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Abstract

Schiff bases represent a large group of organic compounds interesting for many
different profiles of researchers due to their easy synthesis, versatile coordination
behavior, and structural properties of their metal complexes, but primarily due to
different application possibilities. Besides the promising biological activities, Schiff
bases and their metal complexes often show high photoluminescence, thus making
good candidates for use in optical materials. Among these, the use of Schiff base
metal complexes in different types of solar cells stands out. With the aim to make this
more attractive for more coordination chemists, in this chapter, we highlight the main
findings from this field to establish a better understanding of the structure-properties
linkage and enable the design of new materials with enhanced characteristics.
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1. Introduction

Countless efforts are being made to achieve better substitutes for fossil fuels and
suppress air pollution and climate change [1]. One of the roads to a greener future is
undoubtedly the utilization of solar light instead of fossil fuels and its conversion into
electrical energy through solar cells.

Dye-sensitized solar cells (DSSC) represent the third generation of solar cells.
During the 3 decades since their introduction, different classes of compounds were
investigated as photosensitizers to achieve better efficiency, stability, and improved
production procedures. Research has revealed that metal complexes play a crucial role in
enhancing the stability and photovoltaic performance of DSSC. Compounds featuring
double carbon-nitrogen bonds emerge as promising candidates for investigating optical
properties [2]. The conjugation and delocalization of such bonds and their complex-
ation to metal ions, thus forming so-called push-pull molecules, offer an added boost to
their optical activity, making them attractive for applications in photovoltaic cells.

Initially, ruthenium complexes with various ligands were explored for this pur-
pose. However, the current thrust is toward discovering materials that leverage more
cost-effective and readily available metals, considering ruthenium’ rarity and price.
Research has shown that complexes of 3d and 4d metals with N-heterocyclic ligands
have broad absorption spectra and excellent light-harvesting properties [1], making
them promising materials for enhancing the sensitivity of DSSC.
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In addition to the DSSC, the usage of Schiff base derivatives in organic solar cells
and perovskite solar cells (PSC) is currently being explored. The latter, being the most
attractive type of solar cells for researchers nowadays, opens a new path of combining
the advantages of both types of materials.

Hence, this chapter will present the main findings in using Schiff base metal
complexes for various purposes in different kinds of solar cells.

2. Schiff bases and their complexes in DSSC

One of the main advantages of DSSC was using dyes as the absorbing layer instead
of the semiconductor. With this aim, different classes of compounds were investi-
gated, such as natural sensitizers, polymers, derivatives of anthracene, and metal
complexes, the latter being among the most promising ones [2, 3]. Organic dyes were
more efficient due to unlocalized electrons, but inorganic dyes were shown to be more
durable and stable at higher temperatures [4]. This made metal-organic derivatives
more interesting for research since they had both advantages. Also, the complexation
of Schiff bases to metal ions could enhance their optoelectronic properties [5] and
make them more suitable for this application.

The research has shown that metal complexes used as sensitizers should contain
anchoring ligands (usually carboxylic or phosphorous acid) that bind to the surface of
the semiconductor and ancillary ligands with n-donor properties to enable a “push-
pull” design [6-8].

One of the first complexes used as light absorbers was the ruthenium complex with
bipyridine [Ru(bpy)]*". Its application resulted in low-efficiency solar cells due to their
low stability [2]. Later studies were made to obtain acceptable power conversion effi-
ciency (PCE), and some ruthenium polypyridyl complexes were proved to possess many
advantages, such as wide absorption due to metal-to-ligand charge transfer, longer exci-
tation lifetime, and long-term chemical stability. However, issues like poor absorption in
near-IR, low yields, complicated purification procedures, the toxicity of the Ru-based
materials, high-cost fabrication, and limited resources remained. This motivated the
scientists to search for sensitizers that contain less toxic and easily available metal center
or metal-free sensitizers. The latter was shown to have lower PCE, shorter excitation
lifetime, and aggregation-induced self-quenching, similar to natural dyes [9].

Numerous complexes with different metals were synthesized and tested for this
application, but our attention is drawn to the Schiff bases and their metal complexes.
These compounds could overcome the mentioned drawbacks due to their suitable
optoelectronic features, better stability, and environment-friendly synthetic routes.

Two complexes of copper(II) (Figure 1) and cobalt(III) with the NO bidentate
Schiff base salicylidene-ethanolamine, used as sensitizers of DSSC [10], gave PCEs of
3 and 3.84%, respectively.

The majority of the examined compounds are mononuclear, often homoleptic
complexes. Polymeric complexes are not thoroughly investigated, probably due to
more complicated preparation procedures [11]. One of the newest results in this
field is the synthesis and characterization of copper(II) and cadmium(II) complexes
(Figure 2) containing one of these two salicylaldehyde Schiff base derivatives with a
“push-pull” structure [8].

When used as sensitizers, cadmium(II) complexes were more efficient than
copper(II) complexes with the same ligand, most probably due to the larger radius of
the cadmium ion. The range of PCEs was from 4.77 to 8.59% [8].
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Figure 1.
Molecular structure of the copper(II) complex with Schiff base of salicylaldehyde and ethanolamine (vefcode
HESLCU1o).
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Figure 2.
Structural formulas of the complexes with salicylaldehyde derivative (M = Cu, Cd).

Other four complexes of d-metals were synthesized and characterized, and their
efficiency as dyes was examined (Figure 3) [12]. Cobalt(II) and copper(II) complexes
were less effective than zinc and cadmium ones, meaning the impact of central ion is
one of the crucial factors for obtaining higher efficiency.

Copper complexes are among the most promising ones since they could be used
not only as photosensitizers but also as redox shuttles (Figure 4) [13]. Namely, the
commonly used triiodide/iodide redox couple, aside from good performance, could
cause various problems due to its volatile nature, corrosive effect, and dark red color
of the triiodide ion. These obstacles could be vanquished by using metal complexes
with variable oxidation states.
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M = Cd, Zn, Cu, Co
Figure 3.

The structural formula of complexes with thienylbenzo[1,2-b,4,5-b'|dithiophene and the 8-quinolinol
derivative [12].
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Figure 4.
Strategies to enhance DSSCs using Schiff bases or their metal complexes.

With this aim, cobalt complexes (Figure 5) were investigated, and some improve-
ments were observed [14].

Still, because of limitations and potential health problems cobalt complexes could
cause, copper(I/II) compounds of distorted tetragonal geometry were suggested as
suitable. In addition to copper and cobalt complexes, iron, nickel, manganese, and
vanadium complexes were also investigated as replacements for the triiodide/iodide
redox couple [15].

In [16], an oxovanadium(IV/V) redox coupled with a well-known salen ligand
(symmetric Schiff base of salicylaldehyde and ethylenediamine in molar ratio 2:1)

Figures.
Molecular structure of the bis(ligand) cobalt (III) complex (vefcode YIWCAK). Hydrogen atoms are omitted for
clarity; metal center and ligator atoms ave represented as ellipsoids.
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Figure 6.
Molecular structure of VO (salen) complex (refcode DOGSOH). Metal center and ligator atoms are represented
as ellipsoids.

was used as a redox mediator in DSSC (Figure 6). The results showed the efficiency
of back then satisfying more than 5%.

Until now, studies for optimal sensitizers have been much broader and more
thorough than the search for alternatives to common redox shuttles. Still, this area
represents a field in which much progress could be made in the following years.

3. Schiff bases and their metal complexes in perovskite solar cells

As said earlier, PSCs are currently the most attractive type of solar cells due to
their tunable properties, high sensitivity, and high tolerance to structure defects,
imperfections, and impurities. Besides, PSCs are simpler to fabricate and cost less
than the most widely used and commercialized crystalline solar cells. The research-
ers’ great interest in PSCs led to fast progress in the field—in 10 years, the PCE was
enlarged almost seven times (from 3.8 to 25.8%) [17]!

Even though PSCs seem the best for now, they are far from ideal. One strategy for
improvement consists of changing the hole-transport materials (HTM). Different
compounds have been tested as HTMs, some purely organic—different small mole-
cules, as well as polymers, some hybrid organic-inorganic and pure inorganic com-
pounds such as different metal oxides, copper(I)-iodide, and copper(I)-thiocyanate.
However, the PSCs with the best performances are produced using the spirobifluorene
derivative Spiro-OMeTAD (Figure 7) as HTM.

OMe OMe

Me Me

Figure7.
The structural formula of the most effective HTM in PSCs.
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The most commonly used HTMs involve complicated reaction routes with an inert
atmosphere, high-cost catalysts, and a purification process. For this purpose, Schiff
bases were suggested as a good replacement [18]. They are obtained in excellent yields
in a simple one-pot condensation reaction, with water as the only by-product. This
makes their synthesis easy, cost-effective, environment-friendly, and easy to scale up,
while their purification process is straightforward. When applied as HTMs, the solar
cell’s performance is comparable to those with the usually used materials.

One of the drawbacks of Schiff bases is the hydrolysis azomethine bond is prone
to. Nevertheless, this phenomenon is more noticeable in aliphatic derivatives, whereas
in aromatic, highly conjugated ones, the imine group exhibits greater resistance to
hydrolysis [19].

Some azomethines and diimines (Figure 8) were examined regarding acid-base
discoloration and optoelectronic properties [20] and suggested as promising candi-
dates for HTMs in PSCs but not competitive with Spiro-OMeTAD.

Figure 8.
Molecular structures of Schiff base derivative examined for use in PSCs (refcodes CUHXUA (1) and
CUHXOU (2)).
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Another series of Schiff bases as possible HTMs were synthesized, in which the
core and direction of the azomethine bond were varied to examine their influence on
the performance of PSCs [19]. The best ones showed to be those containing hetero-
cyclic rings, most probably due to the stronger dipole and close molecular packing.
Unlike Spiro-OMeTAD, all Schiff base derivatives used as HTMs were good against
degradation due to moisture.

To overcome the disadvantages of state-of-the-art PSCs, some phenothiazines
were also examined as potential HTMs (Figure 9). Namely, the existing method
for HTM preparation typically relies on using predominantly chlorinated toxic
solvents [21, 22]. These Schiff bases were synthesized in a procedure designed
to minimize health and environmental hazards. Among these, AZO-II showed
the best performance, with a PCE of 14%, excellent stability, and a low produc-
tion price. While the results have not demonstrated a significant enhancement
in efficiency, adopting a procedure nearly ten times cheaper and utilizing green
solvents leads the authors to believe that this represents a promising approach for
developing improved PSCs.
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Figure 9.
Molecular structures of Schiff base derivative examined for use in PSCs.
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A few years ago, interest in implementing Schiff base metal complexes to enhance
the properties of perovskite solar cells arose. Namely, since the energy levels could be
refined by changing the central metal ion, better alignment with the PSC absorber,
lower surface roughness, and higher crystallinity could be achieved. All of this could
lead to higher conversion efficiencies. Ones of the first to explore were complexes of
platinum, palladium, and copper (Figure 10) [23]. These results open a new path to
enhancing PSCs and solar cells in general.

Some earlier synthesized and characterized Co(II) complexes with the Schiff base
of ninhydrin and glycin, obtained by template reaction (Figure 11), were evaluated as
possible sensitizers for TiO, and ZnO layers [24]. The preliminary research has shown
the enhanced efficiency of sensitized PSCs for a few percentiles.

One of the newest studies examined the use of Cu(II) complex with Schiff base
derivative of 3,5-dichlorosalicylaldehyde and 3,4-diaminobenzoic acid as HTM
[25] in all-inorganic PSCs, such as CsBrBr;. Inorganic-organic hybrid PSCs (e.g.,
CH3;NH;PbX; (MAPbX;3), HC(NH,) BbX;3(FAPbX3), and X = Cl, BrorI)) are more
prone to moisture and oxygen invasion; thus, apart from reaching the highest effi-
ciency, improved stability is necessary. This could be achieved by the enlargement of
the inorganic portion of the hybrid and the use of Schiff base derivatives as HTMs.
The outcome was the efficiencies comparable to those of carbon-based CsBrBr; cells,
with the hint for future research to deal with using other transition metals and tuning
the properties of materials by varying the Schiff base derivatives.

Generally, two approaches for utilizing Schiff bases and their metal complexes to
improve PSCs are known so far: using these compounds as HTMs or as sensitizers for
the electron transport layer, as summarized in Figure 12.

However, still, many issues remain to be addressed. One of them is the toxicity of
the used PSCs, mostly because of the lead presence [17]. The global use of these solar
cells could cause the contamination of the ecosystem with lead, which will eventually
be present in the air, soil, and water in higher concentrations. Also, the higher stabil-
ity of PSCs under high temperatures and humidity is of great interest. Considering
the positive effect of Schiff bases and their metal complexes on improving the
material’s resilience to corrosion [26-28] and the fact that the application of metal
complexes in PSCs is not thoroughly examined, this path could be one of the solutions
for the mentioned issues.

Besides, some novel paths in designing the structure of the complexes might be
attractive based on the results of the assessment of optoelectronic properties of some
Schiff bases of aminoguanidine [29-31].

Figure 10.
Structural formula of the complexes (M = Pt, Pd, Cu,).
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Figure 11.

Reaction route for the synthesis of Co(II) complex with Schiff base of ninhydrin and glycin.
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Figure 12.
Examined possibilities of enhancement of PSCs by using Schiff bases and their metal complexes. FTO = fluoride
doped tin oxide; ITO = indium tin oxide; ETL = electron transport layer, HTL = hole transport layer.

Also, it should be noted that detailed structural characterization of these materials
would lead to better insight into structure-properties linkage, which could enable
the design of environment-friendly stable solar products with optimal efficacy and
lifetime, as well as manufacturing costs.

4, Conclusions

Utilizing Schiff bases and their metal complexes in solar cells offers promis-
ing potential for advancing photovoltaic technology. Exploring these materials in
dye-sensitized solar cells and perovskite solar cells revealed they provide notable
advantages like adjustable electronic properties, high light absorption, and easy
manufacturing processes. Additionally, exploring novel Schiff base ligands and
metal complexes holds promise for enhancing device efficiency, stability, and cost-
effectiveness while considering major environmental challenges. Nevertheless, more
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detailed studies are needed to understand and optimize their performance in solar
cell applications fully. In both dye-sensitized solar cells and perovskite solar cells,
the interaction between the Schiff base ligands and metal ions impacts the device’s
efficiency and stability. Thus, the design of novel Schiff bases and their complexes
should be highly interesting. Future research should focus on comprehensive struc-
tural characterization by X-ray crystallography and the comparative analysis of the
structures and performances of numerous compounds to gain better insight into the
structure-property relationships governing their performance.
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