI—Mach-Zehnder interferometer, and FBI—Fabry-Perot interferometer).

Interferometer

Intensity Grating

Evanescent
field

Micro-mirror
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Performances Intensity FBG LPG Interferometer SPR
sensors sensors sensors sensors sensors
Structural Simple Relatively Relatively Moderate Complex
complexity simple simple
Sensor cost Low Relatively Relatively Relatively high, but High
low high can be improved
Sensor size Small Small Moderate Relatively large, but Moderate

can be improved

Fabrication Low Low Relatively Moderate High

difficulty high

Sensitivity Low Low Moderate Relatively high High

Precision Low Moderate Moderate Relatively high High

Measurement Relatively Wide Restricted Restricted Moderate

range narrow

Response rate Slow Slow Relatively Moderate Quick
slow

Multiplexed Unable Able Unable Unable Able

measurement

Mechanical Fragile Fragile High Depend on the Moderate

strength specific structure

FBG—{fiber Bragg grating, LPG—long-period grating, and SPR—surface plasma resonance.
Reused with permission from the veference [26], copyright © 2017 Elsevier.

Table 2.
Performance comparison of different optical fiber H, sensors.

These sensors were downscaled to a portable format and have a reduced noise floor
(caused by the environment of the measurements), which is a major drawback of
both optical-based and cantilever-based sensors. For that Pd-coated polymer, a
p-cantilever was printed on the end face of a single-mode fiber by a femtosecond
laser-induced two-photon polymerization process. The sensing setup consists of a
broadband light source (BBS), an optical spectrum analyzer (OSA), a microchannel,
a gas flow meter, a carrier gas, and a hydrogen generator. The induced interfer-

ence from the fiber end face, as well as from the upper and lower surfaces of the
cantilever signal, was taken into account. These optomechanical sensors can detect
concentrations from 0 to 4.5% (v/v); the reported sensitivity and response time
were — 2 nm % ' and 13.5 s at 4%, respectively. In 2023, Zhong et al. [21] described a
cantilever made from a thin film of graphene-Au-Pd combined with an FBG inter-
ferometer; it could measure concentrations from 0 to 1000 ppm and had a sensitiv-
ity of 30.3 pm per ppm.

In the optomechanical detection of H,, the cantilever is covered with two distinct
materials, with the upper layer often being palladium (Pd). The absorption of hydro-
gen causes a volumetric expansion of the palladium (top layer), generating differen-
tial tensions between the upper and lower surfaces of the cantilever, which leads to its
bending, as expressed in the eq. (1) [21].

tpy+1;

Z =3 (ocp, —oc,) ok cr )
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In this context, L represents the cantilever length, while tpy, tg, opg, and ar denote
the respective layer thicknesses and thermal expansion coefficients. The subscript f
denotes the cantilever foundation, C represents the concentration of hydrogen atoms
in the Pd film, Z indicates the bending deflection of the cantilever, and C signifies
the hydrogen concentration. The cantilever and the fiber end facet function as two
partially reflective mirrors, creating a Fabry-Pérot cavity. The correlation between the
reduction in cavity length (AL) and the shift in dip wavelength (AM) is expressed as
AL = AL/L, where A represents the wavelength of the observed dip and L denotes
the cavity length. [22]. Consequently, the H, concentration represented by cantilever
deflection can be determined by directly measuring the dip wavelength shift of the
FP cavity. When the external hydrogen concentration diminishes, the process is
inverted. Aside from the materials, the dimensions, layer thickness, and production
significantly influence sensitivity. Furthermore, reduced stiffness is a crucial factor
for preserving temperature cross-sensitivity.

Based on the background compiled in Table 1, it is inferred that the optomechani-
cal sensor shows adequate sensitivity even at room temperature, and the chemFET
sensor is a more suitable candidate for measuring H, at low concentrations. The
chemi-resistive and electrochemical sensors have better stability, and they are simple
to fabricate. The reliability of the response and recovery time comparison based on
the detection method is questionable; it highly depends on factors such as the cata-
lytic nature of the material, the ad-atom effect, morphology, dimensions, and others.
A major limitation of electrical-based sensors is their sensitivity to environmental
conditions, such as humidity, the influence of other interfering gases, and tempera-
ture. The mechanical properties of the sensor material can be influenced by changes
in temperature and humidity, which can affect its dimensions and resonant frequen-
cies. These properties are frequently employed to estimate physical parameters.
Additionally, humidity can cause interference with light-based measurements by
influencing the optical properties of materials, including the refractive index [18, 21].

2. Sensing mechanisms

Hydrogen acts as the reducing gas when it interacts with semiconducting metal
oxides (MOs), metal chalcogenides (MCs), or conducting polymers (CPs). The
electrical charge transfer can be explained by two models, namely the oxygen vacancy
mechanism (Figure 3(a)) and the direct adsorption mechanism (Figure 3(b)). The
expected reaction in each model is given in egs. 2 and 3 [8, 28].

Oxygen vacancy model : O, + H, — H,0 + ¢ (sensing elements) ()
Direct adsorption model: H, > 2H" +2¢” 3)

The sequence of steps involved in every response is as follows: (i) exposure of
the sensing element in air, (ii) chemisorption of oxygen leading to the formation
of a depletion layer (DL), (iii) interaction between adsorbed oxygen and H,, and
(iv) desorption of reacted product during the exposure to air/removal of H, gas.
Unsaturated surface states in the sensing element led to the chemisorption of oxygen
in the form of O, , O",and O” ions when the operating temperatures are below
100°C, 100-300°C and above 300°C, respectively [29]. This leads to the formation
of electron depletion in n-type and hole accumulation in p-type sensing elements.
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Figure 3.

(a) Schematic of hydrogen diffusion into the Pd lattice. (b) Schematic of chemisorption based on MOSs. (c)
Schematic of physisorption (Reused with permission from the reference [27] ©The Royal Society of Chemistry
2024).

When the sensing element is exposed to H; gas, the H; acts as a donor, given in eq. (2).
Hence, for the n-type material, the electrical conductivity will increase, and for the
p-type material, it will decrease [29].

According to the direct adsorption/desorption model, many materials undergo
redox reactions when exposed to H, gas without the influence of adsorbed oxygen
ions on the surface. Based on this mechanism, the gas directly interacts with the sens-
ing element, given in eq. (3), resulting in a change in electrical conductivity.

Another important mechanism is the hydrogen diffusion mechanism [30]. It is
generally suitable for Pd-based sensing elements (Figure 3(c)). In this case, the first
step is the chemisorption of hydrogen on the Pd surface, followed by dissociation of
H,. The second step is the diffusion of dissociated hydrogen atoms into the Pd lattice,
which subsequently occupies the interstitials of the lattice (this step is also called the
dissolution of hydrogen in the Pd lattice), given in eq. 4 [19].

H, diffusion mechanism: Pd + JH, <> PdH (4)

The hydrogen diffusion coefficient in the Pd is on the order of 10 cm?® s™ at
ambient temperature [30]. The H diffuses into the FCC lattice of Pd, where it acts as
a scattering center for charge carrier transport, thereby increasing the bulk resistance
of the Pd. Hence, it is used to detect hydrogen using an electrical sensor. Along with
the resistivity changes, the formation of « and f palladium hydride (PdH,) phase
induces mechanical stress due to lattice expansion, which leads to the optomechanical
detection of H, gas [26]. Depending on the availability of hydrogen and temperature,
« and f phases of PdH, can form, and both have higher resistivity and larger unit cell
volume than that of pure Pd. The a-PdH, and plateau region in the phase diagram
of the Pd-H system are suitable for sensor application due to the reversibility in the
structural changes when the H, flow is removed. The p-PdH, region is unsuitable
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for the sensing application due to the incomplete recovery to its baseline after the
removal of H, flow, and the potential delamination of the film from the substrate [2].

In the case of carbon-based materials, such as graphene oxide (GO), MXene, and
carbon nanotube (CNT), they primarily employ hydrogen bonding or electrostatic
attraction at their surface terminals in the charge transfer process, which facilitates
the physical adsorption of gases onto their surfaces. These materials engage with
target gas molecules via Van der Waals forces or acceptor-donor systems, resulting in
alterations in electrical resistance [31].

3. Synthesis and deposition of nanostructured sensing elements

Regarding the intrinsic characteristics of the H, sensing mechanisms described
above, a major research effort has been placed on the synthesis and deposition of the
sensing element/layer. Using appropriate preparation conditions and methods, one
can alter the size, shape, porosity, and grain boundary to achieve the enhancement
in “3S” (sensitivity, selectivity, and stability) of the sensor. Table 3 provides a list of
top-down and bottom-up approaches for the synthesis/deposition of sensing ele-
ments. The top-down approach refers to a subtractive process in which a bulk starting
material is divided into smaller ones of the nanoscale. Bottom-up approach refers to
an additive process that starts with precursor atoms (or molecules), which combine to
form a nanosized structure. The term “top-down approach” describes a size reduction
method that involves reducing a bulk starting material to nanoparticles. In a bottom-
up technique, atoms or molecules used as precursors are added together to create a
nanoscale structure.

3.1 Semiconducting metal oxide, metal, and conducting polymers

So far, semiconducting metal oxides (SMOs) have been extensively reported as
sensing elements for H,. Among them, ZnO [32], SnO, [33], In,0; [34], TiO, [35],
MoO; [36], V,05 [37], and WOj5 [38] are well-known n-type SMOs, and NiO [39],
CuO [40], and Fe,0; [41] are p-type SMOs utilized to detect H, at different operating
temperatures. While comparing the sensing performance of the SMOs with that of
metal chalcogenides (MCs), the SMOs show better stability and repeatability in the
air ambient, which is the main reason to be approached in the present chapter. Along
with SMOs, palladium metals/palladium-based oxides are also reported for the detec-
tion of H, [30].

For room temperature detection, conducting polymers (CPs) are the potential
candidates, due to the presence of a n-conjugation structure that leads to the p-type
behavior toward H, gases. Polyaniline (PANI) [42], polypyrrole (PPy) [43], polythio-
phene (PT) [44], poly(para-phenylene) (PPP), poly(3,4-ethylenedioxythiophene)
(PEDOT) [45], and their derivatives are widely studied materials for room tempera-
ture H, gas sensor applications. To enhance the sensing performance, these materials
are prepared in nanostructured form, as detailed in Table 3. This table summarizes
various top-down and bottom-up approaches, their methods, modes, advantages, and
drawbacks for the synthesis of metal and semiconducting metal oxides in nanostruc-
ture forms [46, 47]. When the sensing element is prepared in a nanostructured form
rather than as a bulk material, it takes advantage of the surface-to-volume ratio of the
nanostructures that leads to a higher number of active sites and a larger exposure area
for interaction.
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The top-down approach involves breaking, grinding, and milling bulk materi-
als into nanostructured powders. It also includes thin film deposition techniques,
such as ablation, evaporation, sputtering, etching, and lithography. Conversely, the
buildup of nanomaterials from their atomic and molecular precursors corresponds
to the bottom-up approach. Conducting polymer can be synthesized by oxidation of
corresponding monomers using chemical and electrochemical methods. The deposi-
tion of conducting polymer film can be done using electrochemical deposition, spin
coating, thermal evaporation, vapor polymerization, layer-by-layer self-assembly,
and electrochemical polymerization [46-48]. The aforementioned synthesis methods
yield the sensing elements in the form of powders, which need to be coated onto
electrodes using techniques, such as spin coating, screen printing, drop casting, and
dip coating to form thick film sensors. Conversely, the material should also be made
into pellets. When comparing the performance and sample requirements, thick/thin
film sensors generally require a small amount of sensing material, and they can show
good sensitivity and quick recovery due to their high surface-to-volume ratio, poros-
ity, and low-dimensional nature [48].

3.2 Unique layered/dimensional structures

In addition to the SMOs and conducting polymers, the widely reported H, sens-
ing elements are carbon-based materials, such as graphene, graphene oxide, carbon
nanotubes, and carbon nanofibers due to their textural properties, such as high
specific surface area, porosity, and pore size distribution, as well as their chemical
characteristics [49].

Exfoliation of the graphene or graphene oxide from graphite is the top-down
approach that involves mechanical, chemical, or electrochemical exfoliation. The
scotch tape method is a simple way to produce graphene from a carbon sheet.
However, the major limitation lies in controlling the size, shape, and thickness of the
graphene. The widely used chemical exfoliation method is the modified Hummer’s
method [50]. First, the graphite is oxidized with a strong acid and oxidant, and then
the layers are isolated, resulting in the formation of graphene oxide (GO). Finally,
the graphene is produced through the reduction process using thermal, chemical,
or laser treatment [51]. The yield obtained through the modified Hummer’s method
is high, but major attention is needed to convert the graphene oxide to graphene if
high-quality graphene is needed. Reduced graphene oxide (rGO) or graphene can
also be produced using the electrochemical exfoliation method [52], which provides
good quality and yield but requires an external electric field. Electrolytes used for the
exfoliation process are ionic liquids, aqueous acids, and inorganic salts.

Chemical vapor deposition (CVD) can yield high-quality graphene [53], but it
has major drawbacks, including relatively low yield, high power consumption, and
a time-consuming process. In CVD, gases and carbon sources, such as acetylene and
methyl methacrylate, are decomposed in the presence of a catalyst to form graphene.
Desorption of Si atoms from the SiC surface at higher temperature and vacuum leads
to the epitaxial growth of graphene layers [54]. LASER irradiation is another method
that provides a 3D porous graphene structure using the carbonaceous precursors [55].
Carbon nanofibers (CNFs) [56] can be made using electrospinning, chemical vapor
deposition, and template methods. The electrospinning technique deposits fibers
onto the collecting plate, followed by the carbonization process in a nitrogen atmo-
sphere to form CNFs. While depositions can be performed at room temperature, they
require high voltage, post-treatment, and a carbonization process. CVD involves the
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decomposition of a hydrocarbon composite in the presence of a metal catalyst at high
or low temperature with plasma to form carbon nanofibers. While it offers high-qual-
ity CNFs, it has significant disadvantages, including high cost and energy consump-
tion. Porous anodic alumina membranes are used as a template for the deposition of
CNFs [56], but the removal of these templates needs considerable attention.

An alternative to carbon-based materials is MXene. It is a 2D transition metal
carbide/nitride/carbonite discovered by Naguib et al. [57] in 2011 through selective
chemical etching of the Al layer from the MAX phase using hydrofluoric acid (HF),
which results in fluorine-containing functional groups. MXenes are represented by
the general formula Mn + 1XnTx, where M denotes transition metals (Ti, Mo, Ta,

W, V, Cr, Y, Zr, Sc, Hf, Ta, and Nb), X stands for carbide/nitride/carbonites (C/N/
CN), and T represents the surface functionality (O, OH, F, Cl, I, Br, NH,, S, Se, and
Te). There are different stoichiometries of MXenes discovered to date, including
M,AX,, M3AX,, MyAX;, and MsAX,. Even though this method provides high-quality
MXene sheets, there is a need for an alternative etchant to replace HF, due to its

toxic and corrosive nature. The hydrochloric acid (HCI) and lithium fluoride (LiF)
mixture (LiF/HCI) and other fluoride-containing salts (NaF, KF, NH,F, FeF;, CsF,
and NH4HF,) with HCl are some of the proposed alternatives [57]. Nevertheless, they
still generate HF gas during the process, which raises safety issues. Other methods
adopted are non-fluoride-based etching (NaOH and H,SO,), molten fluoride salt
etching, electrochemical etching, alkali etching, Lewis acidic molten salt etching, and
ionic liquid-based etching. Non-fluoride-based etching using potassium hydroxide

as an alkaline etchant results in oxygen-containing functional groups [58]. Sun et al.
[59] reported the electrochemical etching of the MAX phase to form Ti,CTy in a
diluted HCI electrolyte. The major drawback of this method is over-etching, and it
can be controlled by optimizing the etching voltage and etching time. In 2019, Li et al.
[60] proposed the Lewis acid etching method for Ti;C,Cl, and Ti,CCl, preparation.
Husmann et al. [61] reported an acid-free synthesis using 1-butyl-3-methylimidazo-
lium hexafluorophosphate (BMIMPF6) and 1-ethyl-3-methylimidazolium tetrafluo-
roborate (EMIMBF,) for Ti;C,Ty and Ti,CTy preparation from Ti;AlC, and Ti,AlC,
respectively. The above-mentioned methods are top-down approaches. Xu et al. [62]
deposited the ultrathin Mo,X, WC, and TaC MXenes on Cu/Mo foil. However, to
date, wet etching is a widely used and effective synthesis method for various MXenes
[57]. These materials attracted attention as gas sensors due to their tailored surface
functionality, higher surface area, and low dimensionality [58]. The performance of
SMOs, metal, conducting polymer, and unique layered/dimensional structures shows
remarkable electrical and optomechanic property changes during H, detection [13,
18, 42, 44, 63-66].

To improve the sensing performance, namely the sensitivity, a sensing element
prepared in a nanoscale morphology can contribute to the quantum size effect, higher
surface area, better charge transfer and transport mechanisms (such as hopping,
tunneling, ballistic transport, and hybrid transport), and the thickness of the deple-
tion layer formation [67]. Another method to enhance sensitivity involves doping,
modifying surface defect states, and forming heterojunctions. Hence, these actions
improve or tune the electrical and optomechanical properties. The expected electrical
changes include a shift in the Fermi energy level due to bond bending, and an adjust-
ment of the carrier concentration, both of which influence the baseline resistivity of
the sensing element. In the case of optomechanical sensors, the cantilever material
and its dimensions need to be designed in such a way that it has adequate withstand-
ing ability even at large bending forces, and a robust mechanical structure, without
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compromising the sensitivity. In this scenario, the design of the fiber should include
low insertion loss, high contrast, and high finesse [22].

In more detail, Figure 4(a) shows the influence of size on the depletion layer
formation [68]. The CeO, quantum dots measuring approximately 3 nm exhibited an
enhanced sensor response, which diminished for CeO, nanoballs and nanoparticles
sized at 15 + 3 and 30 + 12 nm, respectively. This indicates that optimizing the size
of nanomaterials is crucial for achieving improved sensor performance in CeO,
nanostructure-based sensors. The reduced size of CeO, quantum dots, smaller than
the Debye length, was identified as the primary reason for the roughly 4-fold increase
in sensor responsiveness and selectivity toward reducing hydrogen gases compared
to oxidizing gases at 1-10 ppm levels [68]. Additionally, Figure 4(b) schematically
illustrates the impact of the Pd layer functioning as a gate on the Si channel. Upon
the deposition of Pd on the Si surface, an electron depletion layer was established in
the Si channel due to the elevated work function of the deposited Pd nanoparticles,
increasing resistance. The numerical simulation of a semiconductor device simulator
indicates that the electron concentration altered following the deposition of a Pd layer
on the Si surface, which possesses a work function of 5.12 eV [69]. A bifunctional
sensing mechanism is presented to elucidate the enhanced sensing performance of
SnO, — ZnO composite nanofibers toward H, gas. The bifunctional sensing system
comprised some elements: (1) diminishing the gas interaction among adjacent
SnO, nanograins and (2) a metallization phenomenon between the ZnO and SnO,
nanograins. The initial mechanism (m1) pertains to a grain-boundary-dependent
event observed in SnO, homojunctions (Figure 4(c), m1). The second mechanism
(m?2) is depicted in Figure 4(c), m2. In this case, the ZnO — SnO;, heterojunctions
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Figure 4.

(a) Size effect (reused with permission from the reference [68] ©2024 Elsevier Ltd.), (b) metal doping effect
(reused with permission from the reference [69] © 2018 WILEY-VCH Verlag GmbH % Co. KGaA, Weinheim),
and (c) nanocomposite effect (reused with permission from the reference [70] © 2015, American Chemical
Society).
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boost the sensor response. SnO, — ZnO heterojunctions are characterized by a
significant barrier at the junctions and a semiconductor-to-metallic transition on the
surfaces of the ZnO nanograins following exposure to H, gas [70].

4. Sensing systems for real-time H, identification

The current state of the art reports several strategies to sense H, in different
contexts. For example, Song et al. [71] reported a self-powered integrated nanostruc-
tured gas sensor for indoor safety monitoring; the limit of detection of the sensor
toward H, was 10 ppb. Through the integration of a solar cell and a lithium-ion bat-
tery, the device attained self-power functionality in low-light interior environments.
The sensor signals were measured and transferred to a smartphone in real time viaa
wireless Bluetooth connection. The acquired four-dimensional data, corresponding to
four types of gas sensors, were condensed into two-dimensional data through prin-
cipal component analysis (PCA), and the support vector machine (SVM) algorithm
was subsequently utilized for gas discrimination, providing a decision space for the
automatic classification of unknown gases. Chen et al. [72] reported a SnO, nanotube
sensor array for H, and benzene identification using learning vector quantization
(LVQ). The mixed ambient was created using three gases: 5000 ppm of H,, 25 ppm
of NO,, and 5 ppm of benzene (using N, as carrier gas). The limit of detection for the
SnO, sensor is 10 ppm of H,, and the signal-to-noise ratio is 2. The e-nose, equipped
with a readout circuit, transmits sensing data via a Bluetooth unit to a mobile phone,
facilitating the development of high-performance smart sensor networks. Pd-Sn0O,
nanoflowers and Pd-WO; microparticle-based sensor arrays were reported by Li et al.
[73]. The operating temperature of this sensor is 300°C, and the corresponding power
consumption is 17 mW. The identification of the gases was done using p-neighbors
back-propagation neural network (pN-BPNN) model over the H, concentration range
15-500 ppm among the seven other gases.

Indeed, power consumption is also a key feature for the long-term monitoring
of H,. Hence, Chen et al. [72] and Li et al. [73] focused on low-powered e-nose for
indoor monitoring, whereas Song et al. [71] integrated a solar cell and a Li-battery
to make the device self-powered. Li et al. [73] reduced the power consumption to
17 mW for an operation temperature of 300°C by reducing the size of the sensors; the
reported dimension is 1102 pm?/2 (/2 represents the number of sensors, Pd-SnO, and
Pd-WOs3). Chen et al. [72] reduced power consumption by doing the measurement in
the duty cycle mode rather than the continuous mode. Similarly, a duty-cycling mode
with nano-heater-based MOS gas sensor approach is used to address the high-power
consumption by Kim et al. [74]. To heat the sensor to 250°C, the duty-cycling mode
drastically cuts the power usage to 160 pW, with a reduction of up to 90% compared
to the constant power consumption mode. Additionally, a convolutional neural
network (CNN) algorithm converts the air, SO,, CO, H;, and NO, responses into 2D
spectrogram images and analyzes them in real time by identifying the gas within the
sliding time window. The above-discussed four reports are chemi-resistive-based
e-nose/sensor arrays for indoor gas monitoring applications [74].

Another example of sensor arrays is the chemFET-based ones, which were fabri-
cated with metal-decorated carbon nanotubes by Star et al. [75]. In this case, the sig-
nals were analyzed using PCA and partial least squares regression (PLS Regression) to
measure not only H, but also NO,”, NH;, CO, and H,S. Another relevant example of a
chemFET-based approach is the aerial H, sensing probe installed in a microdrone that
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Aerial chemical sensing probes. (a) Image showing a microdrone equipped with a Ni-Pd-based H,-sensitive
CS-FET (top) and an unassembled drone showing the individual components (bottom). DAQ, data acquisition.
(b) Image depicting the experimental setup used for the aerial hydrogen sensing experiment. (c ¢ d) Image
capture of the CS-FET-equipped microdrone in motion at different times with corresponding altimetry and
generated H, sensor response, vespectively (Reused with permission from the reference [76] © 2025 American
Association for the Advancement of Science).

included, beyond the chemFET sensors, a microprocessor, data acquisition unit, RF
comms link, and a battery (Figure 5) [76]. The reported chemFET-based H, sensor
array is capable of operating at room temperature. The reported sensing elements are
PdAu, NiPd, and Ni for H,S, H, and NO,, respectively.

5. Conclusion

Being a promising carbon-free energy carrier and the lightest element in the
periodic table with a superior reducing nature, monitoring H, is still a complex task
that has generated a quest for reliable sensing systems. This monitoring is critical to
deal with safety issues associated with the use of this gas.

Therefore, in situ monitoring of H; leakage is needed, and the electrical and
optomechanical sensors discussed in this chapter can be promising tools for this
end. This chapter overviews these two approaches capable of sensing H, in differ-
ent scenarios. These sensors can be miniaturized and introduced in different sensor
arrays, providing effective monitoring tools with low-power consumption. Another
key aspect is related to the synthesis and deposition of the sensing elements. The
advances in this field can provide innovative solutions for the enhancement of the
sensing features of these materials and for the adoption of emerging materials with H,
sensing capabilities.

The future directions of these two sensing approaches will focus on improving the
current features of the sensors. This includes the enhancement of the sensing per-
formance, the integration of the sensors in sensing systems and monitoring tools,
and the adoption of innovative methods for data analysis. These advances will
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certainly impact the availability of analytical information related to H,. The hope is
that stable, portable, and reliable H, sensors with integrated data transferring units
and (semi)quantitative identification in real environments will become possible by
bringing together the latest combinations of scientific knowledge and technological
advancement.
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Appendices and nomenclature

gorkg gram or kilogram

m/mm/cm/nm meter/millimeter/centimeter/nanometer
K/°C kelvin/degree celsius

mJ/Kk]J millijoule/kilojoule

S second

% percentage

ppm/ppb parts-per-million/parts-per-billion

mV millivolt

pHA microampere

pW microwatt

0,7, 0" and O superoxide, atomic oxygen, and peroxide
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Chapter 8

Enhancing Al Data Center
Resiliency through Metal Hydride
Powered Backup Systems

Jalaal A. Hayes

Abstract

As computational technology rapidly advances, the demand for electric power
to support massive data flows is increasing, posing a challenge to existing electrical
grids. Policymakers and industry leaders are working to modernize these systems,
seeking cleaner and more energy-efficient methods to sustainably power data centers
in our communities and lower the price of electricity demand overall. In addition
to wind and solar, hydrogen has been demonstrated to be a promising candidate for
enhancing energy security and resilience, capable of serving as both a primary and
backup power source for renewable systems such as solar and wind. Metal hydrides
are gaining attention for their unique properties, which make them excellent energy
storage solutions compared to compressed and liquefied hydrogen storage methods.
This chapter examines various metal hydrides and their potential role in support-
ing Al-focused data centers. The key factors, including activation behavior, thermal
stability, electrochemical performance, cycle stability, and environmental and
sustainability aspects of metal hydrides used with data centers, are discussed in detail.
Overall, metal hydrides are concluded to be a promising solution if the technology
advances within the scope of Al data centers, along with the suggested research and
future directions for metal alloy improvements.

Keywords: data centers, hydrogen, metal hydrides, backup power, renewable energy

1. Introduction

In today’s world, artificial intelligence (AI) and related technologies have
increased in popularity. With new software and the Internet of Things (IoT) on the
way, there will be more demand for the current and next generation data centers
throughout the world. Although this is excellent in the computer engineering indus-
try, this increase will require a significant amount of power, especially for the data
centers that will serve this computing power. Currently, the data centers across the
United States are considered small, with a power requirement range of 1-3 MW total
power [1], running only cloud-based computing servers and possibly some telecom-
munication servers.
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However, the emerging data centers in the United States and even around
the world (recently called hyperscale data centers) will need a power range of
10-100 MW, which is ten to a hundred times the power currently used, respectively.
Figure 1 shows the difference between the small data centers and the hyperscale data
centers for perspective [1-3].

Based on this information, electrical power will be pivotal in the resilience of data
centers as advancements are made in the contemporary world. Power Usage Effectiveness
(PUE) is regarded as a vital metric for the development of sophisticated and efficient data
centers, particularly for artificial intelligence and other technological innovations [2].
PUE can be quantified through the consideration of the following factors: (1) type of data
center; (2) energy source; (3) geographic region; and (4) operational efficiency.

By utilizing these four variables alongside current historical data of the data
center, an accurate PUE can be determined. For instance, according to Supermicro.
com, PUE is defined as the ratio of total data center power to the power consumed by
IT and computing equipment. This ratio is instrumental in assessing the energy con-
sumption per location, thereby enabling the implementation of cooling systems and
other mechanisms to enhance overall efficiency [4]. For example, for an emerging
data center, the PUE has to be around 1.5 or lower to have an efficient yet significant
operating center for the Al industry.

Currently, fossil fuels are used to power small and large data centers. Several
studies are exploring nuclear power to help sustain and improve the energy required
for critical infrastructure for data centers and beyond [4, 5]. Although these devel-
opments are significant, concerns about the electricity demands of the current
infrastructure raise environmental and community benefit issues. Regarding envi-
ronmental concerns, 13.8 billion kilograms of e-waste have already been generated
since 2022, and this number is expected to grow as technology advances, according
to the United Nations [6]. This data raises worries for communities near emerging
hyperscale data centers across the United States and beyond, mainly due to emissions
from fossil fuel-based power sources used by these centers [7]. Furthermore, there
is concern about the impact of electricity demand on existing grids. Some research
suggests that grid modernization is necessary as Al data centers are built, due to the
power demands previously mentioned [1-5].

To ensure the sustainability of hyperscale data centers and enhance overall data
center resilience, novel, and innovative approaches are being developed to address
current concerns. These approaches include the utilization of solar, wind, and
hydrogen-powered systems (Figures 2 and 3).

Figure 1.
Current Data Center (left) and Emerging Data Center (vight) for the future Al-data-centered application.
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Figure 2.
Solar farms with wind turbines. These ave potential renewables for data center vesilience.

Figure 3.
Different types of hydrogen stovage systems considered by large scale data centers [8, 9].

1.1 Solar as power for data center resilience

According to research by the Solar Energy Industries Association (SEIA), solar
power has been explored for enhancing data center resilience [10]. According to cur-
rent data, solar power for data centers can be feasible when paired with energy stor-
age, such as batteries and other types of long-duration storage, due to the intermittent
nature of solar energy. As a solution, companies like Google and Cassava Technologies
in South Africa have been investing in large-scale solar farms for hyperscale data
centers [11-14]. For instance, Google announced plans to build “energy parks” across
the United States to host data centers on their developing microgrids. This will ensure
electricity demands are met without affecting the surrounding communities’ cur-
rent energy utility prices [11]. Additionally, Cassava Technologies and Distributed
Power Africa are currently building a 12 MW solar photovoltaic (PV) plant in South
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Africa [13]. This will be one of the first models of a solar microgrid and data center
infrastructure on the continent. To support these projects, universities and companies
are utilizing HOMER-modeled hybrid software to observe and manage power flow
within the energy system and the designed microgrid before construction, as noted in
a2023 study [14].

1.2 Wind as power for data center resilience

According to industry experts, wind power is considered a highly suitable
option for providing silence in data centers due to its low greenhouse gas emis-
sions throughout its lifecycle. Compared to the emission of 100 grams of CO, per
hour, wind power only emits between 10 and 50 grams of CO, per kilowatt-hour,
and these emissions can be further reduced through carbon sequestration and
other technological methods [15]. Given this information, western China has
considered using wind turbines to power its 100 MW data center, thanks to the
region’s windy climate [16]. Additionally, modeling studies in the United States
suggest that a similar strategy could be adopted in other windy regions, such as
parts of Texas and Kansas.

While wind power presents considerable opportunities, there are inherent
challenges associated with the integration of these technologies. Similar to solar
power, wind energy is subject to variability and cannot assure a continuous
energy supply necessary for the 24/7 operational requirements of data centers.
An additional concern pertains to residual emissions; over time, wind turbines
may generate electronic waste attributable to materials such as concrete used
in the construction and operation of fully-scaled wind farms. This issue raises
significant environmental and policy considerations within offshore communi-
ties. Consequently, the subsequent discussion will focus on the advancement of
hydrogen-powered technologies [15, 16].

2. Hydrogen powered system

In 2019, the United States Department of Energy held a workshop and reported
that a hydrogen-powered system for data center applications is feasible [17]. To
make this hydrogen-powered system feasible for the data center market, under-
standing the different hydrogen storage technologies is very important. Each
major storage approach operates through different mechanisms, which can affect
safety, overall performance, and ultimately the suitability for AI applications
requiring long-duration storage. In this chapter, we will explore the three main
types of storage: physical storage, cryogenic liquid storage, and material storage
for hydrogen [17, 18].

2.1 Compressed gas storage

Compressed gas storage keeps hydrogen in its molecular form (H2) under
pressure in specialized vessels, as shown in Figure 4. The four types of vessels
have their own advantages and disadvantages when it comes to storage with high
pressures ranging from 350 to 700 bar. These pressures balance the gravimetric
storage densities of 4-6 wt% hydrogen needed for practical applications in vari-
ous markets, according to the United States Department of Energy. In addition,

172



Enhancing Al Data Center Resiliency through Metal Hydride Powered Backup Systems
DOI: http://dx.doi.org/10.5772/intechopen.1012860

& Metal W Composite (il + resin B Polymer

Figure 4.
Four types of vessels for compressed high-pressure hydrogen storage.

hydrogen can provide rapid charging and discharging through valve systems
and pipelines due to its molecular structure remaining unchanged. This offers a
considerable advantage for industrial infrastructure for hydrogen handling and
applications due to its availability and complete reversibility without any degra-
dation of the molecular hydrogen [19, 20]. For a clean-powered hyperscale data
center, this could be an ideal storage unit to start with.

There are some drawbacks to this storage technology. Due to its high-pressure
containment in the vessels, this can cause various safety hazards in handling hydro-
gen over time on a large scale. Because of the connotation with hydrogen being very
explosive, it is critical to make sure that hydrogen is handled with precise measures.
In addition, there is a 10-15% decrease in energy content due to the energy required
for compression [19, 20]. This reduces the overall efficiency of the hydrogen-powered
system and is based on the energy content of the allocated space for the storage capac-
ity of the compression vessel [19, 20].

2.2 Liquid cryogenic storage

Liquid cryogenic storage (or liquid hydrogen for short) embraces the phase
transition of hydrogen from its gaseous state to a liquid at —253 degrees Celsius,
which is a cryogenic temperature. The liquid state of hydrogen provides 2.5 times
more storage density than compressed gas at 700 bar [21]. This advantage will
allow for compact storage installations for potential applications in data center
cooling systems [21].

Although the possibilities are promising, there are significant limitations to
liquid hydrogen. One such limitation is the constant energy requirement to maintain
cryogenic temperatures. Additionally, continuous leak detection and monitoring
for boil-off are necessary when hydrogen expands above cryogenic temperatures to
prevent gradual energy loss [21, 22]. These limitations make this storage technology
less ideal for backup applications in current and future data center resiliency [21, 22].

2.3 Material-based storage

Unlike compressed and cryogenic hydrogen storage, materials-based storage
affects the chemical makeup of molecular hydrogen by using pressure, temperature,
and chemical reactions to absorb and release hydrogen. In materials-based storage,
two main mechanisms are identified: physisorption and chemisorption. After analyz-
ing these mechanisms, the focus will shift to metal hydride storage and its potential
influence on data center resiliency [23-31].
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2.4 Physiosorption and its systems

Physiosorption (or physically bound) is a process of storing the hydrogen gas
into the pores of the hydrogen storage materials [23-29]. This type of storage pro-
cess involves binding hydrogen to the compound through Van der Waals forces,
allowing for rapid absorption and release from the system. As a result, reversibil-
ity and faster kinetics can serve as an excellent advantage for the physically bound
process [23-29]. Current hydrogen storage materials: metal organic frameworks
(MOFs) and carbon nanotubes (CNTs) will be discussed in more detail in the
succeeding section.

2.5 Metal: Organic frameworks

Metal organic frameworks (MOFs) are crystalline materials that have micro pores
that absorb gases, particularly hydrogen. The discovery of this storage material was
made by Yaghi and his colleagues in 1995 [25, 29]. The structure of MOFs include
organic polymers, which are interconnected with metal linkers. Figure 5 presents
examples of some of the MOFs that have been used and can be used for potential
hydrogen storage [29]. Other than its primary characteristics, its strengths and weak-
nesses will be further discussed in terms of use as a hydrogen storage material for the
future [23-29].

The major advantage of MOFs is the high surface area that adsorbs a large
amount of hydrogen on the surface of the material. As an example, MOF-5 and
Cu-BTC produce a higher storage capacity than other carbon materials at 0.6 MPa
[29]. The storage capacity reflects the large surface area that is accompanied with
that MOF. Another distinct advantage is the high porosity of the hydrogen materi-
als. For example, many metal-organic frameworks, such as MOF-5, have high pore
diameters for hydrogen to be stored according to Hirscher and his group members
[25, 29].

However, one of MOFs shortcomings is storage at low temperatures (i.e. cryogen
temperature) [29-31]. Based on the existing research literature, hydrogen adsorption
and desorption is mostly conducted between temperature levels of 20-120 K, which is
lower than room temperature (298 K [29-31]. Another significant shortcomings is the
low weight percent of hydrogen that is released from MOFs. Based on findings from
other research investigations, the average weight percent that is released from metal
organic frameworks is 1.4-2.5 wt% which does not meet the existing DOE standard
which is 6-9 wt% for hydrogen release and desorption [29-31].

Figure 5.
MOFs that are known to be used in hydrogen storage (L-R MOF-5, MOF-6, and IR-MOF 8) [29].
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2.6 Carbon nanotubes

Carbon nanotubes (CNTs) are carbon molecules that are microporous with
nanotubular structures [30, 31]. There are four types of carbon nanotubes, which
are: single-walled carbon nanotubes, double-walled carbon nanotubes, multi-
walled carbon nanotubes, and coiled carbon nanotubes [20-32]. Single-walled
(SWNTs) are nanotubes that only contain one wall of pores on their surface.
Double-walled carbon nanotubes (DWCNTs) consist of two concentric walls that
are thickened on the nanotubes for increased porosity for gases. Multi-walled
(MWCNTs) are similar to DWCNTs. However, they have more concentrically
attached walls and are very thick inside the tubular structure. Coiled carbon
nanotubes (CCNTs) are quite unique. The structure of coiled carbon nanotubes
consist of cylindrically-shaped walls [30, 31]. Figure 6 present the structures of
classified carbon nanotubes. lijima and colleagues discovered those carbon mol-
ecules in 1991 [30-33]. That discovery was very important because of its potential
use for hydrogen storage. Consequently, strengths and weaknesses for the current
research will be discussed further in this section [30-33].

The strengths of carbon nanotubes are similar to those of the metal-organic
frameworks discussed previously regarding hydrogen energy [30]. One strength is
the low density of the material. Another strength is the large surface area on the CNTs
[30, 31]. For example, Gayathri and colleagues demonstrated that the ring-coiled
structure (known as Y-configuration) of a sample could absorb up to 6.8 wt% hydro-
gen due to its large surface area [30].

A weakness or shortcoming of the latter hydrogen material is the need for
transitional metals to increase adsorption. Wu and his research group used Pd
to increase the adsorption for hydrogen from 4 wt% to about 4.5 wt%, which is
0.5 wt% closer to DOE’s goal for hydrogen storage [31]. Another shortcoming of
the CNTs is the need for activating agents due to the high stability of the com-
pound [29-31]. For example, to increase the adsorption with the Pd, Wu and his
research group used potassium hydroxide, KOH, in order to activate/ destabilize
for proper experiments [29-31].

SWONT
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Figure 6.
Different types of carbon nanotubes analyzed for hydrogen storage [29].
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2.7 Chemisorption and its systems

Chemically bound storage or chemisorption is a process in which hydrogen
is adsorbed and desorbed within the storage material. Over the years, numerous
research investigations into hydrogen storage materials have revealed various practi-
cal methods for storing hydrogen chemically [22, 32-36].

3. Metal hydrides

Metal hydride systems present several benefits for data center applications,
particularly in backup power systems. A primary advantage is their operation at
considerably lower pressures compared to other hydrogen storage techniques,
thereby mitigating high-pressure safety concerns associated with the technology.
Additionally, these systems operate predominantly at ambient temperatures during
hydrogen storage. In the absence of backup power operation, there is no requirement
for continuous heating and cooling systems, enabling hydrogen to be stored over
extended periods without degradation [22, 32-36].

While these benefits are significant, there are some drawbacks. The primary
concern is the kinetics of the materials currently used. According to Celestine et al.,
the rate of hydrogen absorption and desorption in these materials can be slow com-
pared to compressed or liquid hydrogen. This is due to complex interactions between
the metal and hydrogen, which will be discussed in the next section. Another disad-
vantage is the cost of metal hydrides, as they are scarce globally due to the reliance on
rare-earth metals. However, ongoing research is exploring alternative metal hydrides
that are more abundant and readily available for potential hydrogen storage solutions
in the market. Because of this, metal hydrides remain a backup power option, particu-
larly for the emerging data center industry worldwide [22, 32-36].

3.1 Foundation of metal hydrides

Metal hydride storage focuses on the ability of metallic compounds to absorb and
desorb hydrogen atoms into their crystalline structure. This is different from the
physisorption process because the absorbed hydrogen occupies the interstitial sites
within the crystal structure. This creates a solid-state hydrogen storage solution that
can store hydrogen at energy densities higher than liquid hydrogen [32, 33].

The thermodynamics of charging and discharging hydrogen from a metal follow
well-established principles based on pressure-composition isotherms (PCls). Figure7
illustrates what a PCI typically looks like during hydriding (charging) and dehydriding
(discharging) of hydrogen from a metal. The straight line, known as a thermodynamic
plateau, represents a two-phase region where the metal hydride and the metal coexist. This
plateau also corresponds to flat voltage profiles, making metal hydrides ideal for applica-
tions that require stable power delivery, such as backup power for data centers [22, 32].

According to various research studies, the most stable and commercially adopted
metal hydrides belong to the AB5 family, which includes LaNi5 and other rare-earth
nickel metal hydrides. The crystal structure of these materials has large interstitial
cavities that can hold hydrogen atoms while maintaining its lattice structure through
absorption and desorption cycles. For example, for LaNi5, the lanthanum atoms pro-
vide the primary hydrogen storage site. The nickel atoms facilitate the movement of
hydrogen atoms in and out of the lattice structure via the diffusion process [34-36].
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Figure7.
Pressure-composition isotherm curve in relation to hydrogen storage.

Due to the commercial success of those metal classes, various other metal alloys
are being developed to improve the hydrogen storage materials market for different
applications. Figure 8 shows the different alloys designed as hydrogen storage systems
[37]. These compositional changes demonstrate the impressive flexibility of metal
hydride chemistry. The kinetics of hydrogen absorption and desorption in metal
hydrides involve complex, reaction-controlled, and solid-state diffusion processes.
Having established an understanding of metal hydrides, the discussion can now move
to the proposed use of metal hydrides for backup power in Al data centers. The chem-
istry of hydrogen absorption and desorption inherent to this unique class of materials
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offers natural advantages that align very well with the characteristics of Al workloads,
and the reliability needs crucial for critical computing infrastructure.

4. Applications for data center

For data center infrastructure and environments, several key chemical factors are
crucial for optimal performance of the metal hydride alloys [37]. Throughout this
section, we will discuss these factors and provide comprehensive examples based on
current literature. Each factor is currently being refined through ongoing research
and by modifying different alloy compositions.

4.1 Activation behavior

Activation behavior is truly key for metal hydrides to be fully optimal for data cen-
ter applications. Freshly synthesized metal alloys require an initial activation process
to reach full hydrogen storage capacity. This process involved the fracturing of alloy
particles during the first volume expansion of hydrogenation, creating a fresh open
surface area [21, 38]. Figure 9 shows the process of hydrogenation and dehydrogena-
tion on the metal lattice structure [39].

4.2 Plateau pressure characteristics

The plateau pressure characteristics are crucial for understanding the cycling
duration of metal hydrides in data center applications. The plateau pressure can
be identified in PCIs. Figure 8 shows the basic concept of a PCI curve and the
multiphase within the plateau pressure. For optimal performance, the hydrogen
equilibrium should remain stable throughout the temperature range for both hydride
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Figure 9.
Process of hydrogenation and dehydrogenation [39].
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and dehydride forms of the metal alloy materials. This ensures that there is sufficient
driving force for rapid charge and discharge for applications. If there is any hysteresis
(a gap between the PCIs of charging and discharging), then the kinetics may be
slower than predicted. In this case, catalysts with the metal hydride can be added to
improve the process [19, 20, 23-32].

4.3 Thermal stability

Thermal stability consists of whether the metal hydride alloys can handle various
temperatures within the data center environment. These can be the cooling facili-
ties or equipment heat loads that the computing hardware can give off. Overall, the
decomposition temperature of the metal hydride must exceed the maximum expected
operating temperature by a sufficient margin to prevent hydrogen loss during opera-
tion. For example, lithium borohydride, LiBH4, a metal alloy, has a decomposition
temperature of 450 degrees Celsius for the material degrades [Source]. If the data
center is operating at 27 degrees Celsius, then metal hydride is safe due to its decom-
position temperature being higher than 27 degrees (400 degrees) [31, 40].

4.4 Electrochemical performance

The interfacial chemistry between the metal hydride electrode and the alkaline
electrolyte is crucial for the performance of the electrochemical cell for data center
applications. The reason is due to the interface governs the kinetics of hydrogen
absorption and desorption as well as the long-term stability for the cell before it
becomes oxidized [34].

Figure 10 shows the electrochemical cell with the metal hydride. The electrode
reaction in metal hydride systems involves a reversible formation of hydrogen at
the metal hydride surface. During discharge, absorbed hydrogen atoms react with
hydroxide ions to form water and release electrons. The reaction mechanism differs
fundamentally from lithium-ion battery systems, providing various advantages for
structural stability and overall electrochemical cell life [34].
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Figure 10.
Nickel metal hydride electrochemical cell [41].
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4.5 Cycle stability

Cycle stability for the metal hydride systems is based on the mechanical stability of
the metal hydride particles under repeated volume expansion and contraction of the
lattice structure during hydrogen absorption and desorption processes. The change
in volume within the lattice structure associated with hydrogen absorption can reach
25-30% in some metal hydride systems creating potential mechanical stresses that
affect particles and electrical contact [36]. The proposed solution will be to prepare
advanced alloys compositions and electrode techniques to minimize degradation over
time [22, 36].

With this solution and the characteristics of various metal hydrides such as rare-
earth metals, metal hydride systems are shown to have very low discharge rates due to
thermodynamic stability of absorbing and desorbing hydrogen overtime compared
to current lithium-ion battery systems in the market. Due to this characteristic, this
ensures that backup power systems based on metal hydride systems can remain at full
capacity even after extended times without cycling [22, 36].

4.6 Thermal management and safety characteristics

Metal hydrides are very unique systems compared to other energy storage systems
that are currently in the market regarding thermal management. The thermodynam-
ics of hydrogen absorption and desorption can create opportunities and advantages
for integrated thermal management design for backup power systems while maintain-
ing storage performance. This is due to the enthalpy values for typical metal hydrides.
According to various studies, metal hydrides enthalpy (or heats of formation) values
ranges from 25 to 35 kJ/mol. [Source]. This represents a significant thermal energy
source that can be captured and utilized for other applications. For example, waste
heat from IT computing can be used to assist in optimizing discharging performance
of metal hydride systems thus creating a thermal coupling between the metal hydride
storage and primary data center loads [40, 42-46].

For safety characteristics, metal hydride has shown to be major advantage com-
pared to alternative storage technologies. The reason is because the hydrogen is stored
in a chemically bound state at low pressures, eliminating major hazards compared to
compressed high pressure hydrogen. Also, metal hydrides are considered less toxic
compared to current lithium-ion systems [45, 46].

4.7 Environmental and sustainability impact

For environmental and sustainability impact, the metal hydrides aligns well
with the interests of building sustainable data centers for the future. The materials
used for the fabrication of metal hydrides such as rare-earth metals, complex metal
hydride system, and elemental hydride systems are fully recyclable, biodegradable,
and environmentally sounds based on established processes respectively compared to
lithium-ion systems. These materials as well as materials that do not contain such as
lead, mercury, and cadmium also eliminates environmental concerns unless it con-
tains mining and processing [8, 9].

For manufacturing processes, the metal hydride has well-understood environmen-
tal impacts and guidelines from the conventional metallurgical techniques. Based on
the current cost structure for energy-service life, metal hydride storage systems are
comparable to current energy storage methods and can become cheaper over time due
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to the extended service life of the metal hydride. In addition, the carbon footprint for
maintaining metal hydride systems is considered relatively low compared to other
methods due to their low safety profile and minimal environmental impact [8, 9].

5. Overall integration with data center infrastructure

For consideration of integrating metal hydride backup power systems in the
data centers, there needs to be successful chemical and operational compatibility
factors. The characteristics of metal hydride storage systems have advantages for
enhanced integration and allows modular design for specific requirements. The
modularity of metal hydride systems can be scalable deployment which accom-
modates the various designs of data center across the world [47, 48]. However,
the difference between the traditional battery storage profiles and hydrogen
storage profiles are very crucial for monitoring and control systems. For batteries,
the monitoring profiles are just voltage and current while metal hydrides have
to observe voltage, current, and hydrogen pressure, temperature, and at times
electrolyte conditions. These extra parameters are crucial in providing overall
system power and resiliency for the data center. For the thermal management,
the thermodynamic conditions of metal hydrides can be leveraged to complement
existing HVAC systems and other heating cooling systems to assist in reducing
overall facility energy consumption [18, 47, 48].

5.1 Economic analysis and cost optimization

The economic viability of metal hydride backup power systems for data center
applications demonstrates significant advantages when evaluated through total cost
of ownership rather than initial capital expenditure alone. Recent techno economic
analyses indicate that metal hydride systems can achieve competitive storage costs of
$0.38-0.45/kWh, making them cost-competitive with compressed gas storage sys-
tems, while industrial-grade metal hydride systems demonstrate exceptional cycle life
reaching 1500 cycles compared to consumer applications. The inherent safety char-
acteristics and wide temperature operational range of nickel-metal hydride systems,
combined with their double energy density compared to lead-acid batteries, provide
substantial value propositions for data center operators facing increasing demands for
reliable, long-duration backup power [4, 18].

The maintenance and operational cost advantages of metal hydride systems
become particularly compelling when considered over extended deployment
periods typical of critical data center infrastructure. Metal hydride batteries can
achieve up to 500 charge cycles at 100% depth of discharge with specific power
capabilities up to 1000 W/kg, while exhibiting significantly reduced thermal
runaway risks with peak temperatures of only 80°C compared to lithium-ion sys-
tems reaching 240°C under abuse conditions. The recyclability of metal hydride
materials provides additional economic benefits through end-of-life value recov-
ery, as the rare earth elements, nickel, and other metals retain significant market
value that can offset initial system investments. Cost reduction opportunities
continue to emerge through advanced alloy development and manufacturing scale
improvements, while the integration potential with data center thermal manage-
ment systems creates synergistic value that can enhance overall facility efficiency
and reduce operational expenses [4, 18].
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6. Future developments and research directions

Though there are some companies that are focused on metal hydride systems in
the markets, there are still some developments emerging in this class of storage. The
field of metal hydrides will continue to evolve rapidly based on the advances of mate-
rial science and the demand of sustainable energy storage systems. For example, the
computational chemistry techniques are being revolutionized to look at the discovery
of energy material compositions specifically for metal hydrides [48-50].

A novel direction of nanostructured metal hydrides continues to show promise for
enhance performance of other types of hydrogen storage systems such as the metal
organic frameworks. Advanced synthesis of mechanical alloying, chemical vapor
deposition, and electrochemical deposition enables precise control over morphology,
surface chemistry, and particle size which can enable even better metal hydride stor-
age systems in the near future [48-50].

Hybrid storage developments and studies continue to emerge such as PV-hydrogen
systems and wind-hydrogen storage system for the advancement of the overall
sustainability and renewable energy markets. This will also be key for modern hyper-
scale data center that will emerge in the near future [48-50].

7. Conclusion

Metal hydride energy storage technology represents a compelling solution for
enhancing data center resilience in the era of artificial intelligence. The unique chem-
istry of hydrogen absorption and desorption in crystalline metal lattices provides
inherent advantages that align exceptionally well with the demanding requirements
of Al workloads and data center operations.

The fundamental chemical properties of metal hydrides—including their flat
thermodynamic plateaus, excellent cycle stability, and robust thermal characteris-
tics—translate directly into superior performance for backup power applications.
Unlike alternative energy storage technologies that may struggle with the dynamic
power profiles and stringent reliability requirements of Al applications, metal hydride
systems thrive under these demanding conditions.

The safety and environmental characteristics of metal hydride systems address
growing concerns about the sustainability and safety of data center operations. The
absence of toxic materials, the inherent safety of the hydrogen storage mechanism,
and the excellent recyclability of system components align with corporate sustainabil-
ity goals while maintaining the performance standards required for mission-critical
applications.

Perhaps most importantly, the chemical stability and longevity of metal hydride
systems provide data center operators with backup power infrastructure that can
reliably support their operations for decades rather than years. This extended service
life reduces both operational complexity and total cost of ownership while providing
the stability needed to support long-term strategic planning.

The continued evolution of metal hydride chemistry, driven by advances in
materials science and computational discovery techniques, promises further enhance-
ments in performance and cost-effectiveness. As Al workloads continue to grow in
complexity and importance, metal hydride backup power systems offer a chemi-
cal foundation for data center resilience that can evolve and adapt to meet future
challenges.
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The integration of metal hydride technology into data center infrastructure rep-
resents more than just a technological upgrade—it constitutes a strategic investment
in chemical energy storage that can provide reliable, sustainable, and cost-effective
backup power for the intelligent future. As data center operators face increasing
pressure to enhance both reliability and sustainability, metal hydride systems offer a
proven chemical solution that addresses both imperatives simultaneously.
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Chapter 9

Hydrogen Storage: Challenges,
Technologies, and Potential
Applications
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and Marcela de Oliveira Brahim Cortez

Abstract

Hydrogen is widely considered the fuel of the future due to its superior proper-
ties compared to other fuels, such as gasoline, especially in terms of energy density
by mass. Its combustion produces only water vapor, making it a highly attractive
alternative for mitigating climate change. Based on the amount of CO, emitted during
the production process, hydrogen is classified by color, such as green, blue, or gray.
However, significant challenges remain regarding its storage and transportation. In
this context, the use of chemical carriers has emerged as a promising alternative.
In recent years, public policies around the world have increasingly supported the
development of hydrogen technologies. As a result, the global use of hydrogen is
expected to grow substantially in the coming decades. This chapter discusses the main
storage methods and technological applications of hydrogen, with a focus on the most
innovative perspectives for its large-scale use.

Keywords: hydrogen storage, elementary hydrides, intermetallic hydrides, complex
hydrides, liquid organic hydrogen carriers

1. Introduction

Hydrogen is the most abundant element in the universe and exhibits singular
chemistry, which explains why it is not assigned to a specific group in the Periodic
Table. It takes part in a wide range of organic and inorganic compounds. Hydrogen
(H) takes part in a wide range of organic and inorganic compounds. In organic
chemistry, hydrogen is present in hydrocarbons (e.g., methane, CH,), alcohols (e.g.,
ethanol, C,HsOH), carboxylic acids (e.g., acetic acid, CH;COOH), and in vital bio-
molecules, such as proteins, carbohydrates, lipids, and nucleic acids (DNA and RNA),
where it plays a crucial role in stabilizing molecular structures through hydrogen
bonding.

In inorganic chemistry, hydrogen occurs in numerous substances, including water
(H,0), hydrochloric acid (HCI), sulfuric acid (H,SO,), nitric acid (HNO;), and metal
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hydrides (e.g., LiH). Its ability to form covalent bonds with a wide variety of ele-
ments, along with its participation in intermolecular interactions, makes hydrogen
a fundamental component in both biological systems and numerous industrial and
technological applications.

Hydrogen naturally exists as a diatomic molecule, H,, in which two hydrogen
atoms are covalently bonded. This homonuclear diatomic molecule is stabilized by the
equal sharing of electrons between atoms of identical electronegativity. One of the
key features of hydrogen is its versatility. It can be produced from multiple sources,
including water electrolysis, biomass, natural gas reforming, and other renewable
or nonrenewable processes. Another important characteristic is its high gravimetric
energy density. Moreover, its combustion generates only water vapor, producing no
harmful emissions that contribute to climate change, thereby positioning hydrogen as
a promising clean energy carrier for a sustainable future.

Global demand for pure hydrogen has grown substantially over the past decades,
rising from less than 20 million tons (Mt) in 1975 to over 70 Mt. in 2018 [1].
According to the International Energy Agency (IEA), demand reached approximately
97 Mt. in 2023, marking an increase of around 2.5% compared to the previous year
[2]. It is estimated that hydrogen energy will meet approximately 11% of the global
energy demand by 2025, increasing to 34% by 2050 [3].

The use of hydrogen as a fuel has been referenced at three key historical moments:
During the oil crisis of the 1970s; in the 1990s and 2000s, driven by growing concerns
over climate change and peak oil scenarios; and more recently, in the context of the
global energy transition [1]. This renewed interest is largely due to hydrogen’s key
characteristics, such as its high energy density, along with recent advances in its
production, storage, and transportation.
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Figure 1.
Annual number of publications on hydrogen, storage, and applications retrieved from the Web of Science
database.
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A search in the Web of Science database using the keywords hydrogen, storage,
and applications resulted in the graph shown below. A progressive increase in the
number of publications over the years can be observed, reflecting the growing inter-
est of the scientific community in this field. In 2024 alone, more than 3700 papers
were published on the topic (Figure1).

According to the review by Cevahir Tarhan and Mehmet ali Cil, it is estimated that
by 2040, 35% of the vehicle fleet in Europe will be powered by hydrogen. Excluding
the United States, there are currently 401 hydrogen refueling stations in operation
worldwide, with another 159 planned for construction. In the United States, there are
currently 46 stations in operation [3].

2. Hydrogen: Properties, safety, and regulations

Some properties of hydrogen (H,) are presented in Table 1. It can be observed that
the density of gaseous H, is approximately one-third that of natural gas, while, in its
liquid form, it is about one-sixth. Its boiling point is roughly 90°C lower than that of
Liquefied Petroleum Gas (LPG). The lower density and boiling point require more
critical and stringent storage conditions. However, in terms of gravimetric energy
density, hydrogen has a value approximately three times higher than that of gasoline,
making it highly efficient per unit of mass. Hydrogen is also highly explosive, which
demands careful handling.

The laminar flame velocity, the speed at which a flame front propagates under
stable, nonturbulent conditions, is about three times greater than that of methane
[4]. Additionally, the autoignition temperature, defined as the lowest temperature at
which a substance spontaneously ignites without an external ignition source such asa
spark or flame, is another important characteristic of hydrogen.

Several accidents have occurred in different parts of the world, such as the
Hindenburg airship disaster in 1937, which resulted in 39 deaths. The explosion at the
hydrogen plant in Tessenderlo, Belgium, in 1942 caused approximately 190 fatalities.
The incident at the hydrogen facility in Norco, Louisiana, USA, in 1988 also had seri-
ous consequences. These accidents prompted significant advancements in safety stan-
dards, including the development of key guidelines by the International Organization
for Standardization (ISO). Notably, the ISO/TR 15916, a technical report published

Property Value
Color, odor Colorless, odorless
Toxicity None, simple asphyxiant
Phase Gas
Density Gas: 0.089 g L™, liquid: 0.07 g cm?
Melting and boiling point —259.14 °C, -252.87°C
Gravimetric energy density 142 MJ kg™
Laminar flame velocity 3.06ms™
Auto ignition temperature 585°C

Table 1.

Properties of hydrogen gas. Adapted from (Schlapbach and Ziittel, 2001) [4].
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in 2015, provides safety recommendations for the storage, handling [5]. Additionally,
ISO 16110, published in 2007, outlines the requirements for hydrogen production
through various methods, emphasizing process control and operational safety to
minimize risks [6].

ISO/TR 15916:2015 establishes safety guidelines for the storage, handling, and use
of hydrogen, addressing aspects such as the physical properties of the gas, associated
risks, adequate ventilation, leak detection, and ignition prevention. ISO 16110:2007,
on the other hand, deals with the requirements for hydrogen production through
various methods, emphasizing process controls, operational safety, and measures to
minimize risks during gas generation.

3. Hydrogen color classification

Hydrogen can be classified using a color-based system that reflects the different
production methods, commonly referred to as the “hydrogen rainbow” [1]. This
nomenclature does not relate to the physical or chemical properties of the element,
but rather to the environmental impact and energy source used in its production
(Figure 2).

Green hydrogen, for instance, is produced through water electrolysis powered by
renewable energy sources, such as solar or wind. This method emits no carbon diox-
ide (CO,) during the production process, making it a sustainable and environmentally
responsible alternative to conventional hydrogen production. However, it requires a
substantial amount of electrical energy, which remains a major challenge for its large-
scale economic and technological viability. Purple hydrogen, on the other hand, is
generated using electricity from nuclear power plants to drive the electrolysis process.

In contrast, gray hydrogen, also referred to as brown or black hydrogen depending
on the feedstock, is produced via the reforming of fossil fuels, primarily natural gas
(steam methane reforming) and coal (gasification), processes that release substantial
amounts of carbon dioxide (CO,) into the atmosphere. To mitigate the environmental
burden associated with these conventional pathways, blue hydrogen employs the
same fossil-based production routes but integrates carbon capture and storage (CCS)
technologies, which significantly curb greenhouse gas emissions by sequestering the
CO; generated during the process. Turquoise hydrogen, on the other hand, is obtained
through methane pyrolysis, a thermochemical process that decomposes natural gas
into hydrogen and solid carbon, without generating CO, as a direct byproduct.

Despite recent progress, further advancements are still needed, as green hydro-
gen, produced via electrolysis with efficiencies ranging from 55-80%, remains
expensive, costing between US$ 2.28 and US$ 7.39 per kilogram [7]. In contrast, gray

Water electrolysis Reforming of fossil fuels CHu4 pyrolysis
Renewable Nuclear Nuturul Lignite Bituminous €Oz capture and No €Oz
sources energy ga coal. coal storage (CCS) production
Figure 2.

Color-coded classification of hydrogen types.
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hydrogen, which emits approximately 8.5 kg of CO, per kg of hydrogen produced, is
significantly cheaper, at just US$ 0.67 to US$ 1.31 per kilogram.

4. Hydrogen storage

Given the advantages of hydrogen, one major concern is its storage, due to the
inherent risks. Moreover, because hydrogen has a low energy density per unit volume,
large storage tanks are required, which poses a significant limitation, along with the
danger of explosion. Hydrogen can be stored in different ways, including (1) physical
methods such as compression and liquefaction; (2) adsorption onto porous materials;
and (3) in the form of chemical carriers, as shown in Figure 3.

4.1 Physical storage

Physical storage refers to methods that store hydrogen in its molecular form
without altering its chemical composition. These methods typically involve compress-
ing hydrogen gas at high pressures or liquefying it at very low temperatures, enabling
efficient storage and transport. Physical storage is a critical aspect for the practical
use of hydrogen as an energy carrier.

4.1.1 Liquefaction

The liquefaction process involves converting hydrogen into its liquid state. This
requires cryogenic storage, which demands extremely low temperatures, around 20 K
[9]. Under these conditions, the density of liquid hydrogen at 20 K and atmospheric
pressure is 71.28 kg/m’, which is significantly higher than that of gaseous hydrogen
at 300 K (0.0816 kg/m®) [10]. However, liquefied hydrogen is recommended only
for short-term storage, since its low boiling point may lead to evaporation, reducing
storage efficiency [3]. Additional drawbacks include the requirement for extremely
low temperatures and the need for storage tanks made of thick insulating materials to

Hydrogen storage
technologies

l

Physical storage Adsorption Chemical storage

H,(g) Chemical

carriers

Intermetallic Complex
hydrides Hydrides

Figure 3.
Hydrogen stovage technologies. Adapted from the Ref. [8].
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prevent hydrogen loss [9]. Spherical shapes minimize the surface area relative to the
stored volume, which reduces thermal losses, a critical factor in cryogenic storage,
such as that of liquid hydrogen.

4.1.2 Gasification

Currently, the most used hydrogen storage methods involve gasification and
liquefaction processes. Gasification consists of compressing hydrogen to store it in its
gaseous state, typically at high pressures ranging from 350 to 700 bar under ambi-
ent temperature [11]. Increasing the pressure enhances energy density, as it allows
more hydrogen to be stored within a given volume. To ensure efficient storage, both
gravimetric and volumetric properties must remain low [12]. Storage tanks must
exhibit high mechanical strength due to the applied pressure, chemical inertness to
hydrogen to prevent material degradation, and long-term durability. This process
offers advantages such as fast and reliable refueling, as well as immediate usability due
to its physical state. However, it also has drawbacks: The storage tanks have a limited
service life, posing safety risks, including potential leaks and explosions caused by
material degradation and wear-related defects [13].

4.2 Adsorption

Hydrogen storage by adsorption involves retaining H, in porous solid materials
through physical adsorption. This method employs materials with a high specific
surface area, such as porous activated carbon, zeolites, covalent organic frameworks
(COFs), and metal-organic frameworks (MOFs), to achieve high storage density.

The process relies on van der Waals forces between the porous surfaces and hydrogen
molecules [14]. Due to the reversibility of physical adsorption, this method has low
energy consumption during regeneration [15]. The storage capacity is influenced by
the material’s structure and porosity. However, in carbon-based materials, it has been
observed that a chemical adsorption process also occurs, involving hydrogen dis-
sociation at specific sites within the carbon structure, such as edges or small distinct
regions [16].

Hydrogen storage by adsorption into porous materials offers several advantages.
Among them, the low energy consumption during regeneration stands out, since
physical adsorption is a reversible process that allows hydrogen to be released with
minimal energy input. Additionally, it is considered a safer alternative, as hydrogen is
stored in molecular form and at lower pressures compared to compressed or liquefied
systems, thereby reducing the risk of explosions. Another positive aspect is the wide
range of porous materials that can be employed. Although physical adsorption is not
efficient at room temperature, it can operate effectively under moderate cryogenic
conditions, such as 77 K (the boiling point of liquid nitrogen), which is technically
feasible for certain applications. Adsorbent materials also generally exhibit good
cyclic stability, allowing them to be reused over multiple cycles without significant
loss of performance.

On the other hand, the process has limitations, such as the need to operate at low
temperatures to ensure adequate storage capacity. Moreover, the volumetric hydrogen
density tends to be lower than that of other methods, such as metal hydrides or com-
pressed hydrogen, which may limit its application in systems that require high energy
density per unit volume.
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4.3 Chemical storage

A particularly promising avenue lies in the use of chemical hydrogen storage
materials, which offer high hydrogen density and the potential for safe, compact
storage. These substances incorporate hydrogen in their structure and can release it
under controlled and safe conditions. Among the various chemical hydrogen storage
options, metal hydrides are particularly noteworthy and can be classified into elemen-
tal hydrides, intermetallic hydrides, and complex hydrides. Some information about
the different types of storage is presented in Table 2.

4.3.1 Metal hydrides

The hydride ion (H") consists of one proton and two electrons. It is highly reactive
and unstable in its free state due to its low electron affinity and high charge density.
It acts as a strong reducing agent and reacts exothermically with protons to form H,
(AH = —1676 kJ/mol) [17]. Hydride ions are commonly found in elemental, interme-
tallic, and complex hydrides.

4.3.1.1 Elementary hydrides

Elementary hydrides include compounds such as MgH,, which contains 7.6 wt%
of hydrogen and offers a volumetric hydrogen storage density of 110 kg/m? [18].
However, it requires high temperatures for hydrogen desorption due to its thermal
stability [19, 20]. AlH;, on the other hand, is a kinetically stable metal hydride with a
favorable volumetric hydrogen density of 149 g H,/L, nearly twice that of cryogenic
liquid hydrogen [21]. A key advantage of AlH; is its low decomposition temperature,
typically below 100°C, which makes it attractive for low-temperature hydrogen
release. Nevertheless, the regeneration of both MgH, and AlH; remains challenging,
limiting their practical applications. While AlHj is a well-known hydride, its use has
been largely restricted to solid rocket propellants rather than hydrogen storage for
energy systems. The decomposition of MgH, and AlH; proceeds according to Eqs.
(1) and (2), respectively, leading to the release of H, and the formation of metal
powder.

MgH, (s)>Mg(s)+H,(g) AH~+75k]J/molH, (1)
AlH, (s)—> Al(s)+3/2H,(g) AH~+10kJ/molH, )

However, the regeneration of these materials is quite complex, which limits their
practical application. Although AlHj is a well-known metal hydride, its use has been
mainly focused on solid rocket propellants rather than as a hydrogen storage material
for energy applications.

4.3.1.2 Intermetallic hydrides

Metal alloys are solid solutions formed by two or more metals, in which the com-
position can vary continuously between the constituent elements, as represented by
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A; 4By (0 < x < 1), commonly found among similar metals such as the alkali metals

[17]. In contrast, intermetallic compounds have a fixed stoichiometry and an ordered
crystal structure, with defined formulas like AB, (e.g., YFe;) or ABs (e.g., LaNis). The
formation of alloys or intermetallic imparts new physical and chemical properties

to the resulting materials. In applications related to hydrogen storage, intermetallic
compounds such as YFe, are particularly relevant because they can absorb up to five
hydrogen atoms per formula unit, while pure iron does not form stable hydrides. This
demonstrates how the combination of metals in intermetallic structures can modify
their behavior toward hydrogen, enabling advanced applications in energy technologies.

Intermetallic compounds (IMCs) are often recognized as formers of interstitial
hydrides, capable of stable hydrogen absorption and desorption under moderate
conditions. During the absorption process, hydrogen atoms occupy interstitial sites
within the crystal structure, typically octahedral and tetrahedral positions coordi-
nated by six and four metal atoms, respectively. This arrangement allows the metallic
lattice to maintain its structural integrity while accommodating hydrogen [22]. IMCs
include various stoichiometric classes, such as AB (e.g., TiNi, TiFe, ZrNi), A,B (e.g.,
Zr,Fe, Ti,Ni, Mg,Ni), AB; (e.g., ZrV,, ZrMn,), and AB;s (e.g., LaNis) [23]. Element A,
typically a hydride-forming metal, combines with element B, which may be either
a transition or non-transition metal, to form intermetallic hydrides. Under normal
conditions, these hydrides tend to have low hydrogen content, yet they are of interest
due to their stability and reversibility.

Alloys derived from LaNis exhibit excellent performance in hydrogen storage,
with fast and reversible absorption and desorption, operating at moderate pres-
sures (~2 bar) at room temperature. The volumetric hydrogen density in LaNisHg s is
comparable to that of gaseous hydrogen at 1800 bar, but with safe release at low pres-
sure. Although the hydrogen content by mass is below 2% due to the heavy elements
involved, these alloys are widely used in NiMH batteries, achieving electrochemical
capacities of up to 330 mAh/g [4].

4.3.1.3 Complex hydrides

As in elementary hydrides, hydrogen in complex hydrides is covalently bonded to
central atoms within complex anions, such as [AlH,] ™ or [BH4]™ [23]. This behavior con-
trasts with interstitial hydrides, where hydrogen atoms occupy interstitial sites within a
metallic lattice without forming well-defined covalent bonds with specific atoms.

NaBH, has a high gravimetric hydrogen storage density (10.5 wt%) and can release
H, through hydrolysis under mild temperature and atmospheric pressure condi-
tions, as described by Eq. (3). However, the hydrogen evolution reaction from NaBH,
exhibits slow kinetics, limiting its practical efficiency. To overcome this, metals
such as platinum, cobalt, and nickel are commonly used as catalysts to accelerate the
hydrolysis reaction of NaBH4 [24-27].

NaBH, +2H,0 — NaBO, + 4H, 3)

Ammonia borane (NH;3BHj;) is a chemical compound containing 19.6 wt%
hydrogen, exhibiting low toxicity and solubility in water at room temperature. These
properties facilitate its hydrolysis and subsequent hydrogen release, as described by
Eq. (4). The use of suitable catalysts is also necessary [28].

NH,BH, +4H,0 —> NH,B(OH), +3H, (4)
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Although the use of complex hydrides is highly promising, the regeneration of
metaborate, a byproduct of the reaction, remains a challenge to be overcome.

4.3.1.4 Chemical carriers

Liquid organic hydrogen carriers (LOHCs) are compounds that allow reversible
hydrogen storage and release in the liquid state, both in their hydrogenated and
dehydrogenated forms [29]. First mentioned in the 1980s, they stand out for their
high gravimetric and volumetric hydrogen densities, as well as their operational safety
and compatibility with existing transportation infrastructure. Early research on
liquid organic hydrides for hydrogen storage focused primarily on cycloalkanes, such
as cyclohexane, methylcyclohexane, and decalin [30].

Catalysis plays a crucial role in the underlying reactions of LOHC systems. Both
the hydrogenation of the unloaded LOHC (Hy-LOHC) and the dehydrogenation of
the loaded LOHC (H,-LOHC) are typically catalyzed processes [31]. Heterogeneous
catalysis is particularly beneficial for such storage systems, as it eliminates the need to
separate the catalyst from the reaction mixture.

One LOHC that has gained significant attention in recent years is formic acid, par-
ticularly due to its renewable origin from biomass [32, 33]. This compound undergoes
dehydrogenation, releasing hydrogen in the gas phase. With a hydrogen content of
4.4 wt%, low toxicity, and a liquid state at room temperature, formic acid stands out
as a promising material for safe hydrogen transport and storage. The dehydrogenation
reaction occurs as described in Eq. (5).

HCOOH — CO, +H, (5)

5. Technological applications of hydrogen
5.1 Aerospace sector

Hydrogen is a highly efficient fuel, with increasing use in aerospace, aviation, and
energy applications. Its growing adoption is driven by significant energy and environ-
mental advantages over traditional liquid hydrocarbon fuels [34]. This potential was
recognized early in the aerospace sector. The first hydrogen/oxygen rocket engines,
RL-10 (68 kN) and J-2 (1020 kN), were developed in the United States in the 1960s,
though research began as early as 1944 under the Department of Energy [35]. In the
same decade, the Soviet Union also explored the use of hydrogen/oxygen propellants
for upper rocket stages, initiating the development of the 11D56 (73.5 kN) and 11D57
(392 kN) engines in 1962 for future upgrades to the N1-L3 rocket system.

5.2 Transportation sector

Hydrogen technology has advanced significantly across various sectors. In the
maritime industry, this progress is exemplified by hydrogen-powered submarines,
such as Germany’s Type 214 [7]. In the automotive sector, the GM Electrovan, devel-
oped in 1966, was the first functional hydrogen fuel cell vehicle prototype, although
it never reached commercial production. More recently, Toyota introduced the Mirai,
a fuel cell-powered vehicle, in 2016. The first hydrogen-powered bus was launched in
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1993 by Ballard Power Systems, a Canadian pioneer in fuel cell technology. Developed
in collaboration with British Columbia Transit, this vehicle marked the world’s first
hydrogen fuel cell bus. Gazda-Grzywacz et al. conducted a life cycle assessment (LCA)
comparing diesel, electric, and hydrogen busses in a major metropolitan area, focus-
ing on hydrogen produced from coke oven gas, a steel industry byproduct [36]. The
study found that hydrogen busses had lower environmental impacts than both electric
and diesel busses across most categories, with notable reductions in ozone depletion
(—91.4%) and global warming potential (—29.9%) compared to diesel busses.

In the transport sector, hydrogen poses safety risks due to its low ignition
energy, wide flammability range, high leak potential, and the use of high-pressure
tanks. In the event of a collision, these factors can significantly increase the risk
of fire or explosion, underscoring the need for rigorous safety design and impact
assessment [37].

5.2.1 Cars

The Toyota Mirai is a mid-size hydrogen fuel cell vehicle produced by Toyota and
holds the distinction of being the first fuel cell car mass-produced and sold commer-
cially worldwide. Hydrogen is stored as compressed gas at 700 bar (about 70 MPa) in
advanced Type IV tanks featuring an internal polymer liner reinforced with carbon
fiber for enhanced mechanical strength. The first-generation Mirai accommodates
roughly 5 kg of hydrogen, while the second-generation increased capacity to approxi-
mately 5.6 kg, held in two tanks totaling about 122.4 liters. The driving range varies
between 500 and 650 kilometers per fill under the Worldwide Harmonized Light
Vehicles Test (WLTP) cycle, with refueling times ranging from 3 to 5 minutes [38].

Launched in 2018, the Hyundai Nexo is a hydrogen fuel cell-powered crossover
sport utility vehicle unveiled at the Consumer Electronics Show (CES) in January of
that year. It succeeded the Hyundai Tucson Fuel Cell Electric Vehicle (FCEV) and
serves as Hyundai’s flagship eco-friendly model. Hydrogen storage uses Type IV
tanks at 700 bar pressure, lined internally with polymer and carbon fiber for safety
and durability. The total hydrogen capacity is around 6.3 kg, distributed across three
tanks with a combined volume near 156 liters, strategically placed throughout the
chassis. Its WLTP-estimated driving range is approximately 609 kilometers, with
refueling times between 3 and 5 minutes [39].

Honda’s Clarity lineup focused on alternative fuel vehicles, beginning in 2008 with
the Honda Fuel Cell eXperimental (FCX) Clarity, the companys first hydrogen fuel
cell model. In 2017, the range expanded to include three variants: The Honda Clarity
Fuel Cell, successor to the FCX Clarity; the Honda Clarity Electric, a battery-electric
vehicle; and the Honda Clarity Plug-in Hybrid. Production ended in August 2021,
though U.S. leases for the fuel cell model continued through 2022. This vehicle stored
hydrogen at 700 bar in robust tanks and offered an EPA-estimated range of about 589
kilometers, with refueling taking 3-5 minutes [40].

5.2.2 Busses

The Solaris Urbino 18 hydrogen bus, developed with advanced Polish technol-
ogy, earned the 2025 Bus of the Year award due to its engineering that enables a
range of up to 600 kilometers on a single refuel with zero emissions. Its combi-
nation of high range, quiet operation, and low environmental impact makes it
a sustainable and efficient option for modern public transportation. Solaris, a
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leading European manufacturer based in Poland, has delivered over 260 hydrogen
busses [41].

The Hyundai Elec City FCEV is an urban bus powered by a fuel cell system rated
at 180 kW, featuring a hydrogen tank capacity of 875 liters and a high-performance
78.4 kWh battery. It offers a driving range of up to 550 kilometers per charge. The Elec
City was exported to Saudi Arabia in 2020 and Austria in 2022. By September 2024,
total sales surpassed 1000 units [42].

The Wright StreetDeck, a double-decker bus model built by British company
Wrightbus, has recently seen versions powered by hydrogen fuel cells. The StreetDeck
Hydrogen is among the first commercially available double-decker hydrogen busses in
the United Kingdom.

5.3 Ammonia production

Due to its essential role in fertilizer production, ammonia synthesis stands out
as one of the most important chemical processes of the past century [43]. In 1908,
Fritz Haber developed a method to synthesize ammonia from N, and H, under high-
pressure and temperature (Eq. 6). Carl Bosch later industrialized the process in 1911,
leading to what became known as the Haber-Bosch process. Both were later awarded
the Nobel Prize in Chemistry.

N, +3H, —2NH, +46.1kJ mol 6)

Currently, about 90% of the hydrogen produced is used for ammonia syn-
thesis, petroleum refining, and methanol production, although this proportion
is expected to decrease in the coming years [3]. A large share of this hydrogen is
directed toward ammonia synthesis, of which over 96% is currently produced
through the Haber-Bosch process [44]. This process relies heavily on fossil fuels
(natural gas, oil, and coal) as feedstock for hydrogen production via steam
reforming. As a result, it accounts for approximately 1.2% of global anthropogenic
CO, emissions.

To reduce the environmental impact of ammonia production, decarbonization
efforts are increasingly focused on replacing fossil-based hydrogen with green hydro-
gen, produced via electrolysis powered by renewable energy sources. In this context,
the growing demand for low-carbon solutions is driving the expansion of the green
ammonia market. Although conventional hydrogen remains the dominant feedstock
due to its lower cost, green and blue hydrogen are gaining traction despite their higher
production costs. Similarly, green ammonia is emerging as a sustainable alternative,
though still produced in smaller volumes and at a higher cost compared to its conven-
tional counterpart [45].

5.3.1 Green ammonia production

On April 8, 2024, Yara International officially inaugurated its renewable hydrogen
plant in Hergya, Norway, marking a significant step toward decarbonizing fertilizer
production. The facility now produces green hydrogen and ammonia and has already
delivered the first tons of fertilizers made with this renewable ammonia. Hydrogen is
generated through water electrolysis using energy sourced exclusively from renew-
able sources, replacing natural gas as the primary feedstock. For storage, the hydrogen
is kept in compressed gaseous form in high-pressure tanks, typically between 30 and
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80 bar, with cylindrical or spherical tanks designed to ensure operational safety and
stability [46].

Meanwhile, CF Industries has already started producing green ammonia at its
Donaldsonville, Louisiana, facility. In 2024, the company installed a 20 MW electro-
lyzer, initiating green ammonia production from hydrogen generated through water
electrolysis powered by renewable energy [47].

5.4 Additional industrial applications

In the metallurgical sector, hydrogen plays a key role in direct reduced iron pro-
cesses. In this method, hydrogen replaces coke as the reducing agent to convert iron
oxides into metallic iron, enabling steel production with significantly lower carbon
dioxide emissions [48].

Beyond steelmaking, although still less established, hydrogen is being explored
as a fuel in cement kilns, which currently rely heavily on coal and other fossil fuels.
Despite challenges in scaling and achieving the high temperatures required, hydro-
gen-based cement production is a promising research area [49].

Another major application of hydrogen lies in the petrochemical industry, particu-
larly in methanol synthesis. Under high temperature and pressure, hydrogen reacts
with carbon monoxide (CO) in the presence of suitable catalysts to produce metha-
nol, a key building block for various industrial chemicals [50].

6. Conclusions

Hydrogen has emerged as one of the most promising energy alternatives today.
Never has there been such a high level of production and investment in its develop-
ment, with a wide range of technologies being tested across the entire hydrogen
value chain, from production and storage to transportation and application.
Climate change, combined with sustainability-oriented policies, has accelerated the
advancement of hydrogen-based solutions, leading to projections of a significant
increase in hydrogen consumption over the coming decades. However, despite
the progress achieved, important challenges remain—particularly in improving
efficiency, reducing costs, and ensuring safety throughout all stages of the hydro-
gen cycle.
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Chapter 10

Investigating the Use of Hydrogen
Technologies in Today’s Road
Vehicles

Yasin Karagoz and Saban Pusat

Abstract

In recent years, there has been an increasing demand for clean and environmen-
tally friendly vehicles, driven by stringent emission standards and growing environ-
mental awareness. In this context, electric vehicles, plug-in hybrid technologies and
hydrogen-fueled vehicles are of particular significance. The prevalence of techno-
logically advanced issues in electric vehicles remains a subject of ongoing concern,
particularly with regard to the challenges associated with charging and the effective
range of these vehicles. Despite the evident decrease in emissions, plug-in hybrid
electric vehicles (PHEVs) still possess conventional internal combustion engines, thus
indicating that they may not be a wholly environmentally sustainable solution. In this
context, hydrogen-powered vehicles are of particular significance. It is evident that
both fueling processes can be executed expeditiously, and vehicles can be operated
with disparate technologies. In the domain of hydrogen technologies, the most preva-
lent methods are the PEM fuel cell and the hydrogen-powered internal combustion
engine. It is important to note that both methods have their respective advantages and
disadvantages. In terms of pollutants, hydrogen facilitates the attainment of a clean
and environmentally friendly result.

Keywords: hydrogen, PEM fuel-cell, hydrogen powered vehicles, NOx, emissions

1. Introduction

The global warming problem, growing concerns, and the increasingly stringent
emission standards in recent years have led researchers continuing to search for new
solutions [1]. This capability is maintained in electric vehicles, plug-in hybrid technol-
ogies, and hydrogen-fueled vehicles [2]. Electric vehicles continue to face challenges
such as range improvements [3]. Plug-in hybrid electric vehicles, on the other hand,
still rely on conventional internal combustion engines, and although emissions are
reduced, they are not a completely environmentally friendly solution. This potential
is highlighted by hydrogen-fueled vehicles. Hydrogen-fueled vehicles can utilize both
internal combustion engines and fuel cell technologies [4].

In internal combustion engine technologies, high thermal efficiencies can be
achieved with techniques such as hydrogen jet [5]. Alternatively, existing engines
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can be operated with 100% hydrogen fuel using three different methods: the old
technology of injecting hydrogen through the manifold via carburetion, the port
injection method of injecting hydrogen into the portvia an electronic control unit,
or the direct injection method of injecting hydrogen directly into the cylinder [6].
Fuel cell technology, as is well known, includes various technologies such as alkaline,
PEM, and solid oxide fuel cells [7]. Among these, PEM fuel cell technologies are the
most suitable for use in vehicles [8]. PEM fuel cell technology is the most suitable fuel
cell type when considering compactness, vehicle application, efficiency, and safety.
It offers both higher efficiency and greater productivity. PEM fuel cells can be easily
used in vehicles due to their high efficiency, compactness, and practicality. They are
widely used in land vehicles today.

In the use of hydrogen in internal combustion engines, the most common methods
used today are multi-point port hydrogen injection and direct cylinder hydrogen
injection [9]. Among these, direct cylinder hydrogen injection prevents engine power
loss [10]. On the other hand, combustion problems such as backfire, pre-ignition,
and knock are also prevented [11]. However, high-pressure direct injection hydrogen
injectors are produced by only a few companies. On the other hand, the method
of sending hydrogen to the combustion chamber through a carburetor is not cur-
rently used because it is outdated technology. On the other hand, port injection is
another method used [12]. Multi-point hydrogen injection with the assistance of the
ECU through a port gas injector is a practical method. However, due to the very low
density of hydrogen in the port hydrogen injection method, it replaces the intake air
and causes a power loss of up to 15% in the engine [13]. On the other hand, if engine
calibration, injection timing, and strategies are not adjusted correctly, problems such
as backfire and preignition can occur [14]. This may be due to the fact that hydrogen
has a relatively low ignition energy despite its high ignition temperature [15]. As is
well known, strict safety precautions must be taken in hydrogen-fueled vehicles. It is
anticipated that no problems will be encountered if the fuel system complies with the
relevant standards. Seamless 316 series stainless steel pipes, stainless steel equipment,
and special, leak-proof gas connections are used in hydrogen vehicle applications. If
these requirements are followed, hydrogen can be safely used as a fuel in vehicles.

Some studies on hydrogen-fueled vehicles in the literature are summarized below.

In their study, Pramuanjaroenkij, et al. [16] investigated vehicles powered by PEM
fuel cells and concluded that they could easily replace conventional internal combus-
tion engine vehicles in the future.

In their study, Cunanan et al. [17] investigated environmentally friendly solutions
for heavy-duty vehicles. Their results concluded that using fuel cells in heavy-duty
vehicles, which are generally used for transportation, is much more appropriate.

In their study, Thomas et al. [18] compared battery-powered and fuel-cell vehicles
using LCA analysis. Their results demonstrated that fuel-cell vehicles with a service
life of 160 km or more are significantly more environmentally friendly than battery-
powered vehicles in terms of LCA.

As is known, no pollutant emissions are observed in PEM fuel cell vehicles.
However, gasoline-fueled engines experience emissions such as CO, CO,, HC, and
NOx. While carbon-derived pollutants such as CO, CO,, and HC are not observed
in hydrogen-fueled internal combustion engine systems, high NOx emissions are a
disadvantage of hydrogen-fueled engines. In the study, fuel consumption and energy
consumption were comprehensively examined using vehicle model data obtained
experimentally from the vehicle, and emissions were excluded from the scope of
this study. In this study, a sample passenger vehicle model was developed and fuel
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consumption values were obtained using Newtonian equations, taking into account
vehicle resistance. In this context, a conventional vehicle was compared with both

a fuel cell-powered vehicle and an internal combustion engine-powered vehicle.
Consequently, fuel consumption and emission values were compared for current
vehicle technologies.

2. Mathematical model

Within the scope of the study, a sample gasoline-powered passenger car was
selected. Following this, diagnostic data was collected from the sample vehicle
to obtain an engine map. Engine maps were generated using the obtained data.
A one-dimensional engine model was then developed using AVL Boost software.
The model was then revised to obtain data from the hydrogen-fueled internal
combustion engine. The data were then compared with the vehicle model. In the
final stage, a vehicle model for PEM FC was developed, and the outputs obtained
from the model developed with the hydrogen-fueled ICE and the gasoline-fueled
ICE were compared.

2.1 Vehicle model

In this study, a vehicle model was developed in MATLAB for a conventional
vehicle. The model was compared with a gasoline-only passenger car, a PEM fuel
cell-powered passenger car, and a hydrogen internal combustion engine passenger
car. In this context, both equivalent fuel consumption and emissions were compared.
A schematic view of the model is shown in Figure 1.

In Figure 2, the same vehicle model was developed for a hydrogen PEM fuel cell.
Here, the electric motor and drive selections were also made. Thus, the hydrogen
fuel cell model was also examined in terms of fuel consumption and emissions as an
alternative to the internal combustion engine.

” co <o

®)

Gasoline Hyrgen
@ - Vehicle Emissions  Fuel Comsumption
Gearbox t

Engine Maps Gearbox Maps

e

Driving Cycle

Passanger Car

Figure 1.
Schematic representation of a hydrogen-fueled motor vehicle or gasoline-powered motor vehicle model.
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Figure 2.
Schematic representation of the hydrogen fuel cell vehicle model.

2.2 Driving resistance

In the vehicle model, total running resistance is first calculated by taking into
account road resistance forces. By accounting for rolling resistance, aerodynamic
resistance, acceleration resistance, and slope resistance, total running resistance
and the instantaneous power and torque required for this resistance are calculated.
Initially, total running resistance is given in Eq. (1).

W, =W, +W,+W, . +W; (1)

Here, WT represents the total road resistance, WR represents the rolling resis-
tance, WA represents the aerodynamic resistance, WACC represents the acceleration
resistance, and WS represents the slope resistance in N. The calculation of WR rolling
resistance is given in Eq. (2).

W, =Cymgcos0 2)

Here, CR is the rolling resistance coefficient, m is the vehicle mass in kg, g is the
gravitational acceleration in m/s2, and © is the road slope angle. The vehicle aerody-
namic resistance is given in Eq. (3).

1
W, =2 pAC,V’ 3)

Here, p is the density of air in kg/m3, A is the projected area of the vehicle in m?,
CD is the aerodynamic resistance coefficient, and V is the vehicle’s cruising speed in
m/s. The acceleration resistance of the vehicle is given in Eq. (4).

Wicc = amga 4)

Here, a is the acceleration resistance correction coefficient for rotating masses, m
is the vehicle mass in kg, and a is the acceleration value in m/s”. The slope-dependent
resistance of the vehicle is given in Eq. (5).
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W, =mgsind (5)

Here, m is the vehicle mass in kg, g is the gravitational acceleration in m/s2, and ©
is the road slope angle.

After calculating the vehicle’s total road resistance, the instantaneous power
requirement of the vehicle was calculated as given in Eq. (6).

Ne = WTXV (6)
Here, WT is the total travel resistance of the vehicle in N units, V is the travel
speed of the vehicle in m/s.

2.3 Gasoline fueled ICE model

Here, data was first collected from the sample vehicle engine via the OBD-2 port
using a diagnostic device. Using Car Scanner Pro software, engine and vehicle data were
recorded via the diagnostic device over the CANBUS protocol while the vehicle was in
motion. Fuel consumption values were obtained at different power and engine speed
values. Subsequently, a detailed engine map was created using the obtained data, as seen
in Figure 3, using a MATLAB ANN model. Engine speed, demanded engine power, MAP,
fuel quantity, EGT, and accelerator pedal position were entered into the model as inputs.
Fuel consumption and engine operation data were then obtained using the MATLAB
ANN model. Data were obtained from 1,892,421 operating points using the ANN. The
Levenberg-Marquardt training method was then used. 70% of the data was used for
training, 15% for validation, and 15% for testing. Regression values remained at 86% and
above, demonstrating sufficient model accuracy. Thus, detailed engine maps could be
created for the gasoline engine. Instantaneous fuel consumption and CO2 emissions data
were obtained. From the obtained data, fuel consumption and CO2 emissions data were
obtained in three dimensions (based on speed and engine power).

2.4 Hydrogen-fueled ICE model

A mathematical model was constructed using AVL Boost software, using data
from the four-stroke, four-cylinder, gasoline-fueled, naturally aspirated spark

Engine speed (rpm)

Demanded engine power (kW) [+
MAP (bar)
Fuel quantity (mg/cycle) .
EGT (°C)

Accelerator position (%)

Fuel consumption (g/s)

Emgine Work (Nm)

)
Y Y [
Model Inputs ANN Hidden Layer Model Outputs

Figure 3.
Creating the motor map with the ANN structure.
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ignition engine on the sample vehicle. The mathematical model was used to generate
engine maps that accurately matched fuel consumption with 96% accuracy or higher.
Figure 4 shows the basic parameters required for the model. Data such as cylinder
diameter, stroke length, cylinder volume, crank and connecting rod lengths, air filter
volume, intake manifold volume, ignition timing, and so on were entered into the
model. The model was then run using a simulation using hydrogen injection via port
injection. Thus, fuel consumption and emissions data at various points were obtained
by operating the engine with hydrogen fuel.

2.5PEM FC model

As can be seen in Figure 5, a thermal efficiency model was established for the PEM
fuel cell currently used in vehicles. Catalogs from hydrogen fuel cell manufactur-
ers were used to create this model. However, due to the electrochemical reaction in
PEM fuel cells, efficiency maps vary depending on instantaneous power and current
requirements, particularly temperature. Fuel cell efficiencies are also affected by

Inputs Engine Model Outputs

)

Cylinder volime (L)

Engine Bore x Stroke (mm)
Fuel consumption (g/s)
Crank/connecting rod (mm)

Ignition angle (°CA)

Intake port vollime (L) BT WSHblin)

Inj fuel quantity (mg/cycle)

Figure 4.
Required parameters for one-dimensional engine model.

Efficiency Map (%)

Fuel cell hydrogen
consumption (mg/s)

Power requirement (KW)
Temperature (°C)

Ambient humidity Fuel cell power (kW)

Ambient pressure

PEM FC Model

Figure 5.
PEM fuel cell model.
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Q CHFU-"‘? Q Vehicle Drag coef.

Vehicle tyre specs

% &

Gearbox ratios

Figure 6.
Sample vehicle inputs.

factors such as ambient pressure, humidity, and temperature. Therefore, a math-
ematical model was constructed to include correction coefficients, and the actual
efficiency values were determined using these correction coefficients.

2.6 EM and driver model

A model was constructed considering the efficiency maps for the electric motor
and drive. This included utilizing the efficiency maps based on the speed and torque
of the electric motor. Three-dimensional efficiency maps for both the drive and the
electric motor were obtained in the form of look-up tables and incorporated into the
model. This resulted in more realistic maps and models.

2.7 Sample vehicle

Figure 6 shows the basic parameters required for the selected example vehicle. A
passenger car was selected as the example vehicle. Vehicle parameters such as front
section area, vehicle mass, vehicle inertia coefficient, vehicle drag coefficient, vehicle
tire specifications, and gearbox ratios were entered into the model. This allowed for a
comparison of fuel consumption for a modern passenger car with hydrogen fuel cell,
hydrogen-fueled internal combustion engine, and gasoline-fueled engines.

2.8 Driving cycle

The vehicle’s cruise cycle, designated FTP 75 (Federal Test Procedure), was used.
The cruise cycle characteristics are summarized in Table 1. Furthermore, FTP 75 isa US
cruise cycle derived from FTP 72. By inputting the speed-time profile into the model, the
vehicle’s fuel consumption per 100 km was obtained using a mathematical model.

3. Results and discussion

In this study, vehicle data was first read from a sample vehicle via the CANBUS
protocol, enabling the vehicle’s engine and transmission data to be read. Subsequently,
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Specification Value

Time 1877 s

Distance traveled by vehicle 1777 km

Average speed 3412 km/h

Maximum speed 91.25km/h
Table1.

FTP 75 Driving cyle specifications [19].

a model was developed using Artificial Neural Networks to generate an engine map. A
one-dimensional engine analysis was then performed, and a mathematical model was
established using AVL Boost software. The model then provided fuel consumption
data for the engine operating on 100% hydrogen fuel. The resulting model allowed
the creation of an engine map.

Subsequently, a vehicle model was constructed using MATLAB software to obtain
fuel consumption data for a sample passenger car. Subsequently, a fuel cell vehicle
model was constructed. Fuel cell fuel consumption and efficiency maps based on
electrical power requirements were used. Efficiency maps for the electric motor and
drive were also included. Finally, the vehicle was simulated as if it were driving ina
cruise cycle, designated FTP 75 (Federal Test Procedure), and equivalent fuel con-
sumption and energy consumption results were compared.

Figure 7 shows the model results for a gasoline-fueled spark-ignition engine-pow-
ered vehicle, a hydrogen-fueled spark-ignition engine-powered vehicle, and a PEM
hydrogen fuel cell- and electric motor-powered vehicle. Fuel consumption for the
example passenger vehicle is shown according to the FTP 75 cruising cycle. All fuel
consumptions were calculated using the MATLAB equivalent gasoline fuel consump-
tion model, taking into account the lower heating values. Subsequently, the results
were extrapolated to 100 km, and the equivalent gasoline fuel consumption per
100 km was calculated. From the obtained results, the gasoline-fueled spark-ignition

Fuel Consumption

.
-

oS w E= (%]

Fuel Consumption [L/100km]

Gasoline H2 ICE H2 FV

Figure 7.
Fuel consumption values.

214



Investigating the Use of Hydrogen Technologies in Todays Road Vehicles
DOI: http://dx.doi.org/10.5772/intechopen.1012893

engine consumes 5.9 L/100 km, the hydrogen-fueled spark-ignition engine con-
sumes 5.5 L/100 km, and the PEM hydrogen fuel cell-powered vehicle consumes
4.2 L/100 km equivalent. The simulation results obtained with the gasoline-fueled
internal combustion engine vehicle show a 6.8% improvement compared to the
gasoline-fueled internal combustion engine vehicle.

On the other hand, it was concluded that the PEM hydrogen fuel cell-electric
motor-driven system achieved a 28.8% improvement compared to a gasoline-fueled
internal combustion engine vehicle. Considering the results obtained, hydrogen’s
high combustion efficiency and increased engine thermal efficiency, a decrease in
fuel consumption compared to gasoline is expected when hydrogen is used in internal
combustion engines. Furthermore, due to the PEM fuel cell’s high energy-efficient
electricity generation through electrochemical reactions, a decrease in equivalent fuel
consumption is also expected.

Figure 8 shows the energy consumption results for a gasoline-fueled spark-
ignition engine-powered vehicle, a hydrogen-fueled spark-ignition engine-powered
vehicle, and a PEM hydrogen fuel cell- and electric motor-powered vehicle, calculated
using the MATLAB model. For a sample passenger car, the energy consumption is
shown for the FTP 75 cruising cycle. All energy consumptions were calculated using
the MATLAB model, taking into account the lower heating values of the vehicle. The
results were then extrapolated to 100 km, and the equivalent gasoline fuel consump-
tion per 100 km was calculated. From the obtained results, the gasoline-fueled
spark-ignition engine consumed 194.7 kJ/100 km, the hydrogen-fueled spark-ignition
engine consumed 181.5 kJ/100 km, and the PEM hydrogen fuel cell-powered vehicle
consumed 138.6 k]J/100 km.

Energy simulation results obtained with a gasoline-fueled internal combustion
engine vehicle indicate a 6.8% improvement compared to a gasoline-fueled internal
combustion engine vehicle. Conversely, a 28.8% improvement in energy consump-
tion was observed in the PEM hydrogen fuel cell-electric motor driven system
compared to a gasoline-fueled internal combustion engine vehicle. Considering
hydrogen’s high in-cylinder temperature and pressure, low thermal losses, high
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Figure 8.
Energy consumption values.
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diffusion coefficient, and narrow flame quenching distance, the results indicate
that the use of hydrogen in internal combustion engines is expected to increase
thermal efficiency. Therefore, the use of hydrogen as a fuel in internal combustion
engines is an expected outcome. Furthermore, considering the high energy effi-
ciency of PEM hydrogen fuel cells together, a decrease in energy consumption is an
expected result.

4, Conclusions

In this study, engine and transmission data were obtained from a sample vehicle
via a CAN BUS diagnostic device, and a gasoline engine map was generated using
Artificial Neural Networks. Subsequently, after verifying the spark ignition engine
model with existing engine data using AVL Boost software, engine map data was
obtained by performing hydrogen combustion. Subsequently, a mathematical model
for the vehicle’s fuel consumption was developed using MATLAB. A vehicle model
was also developed for the PEM hydrogen fuel cell. Finally, equivalent gasoline fuel
consumption and energy consumption values for the FTP 75 USA cruise cycle were
obtained and compared per 100 km. The results are summarized below.

* A gasoline-fueled spark-ignition engine-powered vehicle consumes 5.9 L/100 km,
a hydrogen-fueled spark-ignition engine-powered vehicle consumes the equivalent
of 5.5L/100 km, and a PEM hydrogen fuel cell-powered vehicle consumes the
equivalent of 4.2 L/100 km. Simulation results show a 6.8% improvement in fuel
mileage for a hydrogen-fueled internal combustion engine vehicle compared to a
gasoline-fueled internal combustion engine vehicle. Conversely, a PEM hydrogen
fuel cell-electric motor-powered system provides a 28.8% improvement in fuel mile-
age compared to a gasoline-fueled internal combustion engine vehicle.

* A gasoline-fueled spark-ignition engine consumes 194.7 kJ/100 km, a hydrogen-
fueled spark-ignition engine consumes 181.5 kJ/100 km, and a PEM hydrogen
fuel cell-powered vehicle consumes 138.6 k]/100 km. The results indicate that
hydrogen’s combustion properties, such as high in-cylinder temperature and
pressure, low thermal losses, high diffusion coefficient, and narrow flame
quenching distance, will increase combustion and thermal efficiency, thereby
reducing energy consumption compared to a gasoline engine. Furthermore,
considering the high energy efficiency of PEM hydrogen fuel cells, which
generate electricity through electrochemical reactions, it is expected that energy
consumption will decrease with the use of PEM fuel cells.
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Chapter11

Water Electrolysis Overview:
A Progressive Origination of
Renewable Hydrogen Energy

Relebohile Mokete

Abstract

There is necessity to shift from the exhaustion of green-house gases emitting
sources to carbon-neutral energy means. Water electrolysis (WE) is governed by
thermodynamics and kinetics that are involved during the hydrogen and oxygen
evolution reactions. Among various WE techniques, the polymer electrolyte mem-
brane (PEM) WE, referred to as PEMWE, is the newest technology that involves
green H, generation via electrolysis. The concept of electrolysis incorporates water
splitting under the influence of electrical potential to produce hydrogen and oxygen
gases from the cathode and anode chambers, respectively. During water splitting,
water forms oxygen and hydrogen ions or protons (H*) in the anode. The protons
move from the anode to the cathode through a PEM, whereas the electrons (e”) travel
through the electron path (wire) to combine with protons thus producing hydrogen
gas (H,). Many factors contribute toward the H, production using the PEMWE and
such include the power source, the electrodes and their catalysts as well as the PEM,
its modification, and overall properties. Modified PEMs tend to show improved prop-
erties and research has to focus more on finding affordable and effective materials
that can improve the PEMWE. Hydrogen storage and transport are crucial. Thus far,
the solid-state storage of hydrogen has proven to be effective and the hydrides exhibit
high storage capacity. Emphasis on the green H, research and application is important
since it promotes the zero-emission atmosphere.

Keywords: water electrolysis, hydrogen, renewable energy, polymer electrolyte
membrane (PEM), electrolyzer

1. Introduction

There is currently an apparent shift from the exhaustion of green-house gases
emitting sources to carbon-neutral energy means [1]. This is due to the fact that the
high energy demand globally has led to the exploitation of resources, including the
polluting fuels that exert pressure on the environment thus leaving it in an unnatu-
ral state [1, 2]. Today, the research efforts focus on finding solutions of utilizing
green energy alternatives. In particular, renewable energy has been one promising
energy form to outperform the carbon emitting energy forms [1-3]. Among various
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examples, hydrogen energy is a typical renewable energy form that is gaining research
interest [2]. Why hydrogen? Hydrogen is among the fuels that fulfill the energy needs
without harming the environment and its key roles as an energy carrier are evident in
energy storage, chemical processes as well as transportation [4, 5]. Also, hydrogen is
affordable with higher efficiency as opposed to conventional fossil fuels [4, 6]. As the
Earth’s most abundant element, hydrogen exists as part of the water compound and it
is also bound to either gaseous or liquid hydrocarbons [4, 7].

The hydrogen production methods include hydrocarbon pyrolysis, hydrocarbon
reforming, and biomass processing [8]. Some various renewable sources of hydrogen
include wind, sun, and the Earth’s sub-surface wherein the hydrogen gas can be
obtained via processes like water electrolysis and thermochemical cycle [8, 9]. In
comparison with other chemical fuels, hydrogen’s chemical energy per unit mass is
three times larger [4]. Therefore, the development of hydrogen production systems
and technology is driven by the escalating clean and efficient energy systems’ demand
[4]. The commercialization of the fuel cell technology for hydrogen production is
based on low cost and efficient fuel systems.

1.1 Water electrolysis (WE)

A typical technique for hydrogen generation is water electrolysis (WE) [4]. WE
is regarded as a promising alternative for hydrogen production at low cost and zero
carbon footprints that is applicable in both low-scale and large-scale hydrogen pro-
duction [10]. The electrolyzer is a unit or reactor in which electrolysis occurs [8]. The
electrolyzer types include alkaline electrolyzers that have both the cathode and anode
with a ceramic diaphragm separation that is immersed in the alkaline electrolyte [8,
11]. The water electrolyzers utilize a solid polymer electrolyte referred to as a mem-
brane (PEM), which is embedded between the anode and cathode chambers [10, 11].

1.1.1 Polymer electrolyte membrane water electrolysis (PEMWE)

The PEMWE is the newest and advanced hydrogen generation technology to date
which incorporates the PEM within an electrolyzer [8, 12, 13]. Briefly, the concept of
PEMWE involves water splitting under the influence of electrical potential to produce
hydrogen and oxygen gases from the cathode and anode chambers, respectively [14].
During water splitting, water forms oxygen and hydrogen ions or protons (H") in
the anode [15]. The protons move from the anode to the cathode through a Proton
Exchange Membrane (PEM), whereas the electrons (e”) travel through the external
electron path (wire) to combine with protons in the cathode thus producing hydrogen
gas (H,). This WE process is represented respectively by Egs. (1)-(3) [15].

Cathode reaction:2H" +2e” —H, 1)
Anode reaction:H,0 —1/20, +2H" +2e” (2)
Overall reaction:H,0 >H, +1/20, (3)

The schematic diagram of a PEM electrolyzer is shown in Figure 1 [8, 14].
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a. b. C.
e e e e e e
o, H, o, H, 0, H,
H,0 H,0 H,0 + KOH H,0 + KOH H,0 H,0
Figure 1.

Representation of WE that includes (a) PEMWE, (b) AWE, and (c) SOWE. ® Power source, @ electrons’ path,
® PEM and @ anode and ® cathode electrodes, © diaphragm, and @ electrolyte.

The overall PEMWE system (Figure 1) can be is subdivided into the power source
(1), electrons’ path or current medium (2) and the electrolyzer (3) [16, 17]. As men-
tioned elsewhere in the text, the electrochemical cells such as electrolyzers (and fuel
cells) comprise of the two electrodes (cathode and anode), a separating electrolyte
(PEM) that serves as a passage for ions resulting from the redox half reactions and
the ion-transport medium which is usually a liquid (water) [16-18]. In order for the
PEMWE system to be functional, all its components in Figure 1 have to be connected
and in good condition for smooth operation [8]. The absence or dysfunction of one com-
ponent may lead to the system failure [19]. Generally, Research has continued to focus
on the development of the PEMWE system in an effort to achieve the best efficiency of
hydrogen generation [20]. Various materials have been explored for making effective
electrodes, power source and PEM in order to achieve the best performance [16]. The
PEMWE production system requires the power source in order to initiate the water split-
ting process [20]. Table 1 summarizes the PEMWE components, whereas Table 2 shows
the advantages and disadvantages of various types of WE units [8, 21, 22].

Category Component Function
Power supply ~ Direct current (e.g., PV cell) Power source to electrolyzer
Electronpath ~ Wire (e.g., Cu) Electron passage or current
medium
Electrolyzer Electrodes: Anode (e.g., IrO, catalyst) OER
Cathode (e.g., Pt catalyst) HER
Gas diffusion layer Anode (e.g., Sintered titanium) 0, and H, gases’ diffusion
(MEA)

Cathode (e.g., Toray carbon paper
(TGP-H-120))

Electrolyte PEM Proton passage

Ions medium Water Dissolved ions medium
Table 1.
PEMWE components.
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Electrolysis type Advantages Disadvantages
PEMWE * High performance (efficiencies, cur- * Costly materials
rent density) p .
¢ Prone to corrosion

Good partial load range

Short lifetime

Low gas crossover

High pressure H, production

AWE

Relatively affordable Gas cross over

Prolonged stability Minimum current density

Limited partial load range

Decreased pressure
(operational)

Insufficient purity of gener-
ated gases

SOE

Reduced Ohmic losses Low current density

Accelerated degradation

Shorter system lifetime

Electrode contamination

High operation temperature

Table 2.
Comparison of the PEMWE, AWE and SOWE.

1.1.2 Alkaline water electrolysis (AWE)

The commercialization of alkaline electrolysis in order to produce H, is evident
[21]. The concept of alkaline water electrolysis involves the use of the liquid alkaline
electrolyte within which the two electrodes operate [23]. Due to the affordability of
nickel (Ni), Ni-associated catalysts are commonly utilized in AWE [21]. The principle
of AWE is according to Eqgs. (4)—(6).

Cathode reaction:2H,0 +2e” —H, +20H" 4)
: -1 - (5)
Anode reaction:20H™ — EOZ +H,0+2e
. 1
Overall reaction:H,0 - H, JrEO2 6)

In AWE, the lifetime of cell stack is deemed very long and the stability is pro-
longed [21, 24]. Although deemed relatively cost-effective in terms of the capital
cost, the limitation of AWE include less ability to function under increased current
densities, decreased operational pressure, insufficient purity of the gas products
and low operational pressure (Table 2) [24-26]. Kuleshov et al. [26] synthesized
the hydrogel of zirconium hydroxide within a porous diaphragm consisting of TiO,
ceramic hydrophillic filler. As the hydrogel was incorporated into the membrane,
there was significant voltage increase to 2 V when the current was 300 mA cm ™.
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The incorporation of the TiO, filler showed a voltage decrease to 1.83 V at
300 mA cm . The hydroxyl ion transfer was successfully exhibited in the diaphragm
[26]. Figure 1(b) denotes the unit of AWE [24].

1.1.3 Solid oxide water electrolysis (SOWE)

The development of the SOWE systems that utilize a ceramic electrolyte and
usually operate at elevated temperatures that exceed 500°C is gaining some research
interest [23]. The SOWE is typical of operating at high cell efficiencies with the cell
potential almost closer to the thermoneutral potential but their degradation possibil-
ity is accelerated owing to high temperature operation [25]. The ceramics (oxide-ion
conducting) participate as cell separators and solid electrolytes. The SOWE (high
temperature) involves reduction of water vapor at the cathode (Eq. (7)) and migra-
tion of the resulting oxygen ions to the anode for O, evolution (Eq. (8)) [24].

Cathode reaction:H,0,, +2e” > H,  + o* (7)

Anode reaction:20”" — 0, +4e” (8)

The oxide ions transportation via the electrolyte involves the ionic diffusion
process while the Ohmic loss is reduced by the ceramic membranes [24]. Porous
nickel and porous perovskite materials are used as steam cathode and air anode
respectively. The electrolytes that are used in SOWE, such as yttria-stabilized zirconia
(YSZ) portray excellent ion conductivity at high operating temperatures which are
above or equivalent to 700°C [24]. However, the YSZ is subjected to more degradation
rates, electrode contamination as well as shorter system lifetime. Some minerals that
makeup the SOWE cell are known to be abundant and affordable and they include
Sr, Ni, Mn, Zr, Y, La along with some ceramic materials [24]. A SOWE is shown on
Figure 1(c). The comparison of PEMWE, AWE and SOWE has been established in
Table 2 where both the advantages and disadvantages are indicated [21, 24, 26, 27].

1.2 Power supply

The choice of power source is very crucial in determining the overall cost of
hydrogen production [8]. Ideally, hydrogen production process via WE is regarded
one of the costly method of hydrogen gas generation and research is focusing on
renewable energy sources [28]. Thus far, the direct current has been utilized as the
power source. Other alternative power sources include solar energy whereby the
solar-driven electricity initiates the water splitting process [12, 14]. Although solar
energy is a renewable energy source, one of the challenges is that it is affected by
the weather conditions hence harnessing solar energy and storing it for longer has
been resorted to [14, 29]. Other green energy sources are hydro and wind energy
thus their contribution to PEMWE system may be an alternative [14]. Mokete et al.
[14] utilized the incoming solar energy to initiate the electrolysis process and the
WE efficiency was 61.8% at temperature 25.5°C, irradiance of 810.1 W/m” and rela-
tive humidity of 42.2% whereas the PV cell efficiency was 12.7%. Both hydrophobic
and hydrophilic properties are necessary for enabling water-dissolved ions and
gases’ transport [16].
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2. Thermodynamics and reaction kinetics of HER and OER
2.1 Thermodynamics

The electrochemical process during water decomposition is attributed to the
thermodynamic parameters of heat energy and voltage. These parameters correspond
to Gibb’s free energy and they can be expressed based on reversible potential. With
respect to the standard condition of electrode reactions, the required minimum
voltage hence energy to decompose water at the electrode is referred to as reversible
work or potential. The Gibb’s free energy can be associated with reversible potential as
shown in Eq. (9) [30].

AG =nFV 9)

rev

Therefore, the reversible potential is as follows (Eq. (10)) where G, # and F rep-
resent Gibb’s free energy (237 kJ mol™!), number of electrons and Faraday’s constant
(96,485 C mol™?) respectively [30, 31]:

AG
V,=— 10
rev nF ( )
The involved overpotentials on PEMWE include activation Overpotential and
Ohmic overpotential therefore, these overpotentials along with the reversible poten-
tial relate to the operating (cell) voltage as follows:

Vcell = Vrev + nua‘ + nOhm (11)

The Ohmic overpotential (705,,) is given as a product of membrane resistance
(Ronm) and the related current density (i) (Eq. (12)) [31, 32].

nOhm = ROhmi (12)

The activation overpotential is calculated according to Eq. (13) where V,,, is
reversible overpotential while F, R and T,,,.. represent the Faraday’s constant, univer-
sal gas constant and electrolyzer’s temperature respectively [31]. The i and i, imply
the current density as well as exchange current density.

Ner =V +%ln [i) (13)

o

Typically, the gaseous products of WE are quantified by current density based
on specific time [33]. Mokete et al. [31] has presented the calculation of Faradaic
efficiency (Eq. (14)) where V,, ... 30d Vy, ;.,.00) are the volume of hydrogen gas
produced experimentally and the theoretical H, gas respectively.

V e
FE (%) =—2) 100 (14)

H, (theoretical )
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The relationship between several thermodynamics of WE which include Gibbs
free energy (AG), change in entropy (TAS) and enthalpy (AH) has been established
with respect to Eq. (15) whereby AH and AG are equivalent to 286 k] mol™* and
237 kJ mol ™ respectively [31].

AH =AG+TAS (15)

2.2 HER and OER Kkinetics and mechanisms
2.2.1 Kinetics and mechanisms of HER

The industrial relevance and simplicity of the HER has made it to be one of the
most explored electrochemical reactions, especially in WE applications. The HER
kinetics on noble metals such as platinum-group metals electrodes have proven
to be faster to an extent where there is a possibility of practical current densities
(>1 A cm™) at just little overpotentials with the exception of alkaline media [24].
Nickel is one of the metal-surfaces that has been used during the HER mechanism
investigation [24]. The activity of HER varies in acidic media where it is related
to hydrogen adsorption whereas it is attributed to hydroxyl adsorption in alkaline
medium. One of the earliest investigations revealed that in acidic conditions, the
proton is adsorbed on the metal’s surface (M-H") whereas in alkaline or neutral
media, the water molecule is adsorbed (M-HOH). Subsequently, the reduction of
the adsorbed proton or water molecule is exhibited, resulting in the formation of
M-H* and possible release of OH™ during the reduction of chemisorbed water [24].

It has been further deduced that the chemisorbed hydrogen can bind with another
chemisorbed H* (Tafel step/ Volmer-Tafel mechanism) or the chemisorbed proton can
electrochemically react with another proton (or water) after which H, will be further
desorbed (Heyrovsky step/Volmer-Heyrovsky mechanism) [24]. Table 3 shows the
HER pathways in both the acidic and alkaline conditions [21, 24].

When the two mechanisms of HER are within the acidic medium, the reaction
steps of concern are with respect to Table 4. Some factors which the HER mechanism
is dependent on include pH, surface coverage for the intermediate species, applied
overpotential as well as electrode potential, nature and structure [24, 34]. The metal’s
catalytic activity is influenced by the strength of the M-H* bond whereby the initial
step that commences the reaction to favor the M-H* requires some strength. However,
the excessive strength of the M-H bonding has some impacts since it may lead to the
hindrance of the reaction species (intermediate or products) or be discharged from
the surface thus blocking it [24]. The Volmer-Heyrovsky mechanism is evident in low
surface coverage under increased overpotentials whereas the Volmer-Tafel mechanism
is exhibited at high surface coverage and low overpotentials [34].

Step Acidic Alkaline

1 H'+e — H* (16) H,0 + e —» OH + H* (19)

2 H*+ H* > H, (17)

3 H*+H" +e — H, (18) H,0 +e” = H, + OH (20)
Table 3.

HER mechanisms in acidic and alkaline media.
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Step Tafel Heyrovsky
1 M +H' - M-H" (21)
2 M-H' + e - M-H (22)
| Volmer-Tafel mechanism | Volmer-Heyrovsky mechanism
3 2M-H - Hyp + 2M (23) M-H + H - M-H-H' (24)
4 M-H-H" + ™ = Hyg) + 2M (25)
Table 4.

HER (Tafel and Heyvrovsky mechanisms) in acidic conditions.

Step Acidic Alkaline

1 H,0 + M — M-OH* + H' + &~ (26) OH™ + M* — M-OH* + OH" + e~ (30)

2 M-OH* - M-O* + H" + e (27) M-OH* + OH™ - M-O* + H,0 + e” (31)

3 M-O* + H,0 - M-OOH* + H" + ™ (28) M-O* + OH™ —» M-OOH* + e (32)

4 M-OOH* + OH" > M+ O, + H + e™ (29) M-OOH* + OH" > M+ O, + H" + e~ (33)
Tables.

OER mechanisms.

2.2.2 Kinetics and mechanisms of OER

The pH plays a key role during the reaction kinetics involved in WE since altera-
tions in pH have a direct impact on the proton content, which is crucial for both
OER as well as the HER. The involvement of protons in the HER is in the reduction
reaction to produce H, gas thus the change in acidic to alkaline conditions affects
the ions that participate in the catalytic mechanisms. The H* ions become reduced
with increasing pH hence the rate of the reactions decreases. However, the OH" ions
partake in the oxidation process involved in the OER so the catalytic efficiency
depends on the balance between protons and hydroxide ions [33]. It has been indi-
cated that the OER differs depending on the conditions (acidic versus alkaline) [21].
First, the active species (OH*) are produced by water on the electrode’s surface.
Secondly, the OH* is transformed to O* on the electrode’s surface. Thirdly, the reac-
tion of absorbed O* and H,0 or OH™ to form OOH* occurs. Lastly, desorption of
OOH* takes place then O; is produced. All the involved equations (Egs. (26)-(33))
are shown on Table 5.

3. Electrodes catalysts

As indicated prior, there two electrodes in the PEMWE system are the anode
and the cathode [14, 16]. Typically, the two electrochemical processes involved are
oxygen evolution reaction (OER, at anode) and hydrogen evolution reaction (HER,
at cathode) [35]. Some widely used effective materials for the cathode for HER are
platinum (Pt), Ir or carbon felt whereas Ru, Ir (IrO,), Pt or titanium are used as
anode catalysts for OER [14, 21, 36, 37]. The core of WE is the employment of cata-
lysts with high catalytic activity and reusability during water splitting process [38].
Usually, efficient catalysts for the HER and OER are regarded as materials associated
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with the platinum group [35]. Some affordable and abundant transitional metal-
based materials have recently drawn research attention as electrode catalysts [35].

Wu et al. [35] successfully doped nickel hydroxide (Ni(OH),) nanosheets with iron
(Fe) and cobalt (Co) then applied them as electrode catalysts. Both the Fe-doped and
Co-doped Ni(OH); are applicable as anode and cathode catalysts during WE since a
high HER activity resulted from use of Co-doped Ni(OH), as a HER catalyst [35]. Also,
the incorporation of both Fe and Co doped-Ni(OH); in a WE cell resulted in the cur-
rent density of 10 mA cm™ at 1.59 V thus outperforming RuO, and Pt/C catalysts [35].
A membrane electrode assembly (MEA) was assembled by Siracusano et al. [39] where
Iridium oxide (IrO,) was sprayed on Nafion 115 PEM to form an anode backed up with
Ti mesh while the cathode catalyst was Pt/C (carbon cloth backup) [39]. With the
active area of 100 cm’, a short stack made up of 3 cells connected in series was done.
Upon application of 330 W power and 60 A current, the produced H, was 80 Lh™
[39]. In a study by Grigoriev et al. [40], cobalt and iron (II) hexachloroclathrochelates
were used as part of the electrocatalysts that are clathrochelate-based during PEMWE.
The obtained results of current-voltage performance indicated the successful utiliza-
tion of these cage complexes as electrocatalyst for HER in PEMWE [40].

When dispersed on effective support materials, nano-scale (core shell) catalysts
and corrosion resistant support are some of the effective electrode catalysts [21].
Metal-based oxides like Sn, W, Ti and In qualify as some good support materials
that are resistant to corrosion. In acidic atmosphere, metal nitride such as titanium
nitride (TiN) proved to be resistant to corrosion and electrochemically stable [21].
This was verified by Nan et al. [41] who found out that the incorporating TiN
nanotube as a catalyst support resulted in 0.78 A/mg Pt mass activity which was 3.6
times more than that of Pt/C. The carbonized complexes of natural pectin polysac-
charides were proven by Kholin et al. [42] to be some of the effective non-platinum
catalyst in the energy applications. In their study, Kholin et al. [42] used the car-
bonization technique to prepare sodium pectate by interchanging 25% of sodium
ion with nickel (Ni(II)) ions thus forming 25%Ni-NaPG complex within an inert
condition at carbonization temperatures (280°C, 550°C and 800°C). It was found
out that the sample carbonized at 550°C outperformed others in the hydrogen-
oxidation with the corresponding current density and power of 56 mA cm ™ and
5.96 mW cm ™, whereas the 800°C sample was the best for oxygen-reduction reac-
tion with the highest current density and power of 71.5 mA cm*and 13 mW cm?
respectively [42].

A Pt nanoparticle cryoaerogel (Pt-NP-CG) was applied on the gas diffusion
layer of carbon support then used as a cathode catalyst for WE by Stein et al. [32].
The results revealed that in the presence of the cryoaerogel, the low Pt loading
(0.15 mg cm ™) was achieved due to the increased connectivity and porosity to the
structure. The stable performance in terms of maximum current density of 2 A cm™
was exhibited by the croaerogel-based catalyst [32]. In a study by Wang et al. [25], the
performance of a PEMWE stacks and systems was analyzed via the development of a
cell model. Both the OER and HER were characterized through respective application
of the TiO,-supported IrO, as well as the unsupported powder of IrO,. Basically, an
electrochemical PEMWE system containing an electrolyzer stack wherein the anode
catalyst (IrO,/TiO, with Ir loading of 2 mg cm™?), cathode catalyst (Pt/C with Pt load-
ing of 1 mg cm™?) and the PEM (7 mil PFSA membrane (N117)) were incorporated.
The exhibited efficiencies of the stack (65.3%) and system (60.3%) were attained at
specific energy consumptions of 51.1 kWh/kg-H, and 55.3 kWh/kg-H, respectively.
Also, the stack degradation rate of 3.3 mV h~! was exhibited [25].
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4, PEMs: Nature and structure

A PEM is the most significant component of the PEMWE that facilitates proton
transfer and acts as a gas separator [39, 43]. An excellent PEM is characterized by
improved proton conductivity [43]. The components of a PEM include the poly-
mer matrix, filler and crosslinker (Table 6). The thin film or PEM (20-200 pm)
achieves high efficiency due to reduced Ohmic losses [29]. The most extensively used

Category Material Structure Reference

Polymer Poly (vinyl alcohol) [44-46]
(PVA) N

Poly [44, 46]
(vinylpyrrolidone) N
(PVP)

N

n
OH
n
OF
Poly (acrylamide) [44]
(PAM) n
C=0
|
NH,
Polyethylene oxide [44, 47]
(PEO) /l/o\/\}\
H n OH
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*ve A )K
0 0O O 8]
OYO Yo
0 o)
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B e HO-OIOROO-OI0:
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(PEGDE) CH; n"OCH,
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Category Material Structure Reference
Crosslinker Sulfosuccinic acid COOH [53]
(SSA) HOOLC /\/
SO;H
Glutaldehyde (GA) H \r/\/\r‘/ H [45, 54]
O o
Table 6.

Common polymers and crosslinkers utilized during PEM fabrication and their structures.

commercial PEM is Nafion PEM due to its excellent proton conductivity, stability
(thermal and chemical), good water permeability, high mechanical strength, high
chemical and electronic resistance [8, 18, 28]. In the mid-1960s, DuPont introduced
Nafion, a flouropolymer that is composed of sulfonated polytetraflurorthylene [18].
In order for the proton conduction to be facilitated, there is a requirement for water
contact with Nafion [18, 55]. The main transport mechanisms are either hopping
(Grotthus) or diffusion (vehicle) mechanisms [20, 55]. Although Nafion is categorized
as an excellent proton conducting PEM, its main challenges are scarcity and high cost
[8, 28]. Therefore, this calls for readily available and affordable PEMs as alternatives.
The shift of PEMWE research is the improvement of the electrodes or PEM. The
operating conditions such as temperature, liquid state (such as acidic, neutral) among
others, are some of the important factors to consider in the PEMWE system [56].

The development of the efficient advanced PEM has to take into account the proton
conductivity, mechanical strength and durability [28]. The fabrication of the PEMs
must be inclusive of the materials that will allow enhanced proton conductivity.

The improvement of proton conductivity while maintaining the mechanical
strength has to be explored [44]. The properties of the PEMs can be improved using
effective techniques such as crosslinking, grafting, co-polymerization and polymer
blending [44]. Irrespective of the method of fabrication for the PEMs, the incorpo-
rated polymer in the PEM is significant since it influences the proton conductivity
along with gas permeability [44]. Water soluble polymers are commonly utilized
polymers in PEMs to facilitate proton conductivity. Most of the water soluble poly-
mers are among the natural and biological polymers like polynucleotides, polysac-
charides and polynucleotides. Such naturally and most abundant polymers are starch,
cellulose and chitin which are modified to improve water solubility with derivatives
of additional functional groups like sulfate and phosphate [57]. Some commercial
water soluble polymers include polyvinyl alcohol (PVA), poly (vinylpyrrolidone)
(PVP), poly hydroxyethyl acrylate (PHEA) [44]. Table 6 indicates commonly utilized
polymers as the PEM matrices. Among the polymers used in PEM fabrication, PVA
has been widely used due to its availability, hydrophilicity and flexibility. The poly-
mer’s artwork determines its properties which include; swellability, thermal stability,
chemical resistance, mechanical properties as well as the permeability [44]. Within
the PEMs, the polymer comprises most of the PEM’s surface which contributes as
amatrix or holder [44]. All other constituents of the PEMs are incorporated and
distributed within the polymer matrix [44].

Alternative to fluorocarbon-based polymers (Nafion), the hydrocarbon-based
polymers such as SPAES have been used as proton conducting PEM materials [48].
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Although the SPAES PEMs are mostly used in methanol fuel cells, they are still
applicable in PEMWE [18]. SPAES is categorized as a hydrocarbon polymer that is
extensively used in PEM applications since it is easy to fabricate and it can be modi-
fied to attain great membrane forming properties, however, it has low hydrophobicity
[48, 49]. Also, its capability to form thinner membrane is a benefit in the reduction of
Ohmic resistance thus marvelous mechanical properties. Even though hydrocarbon-
based membranes like SPAES exhibit good proton conductivity, the physical and
chemical stabilities they acquire are very poor [49]. Studies on hydrocarbon based-
PEMs as both ionomer and membrane are not numerous hence research focus much
continue to investigate them as alternative PEMs [49].

4.1 Crosslinking

Crosslinking in polymers, which comprise a larger portion of the PEM, is known
as the connection of polymers chains to other materials by introducing one or more
interlaced networks which are bonded covalently or non-covalently [44, 58]. The
polymer chains’ mobility will also determine its state as a gel or solid [44]. The cross-
linked polymers are considered as engineering materials that are useful in various
applications [17]. Also, the cross-linking approach help to modify and enhance the
PEM’s performance thus it improves the overall properties and performance of the
PEM [44]. One important thing to consider during cross-linking is the degree of
crosslinking because it also influences the nature and performance of the PEM [17].
Crosslinking is conducted under specific conditions such as temperature and using
some chemicals referred to as cross-linkers [17, 59]. Chemical, thermal and photo
cross-linking are employed during the PEMs’ fabrication process depending on the
desired application [17, 44]. During the PEM fabrication processes, crosslinking is
sequential whereby chemical crosslinking agents are added followed by the thermal
treatment [17]. The chemical and thermal treatment during the PEM fabrication also
control the crosslinking degree. Typical crosslinkers that have been used include sul-
fosuccininc acid (SSA) [17] and glutaraldehyde (GA) [60]. The chemical crosslinkers
that have sulfonic acid groups determine the proton conduction (-SO;"H"). While
crosslinking is considered to facilitate the proton conductivity, it sometimes plays a
role in the hindrance of mobility of ion thus affecting the ultimate conductivity of
the PEM [44]. When a chemical crosslinking agent is added to the polymer mixture,
it becomes crosslinked to the alcohol groups of the polymer (PVA) thus creating the
morphological stability within the polymer while preventing the dissolution of the
polymer into the solvent and possibly creating the hydrophobic barrier which limits
the gases diffusion [17]. Upon the thermal treatment, ~OH from polymer (PVA) plus
the -SO;H or COOH from the crosslinker (SSA) form hydrogen bonds owing to the
decrement in the polymer chains’ distance [60]. Table 6 shows the crosslinkers (SSA
and GA) usually used during the PEMSs’ fabrication along with their structures [47].

4.2 PEM modification

The main constituents of a PEM include a matrix and crosslinker. Further modi-
fications of the PEMs give rise to mixed matrix membranes (MMM) or blended
polymers (BP) wherein the additive (filler) is dispersed within the matrix [61].
Typical matrix materials are polymers such as PVA and cross-linkers that include sul-
fosuccinic acid (Table 6), whereas fillers can be nanoparticles or bio-materials among
others [31, 61]. Various attempts to improve the PEMs’ proton conductivity under
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suitable conditions like temperature and humidity have been considered [62]. Such
include synthesizing the PEMs that bear protogenic groups [62]. Among the newly
fabricated PEM materials, each usually has its unique properties based on the precur-
sor materials; therefore, sometimes they may not have all the necessary requirements
for hydrogen generation in PEMWE [62]. The thorough insight on proton transfer

is helpful in assisting them to develop effective PEMs [62]. Since hydrogen is crucial
during the proton transfer, the design of the new PEMs has to be centered on H-bonds
with various protogenic groups in the PEMs [62]. The development of new PEMs
involves polymer blending technology as a versatile approach. Blended polymers

are deemed to have enhanced properties like proton conductivity and mechanical
strength [63]. Most polymer blends are immiscible [44]. The introduction of the
additional materials within the polymer matrix is another important form of blend-
ing. These materials referred to as fillers have to be compatible, while the proton
conductivity and mechanical properties are maintained and improved [44]. The
representation of a cross-linked PEM with filler additive within the polymer matrix is
shown in Figure 2 [17, 31, 44, 53, 58].

4.3 PEM properties

The PEMSs’ properties depend on its make-up since additives can alter the original
properties by improving them [58]. The properties of concern in the PEM are the
following:

i. Morphological properties: The surface morphological observation of the PEMs is
done using the scanning electron microscope (SEM) and/or atomic force micro-
scope (AFM) [64]. For the surface area measurement of the additives, if present in
a PEM, the Brunauer-Emmett-Teller (BET) surface area analyzer is utilized [65].
Furthermore, the crystal structure of the PEMs is characterized using the X-ray
diffraction (XRD). Functional groups available on the surface are determined
using the Fourier transform infrared spectroscopy (FT-IR) spectrometer [64].

ii. Water uptake, adsorption, and swelling properties: The contact angle meter is
used to study the PEMs’ hydrophilicity [65]. For the water uptake (WU), the

Polymer matrix

¢ Filler

¢ Crosslinker

« Proton exchangeable
sites

Figure 2.
Schematic diagram of a crosslinked filler-modified PEM.
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PEMs become dried in an oven at the specific temperature (120°C) until a
constant weight is reached; then, it is determined using the microbalance and
recorded as dry weight (Wq,y) [53]. Afterward, the PEMs get immersed in
water for a specific time (24 h); then, they are weighed and recorded as wet

weight (Wy.). The percentage of water uptake is calculated according to Eq.
(34) [48, 53, 61].

w _ -W
Water uptake (%)= e 100 (34)
Wdry

For the PEMs’ dimensional stability assessment, the swelling ratio (SR) is used
(Eq. (35)). The wet and dry lengths of the PEM are measured during the water uptake
procedure above and used as Ly, and L, respectively [48, 64].

L -L
Swelling ratio (%)= vt T 100 (35)
dry

iii. Ion exchange capacity (IEC): The ion exchange capacity is carried out using
the titration method. The known weight of the dried membrane according
to the water uptake procedure is put into the NaCl solution so as to exchange
the sulfonic acid groups with sodium ions; then, the titration procedure with
NaOH is conducted whereby phenolphthalein is utilized as an indicator. The
moles number of protons is equivalent to the moles number of sulfonic groups.
The IEC is as follows (Eq. (36)) [48, 53, 66]:

IEC meq. _ AVNaoH ><C,NuOH (36)
g Ws

Where the volume change and concentration of NaOH solution are indicated by
AVy,on and Cy,op, while the PEM weight is represented by W.

iv. Thermal properties: The thermogravimetric analyzer (TGA) is utilized for
determining the thermal properties [53]. During this TGA analysis, the
water vapor adsorption is also carried out under various thermal condi-
tions using the isotherms in order to observe the PEMs adsorption behavior
[16, 31, 37, 67].

v. Mechanical properties: The tensile strength and elongation break are some
mechanical properties employed. These measurements are done using the
universal testing machine [64].

vi. Proton conduction properties: The materials’ properties such as proton conduc-
tivity are usually attributed to the surface nature including the functionali-
ties. The presence of water is important in facilitating the proton conductivity
[68]. The Impedance analyzer is used to measure the proton conductivities
at varying temperatures (25-80°C). The equation for proton conductivity
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calculation is Eq. (37). L, R, and A represent the respective distance between
the electrodes, PEM resistance, and PEM surface area.

SY_ L
(o) 72 @

vii. Electrochemical properties: by applying a known voltage to the electrolyzer
and measuring either current density or efficiency [16, 31, 64]. The proton
conductivity is a factor that is related to the performance and efficiency of
PEMWE since enhanced proton conduct may indicate good performance
[69]. The efficiency of the electrolyzer can be referred to as hydrogen effi-
ciency and it is obtained by dividing experimentally produce H, by theoreti-
cally produced H, (Eq. (14)) [2, 31, 70].

4.4 PEM fabrication and conditions

Different PEMs as important components of PEMWE have been fabricated
and reported in Table 7. As the most commonly polymer for PEM matrix, the
PVA-based PEMs (and other PEMs) that have been crosslinked and modified with
additives are indicated in this subsection (Table 7). A PVA/GA PEM with a proton
conducting nano-zeolite or H-MFI-24 (H,Si»sA1,054-nH,0) filler was prepared
(thickness = 40 pm) by Nishihara et al. [16] and then applied in WE. The through-
plane proton conductivity (PC) measured at 100°C, and relative humidity (RH)
of 95% was found to be 2.8 mS/cm. Accordingly, this PC was not high enough for
practical applications due to the low PC of zeolite-PVA. The hydrogen yielded was
66% from the theoretical value at 1.8 V potential and current density of 18 mA/
cm” [16]. The 50% WU indicates that the zeolite filler has good water absorbing
capacity [16]. The OH stretching was displayed on the IR spectra between 3600 and
3000 cm™ wavenumber [16].

Tasarin et al. [61] double crosslinked PVA (5 wt%) with both SSA and GA as
double crosslinkers to form PVA/SSA-GA PEM. Accordingly, the SSA was added as
a crosslinker and proton source, whereas the GA was for the improvement of water
resistance. For this PVA/SSA-GA PEM, first, the PVA/SSA with the PVA:SSA molar
ratio of 1:0.2 was prepared then soaked in GA (0.5 M) solution. The ZIF-8 filler (5%)
was introduced immediately after the SSA addition (PVA:SSA molar ratio 1:0.2);
then, the PVA/SSA/ZIF-8 PEM was casted. Another additive of imidazole (Im) was
added as a filler that facilitates proton transfer and the PEM cast thereof was referred
to as PVA/SSA/ZIF/Im. In this PVA/SSA/ZIF/Im PEM, the molar ratio for Im to sul-
fonic acid group (SAG) that proved to show better performance was 3. The respective
WU and PC of the PVA/SSA-GA PEM at 27°C were 47.8% and the PC of 2.7 x 10~ S/cm.
The consideration of this PEM’s PVA:SSA molar ratio (1:0.2) for further modifica-
tion with additives was based on its hydrolytic stability as opposed to PC only which
increased with increasing SSA content. Therefore, at 27°C, the 5% loading of ZIF-8
on PVA/SSA PEM (PVA:SSA molar ratio 1:0.2) resulted in the proton conductivity
(highest), IEC and WU of 6.2 x 10~ S/cm, 2.17 meq/g, and 58.5% respectively. After
portraying the best PC, the PVA/SSA/ZIF-8 PEM with the 5% ZIF-8 loading was
considered and Im was doped implying modification with two additives. The highest
PC (2.3 x 10~* S/cm) under dry conditions was achieved at 80°C by PVA/SSA/ZIF/
Im PEM with Im to sulfonic ratio of 3; hence, the increase in PC was obtained with
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increasing Im content and temperature. The XRD results of the PVA crosslinked
PEMs displayed the crystalline and amorphous peaks at 26 equal to 19.9° and 40.4°,
respectively [61].

Park et al. [48] fabricated a PEM using a sulfonated poly(arylene ether sulfone)
(SPAES) polymer with N,N-dimethylacetamide (DMAc) to incorporate HSO; groups,
and then, the polyimide nanofiber (PIN) was used as a filler. This newly developed
PEM is referred to as SPAES/DMAc and its properties are shown in Table 7. The
SPAES/DMAc PEM is regarded as non-fluorine PEM and it is one of the promising
PEMs to be widely applied in PEM technology [48]. Furthermore, the mixed metal
oxide nanoparticles (BaCeg gsYbo1503.5 or BYb) were used for the first time as fillers
in the GA crosslinked PVA to prepare a PVA/BYb PEM [37]. The 1.5 wt% of BYb
showed good performance as shown in Table 7. The proton conductivity of the PEM
at 70°C was 64 mS/cm, whereas the tensile strength (TS) was 106.9 MPa. The peaks
of 2850 cm ™! indicated the aldehyde group, at wavelengths 1000, 1200-1250 cm™*
was the C—O group of PVA, the hydrogen bonding and OH vibrations were at
3200-3600 cm™, the C—O0 group was identified at 1720-1730 cm™’, whereas the
C—H bands were at 2907 and 324-1422 cm ™. The H,/0, evolution experiments were
conducted and the power performance of 9.48 and 29 mW/cm” was obtained at
respective current densities of 59 and 210 mA/cm” as well as operational temperatures
of 25°C and 70°C. These electrochemical results reveal that the operational tempera-
ture and current density increase led to good performance thus indicating the higher
proton conductivity of the PEM [37].

The pine bark (PB) filler was incorporated as filler by Mokete et al. [31] to the SSA
crosslinked PVA and PVP polymers to form the PVA-PVP/SSA/PB PEM. The respec-
tive PVA-PVP/SSA/PB PEM’s IEC, WU, SR, and PC were 4.1 meq/g, 133.7%, 34.4%,
and 1.33 mS/cm. This PEM exhibited the highest water vapor adsorption following
the type III adsorption isotherm. The performance of this PEM was in terms of
Faradaic efficiency, which was 83.7% at 10 V application. Also, this PEM proved to be
one of the effective filler-modified PEMs, which incorporated two polymers. Other
PEMs are discussed thoroughly elsewhere in the literature [31]. Recently, a study
investigated the ionizing irradiation effect on the PEM’s structural properties and
then utilized it in an electrochemical hydrogen pump [71]. The PEM was Aquivion®
E98-15S, and it was transformed to H* form and was irradiated with RS-20MR instal-
lation, which had the respective electron beam current and electron energy of 75 kA
and 1-1.5 MeV. The PEM of concern from this study shall be referred to AQV-IR. The
WU at 20°C was 24.3%, whereas its conductivity and resistivity were 103 mS cm tand
9.7 Ohm cm, respectively [71].

PEM limitations as a result of low ion conductivity have been countermeasured by
the development of polymer nanofiber framework. Composite PEMs of sulfonated
polyimide nanofibers that show improved proton conductivity (10 times more than
PEM without nanofibers) have been reported by Kawakami et al. [72]. Other effective
nanofibers that were developed and incorporated in the PEM include phytic acid-
doped polybenzimidazole nanofibers [72].

5. Hydrogen gas generation: Production, storage, and transport

The existence of H, involves three phases that are liquid, gas, and solid [73]. There
are three stages attributed to H,, which are production, storage, and utilization [74,
75]. Again, the significance of hydrogen as an energy carrier is evident in energy
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storage, and chemical and transportation applications [5]. The hydrogen fuel demand
is expected to increase owing to its application in both heavy and light duty trans-
portation. Although it is essential to develop the green, affordable, effective and safe
systems that are practical for H, fuel applications, the apparent challenge has been the
H, storage system establishment [9, 75]. The H, storage can be subdivided into physi-
cal methods such as liquid H,, cryo-compressed H, and compressed H,, and chemical
methods that include chemical hydrides (borohydrides), metal hydrides (simple and
complex metal hydrides), and sorbents (metal-organic framework) [73]. Thus far, one
of the common ways of H, storage is high pressure (cylindrical) storage of compressed
H, but the low densities and intense safety risks make it less appropriate [9, 75, 76].
Liquid H, storage is still not 100% effective as it may be subjected to evaporation in
some instances hence H; loss [75]. Also, the energy that is lost during the liquid H,
production is about 25% [9, 77]. Regarding the large-scale applications, the chemical
storage of hydrogen through H, bonding has proven to be one of the promising alterna-
tives for H, storage. To date, the solid-state storage of H, has gained significant interest
because of good storage efficiency, safety, and good stability. Some important benefits
of the solid-state H, storage include demonstration of low absorption and desorption
temperature, good reversibility especially after repeated cycles of absorption and
desorption, high H, capacity, and reaction kinetics retention. As part of the solid-state
storage, the metal hydrides (including chemical and complex hydrides) have proven to
successfully store H; since they exhibit high storage capacities while operating at low
or pressures and non-cryogenic temperatures [9, 73, 75]. Such metal hydrides include
MgH,, AlH;, and TiH,, whereas the complex hydrides include NaBH,, NaALH,, LiBH,,
and LiAlH,. Among the light metal hydrides, MgH, has surpassed others owing to its
properties like high hydrogen capacity (7.6 wt%) [78, 79], the highest energy density
(9 MJ/kg) [80] as well as low cost with the excellent reversibility [9, 81, 82].

As the universe’s most abundant element, H, can form H-bearing compounds
upon reaction with other elements [83]. Upon reaction with more electropositive
elements including the alkali, alkaline as well as rare Earth metals, an electron is
gained by hydrogen thus bearing a negative charge, which is referred to as a hydride
ion (H™). Some properties of H™ are strong reducibility and high polarization ability
along with high redox potential (H/H,: —2.3 V). These properties of H™ enable it to be
a carrier of energy and a reactive H, species [68]. The H -bearing materials have been
identified and explored as hydrogen storage, thermal storage, chemical synthesis,
ion conduction, and hydrogen separation materials [83]. Rb,CaH, and Cs,CaH, were
synthesized by Rodenburg et al. [84] and it was discovered that both their conductivi-
ties increased due to the release of hydrogen at elevated temperatures; thus, both
materials represented mixed hydride ion conductors which displayed the potential of
chemical and energy conversion applications. In a study by Novak et al. [85], neutron
scattering was employed to investigate low- and high-temperature phases of barium
hydride (BaH,) thus studying the mechanism of hydride ion diffusion. The results
revealed that hydrogen allowance of hydride ion conduction is via hydrogen jumps
of 3.2 A length and owing to the phase transition, there is an evident reduction of
hydrogen jump distances, energy barriers as well as resident times [85]. Accordingly,
the phase transition partakes in the transformation of solid-state material with kinet-
ics to a rapid H, conductor [85]. In another study by Ubukata et al. [86], a layered
Ba, _sH;_ 25X (X = Cl, Br, and I) with structure of anti-LizLaSb, exhibited apparent
conductivity which reached up to 1 mS/cm thus enabling the H™ conduction at room
temperature. Kobayashi et al. [87] prepared the K;NiF,-type oxyhydrides of La, _,

238



Water Electrolysis Overview: A Progressive Origination of Renewable Hydrogen Energy
DOI: http://dx.doi.org/10.5772/intechopen.1012043

Sry,yLiH; _4,y03_y (0<x<1,0<y<2,0<x+y<2), which portrayed the flexible
storage of H™ and O due to the presence of cation sublattices that incorporate more
electron-donating cations as opposed to the sublattices of H™ as well as anions.

6. Summary and future outlook

This chapter is an overview of WE as a process that produces renewable hydrogen
energy. Among the WE techniques are PEMWE, AWE, and SOWE. The water-
splitting process is attributed to some thermodynamics of heat energy and voltage.
Additionally, the OER and HER are governed by the respective reaction kinetics
which depend on the conditions such as acidic or alkaline media. Within the WE
system, the power supply to initiate the WE is key and renewable energy alternatives
are highly recommended. The electrodes’ catalysts that are highly effective have to
be given more research attention. One of the promising H, generation techniques,
which is the PEMWE, is also discussed in depth including the PEM, electrodes
and their enhancement with catalysts, and power source that drives the PEMWE
process. Also, the PEM nature and structure, crosslinking, properties as well as
modification with additives are addressed. Some filler-modified PEMs have been
investigated and their properties have been highlighted. Furthermore, this chapter
includes the H, generation, storage, and transport. Solid-state H, storage is one of
the storage techniques that has drawn a lot of research interest owing to its safety,
good storage efficiency, and stability. Research attention has to be largely based on
the development of the PEMWE system that includes the electrodes, PEMs, and
renewable power sources. Specifically for PEMs, new materials that will contribute
toward the formation of cost-effective and readily available PEMs must be explored.
Again, emphasis on the study and application of renewable energy has to be made
in order to promote the zero-emissions atmosphere. The design of future improve-
ments of the PEMWE system is expected to consider reduction in material utiliza-
tion, particularly the costly and hard to manufacture materials like titanium bipolar
plates. This can be achieved through the reduction in catalyst loadings, PEM thick-
ness and bipolar plates’ thickness amongst others [8]. The shift of energy utilization
has to be from carbon-emitting energy sources to renewable energy.
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Nomenclature

PEM polymer electrolyte membrane

WE water electrolysis

PEMWE polymer electrolyte membrane water electrolysis
OER oxygen evolution reaction

HER hydrogen evolution reaction

MEA membrane electrode assembly

AWE alkaline water electrolysis

SOWE solid oxide water electrolysis

YSZ yttria-stabilized zirconia

TiN titanium nitride

PVA poly vinyl alcohol

pPVP poly(vinylpyrrolidone)

PHEA poly hydroxyethyl acrylate

SPAES sulfonated poly(arylene ether sulfone)
SSA sulfosuccininc acid

GA glutaraldehyde

PAM poly(acrylamide)

PEO polyethylene oxide

pvC polyvinyl carbonate

PEGDE poly(ethylene glycol) dimethyl ether
MMM mixed matrix membranes

BP blended polymer

SEM scanning electron microscope

AFM atomic force microscope

BET Brunauer-Emmett-Teller

XRD X-ray diffraction

FT-IR Fourier transform infrared spectroscopy
WU water uptake

SR swelling ratio

IEC ion exchange capacity

TGA thermogravimetric analyzer
H-MFI-24 proton-conducting nano-zeolite

RH relative humidity

pPC proton conductivity

ZIF-8 zeolitic imidazolate framework-8

Im imidazole

SAG sulfonic acid group

SPAES sulfonated poly(arylene ether sulfone)
DMAc N,N-dimethylacetamide

PIN polyimide nanofiber

BYb mixed metal oxide nanoparticles (BaCe g5Yb 1503 _5)
TS tensile strength

PB pine bark
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