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Dye-sensitized solar cells (DSSCs) are potential products for the next generation of photovoltaic
technology, which is one of the research hotspots in photovoltaics. The counter electrode in DSSCs
collects electron in the external circuit and catalyzes the reduction of the redox electrolyte and hole
transport in the solid electrolyte. Thus, it undoubtedly has an important impact on the photovoltaic
performance, long-term stability, and cost of DSSCs. In this work, the materials of counter electrodes are
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1 Introduction

Nowadays, human beings are facing increasing serious energy
and climate problems. Research on renewable energy sources,
such as solar energy, hydropower, geothermal energy, wind
power, and tidal power, has received extensive attention. Solar
energy has no geographical restrictions and can be directly
collected and utilized without mining and transportation; thus,
it has attracted wide research interests.

The new generation of photovoltaic technologies in solar cell
research includes dye-sensitized solar cells (DSSCs), solar-
driven evaporative power generation devices, perovskite solar
cells (PVSCs), organic/polymer solar cells (OSCs or PSCs), and
quantum dot solar cells (QDSCs). DSSCs have a simple structure
and process, low production cost, easy manufacturing, and no
secondary environmental pollution. Therefore, it shows high
application value in solar energy development and utilization
and is of great significance in research focusing on energy
shortage and environmental pollution.*™*

2 DSSCs

DSSCs are the basis for energy conversion by injecting electrons
from the photoexcited state of the dye sensitizer into the
conduction band of the titanium dioxide semiconductor when
absorbing light so that they may replace the traditional photo-
voltaic devices. They can efficiently convert solar energy into
electricity with low production costs. DSSCs are composed of
three main components: a dye-covered nanocrystalline titanium
dioxide layer on a transparent conductive glass substrate, an
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conductive polymers, and inorganic compounds. The

preparation, mechanism, conversion efficiency, and properties of counter electrodes are reviewed.

iodide (I")/triiodide (I3~) redox pair in an organic solvent as an
electrolyte, and a counter electrode. The counter electrode
collects electrons from an external circuit and catalyzes the
reduction of the redox electrolyte and the transport of holes in
the solid electrolyte (Fig. 1).

Each of the components has an important role and cofunc-
tions with each other to obtain high power conversion effi-
ciency. The working principle of DSSCs can be summarized in
the following five points.

(1) Photoexcitation of dye molecules under illumination
induces charge separation.

(2) Charge (electron) is injected into the conduction band of
mesoporous titanium dioxide.

(3) A charge channel is activated through an external circuit
and an electronic load.

(4) The dye is reduced to the ground state by redox pairs in
the electrolyte, which is usually an organic solvent containing
iodide (I7)/triiodide (I;7) pairs.

(5) The redox pair on the counter electrode is reduced by
a charge from an external circuit, where the reaction satisfies I3~
+2e =3I".
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Fig. 1 Working principle of DSSCs.
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The counter electrode is an extremely important part of
DSSCs. Its low efficiency and instability greatly limit the
photoelectric conversion efficiency and stability of solar cells.>®
This work mainly introduces the research progress on the
preparation and application of counter electrodes.

3 Counter electrodes involving
metals

Metal materials show excellent electrical conductivity, good
flexibility, excellent ductility, and advanced thermal stability
under high-temperature treatment. Using metal materials as
the electrode substrate of solar cells can not only reduce the cost
but also improve the performance of solar cells by reducing the
internal resistance.

3.1 Counter electrode involving Pt

Platinum is a chemical element with the symbol Pt and an
atomic number of 78. It is a dense, ductile, inert, and off-white
transition metal, it is one of the least active metals, and it shows
significant corrosion resistance.

The first requirement for the material used as a charge
transfer agent in DSSCs is low charge transfer resistance and
high exchange current density to reduce the oxidation form of
the charge mediator. Due to high conductivity and catalytic
activity for triiodide reduction and high reflection performance,
platinum is firstly selected as the anti-electrode material for
DSSCs.? Platinum counter electrodes can be prepared by elec-
trochemical deposition, hot gas deposition, spray pyrolysis,
cyclic voltammetry deposition, electrochemical reduction,
thermal decomposition, and sputter coating.'®"

Cheng et al. sputtered a 1 nm-thick platinum film on a fluo-
rine-doped tin oxide substrate, which was performed with
thermal annealing at 400 °C. After that, the amorphous-
nanocrystalline mixed platinum film became a highly crystalline
one with better transmittance and electrocatalytic I;~ reduction
ability, which can be undertaken as the counter electrode of the
double-sided DSSCs." Yang et al. combined the silicon nanowires
and platinum nanoparticles to prepare the counter electrode of
DSSCs, which increased the photoelectric conversion efficiency to
8.32%. Firstly, it enhanced the activity of platinum by expanding
the surface area. Secondly, silicon hydrogen bonds can reduce the
metal ions so that small metal nanoparticles grow on the surface
of silicon nanowires, thus effectively preventing the agglomera-
tion of metal nanoparticles in catalysis.”* Zhao et al. carried out
a mild displacement reaction at room temperature to deposit the
platinum nanoparticles on nickel foam as an efficient and flexible
counter electrode.* Wu et al. successfully prepared a transparent
active Pt-Mo,C electrode for double-sided DSSCs based on the
strong metal-support interaction between platinum and Mo,C,
providing the idea of building solar cells with ultrasmall size and
good dispersion of platinum catalysts.*

3.2 Counter electrode involving non-platinum metal

The current studies prove that the performance of platinum

electrode materials is undoubtedly excellent. However,
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platinum is a precious metal with high price, which limit its
application. Therefore, good results have been reported using
other metals (such as nickel, lead, rhodium, and copper)
instead of platinum to prepare counter electrodes to reduce the
costs."®

Ruthenium (Ru) is a noble metal in the platinum group,
which is cheaper. It shows low resistivity, high work function,
excellent thermal conductivity, and superior electrochemical
stability in a wide potential range. Aftabuzzaman et al. prepared
Ru-nitrogen doped mesoporous carbon (Ru-N-TMC) by the
direct stabilization and carbonization of polybutyl acrylate-b-
polyacrylonitrile (PBA-b-PAN) block copolymer and Ru acetyla-
cetonate [Ru(acac);]. During the stabilization, microphase
separation occurred in the PBAb-PAN block copolymer, and the
PAN block was converted to N-doped semi-graphite carbon due
to the incompatibility between the two blocks. During the
carbonization, the PBA block was removed as a porous template
to form layered mesopores and micropores. The obtained
counter electrode shows ultralow charge transfer resistance (R,
= 0.034 Q em?) and high conversion efficiency of (11.16%). One
of the reasons is that the nitrogen atoms can enhance the
conductivity and electronic interaction between metal and
carbon and improve the catalytic activity through the polarity
effect.”” More importantly, the combined effect of the small
grain size of ruthenium generates many electrochemical sites,
a high conductivity improves the electrocatalytic activity, and
a unique network structure allows rapid electron transfer and
rapid electrolyte diffusion (Fig. 2).***

In addition, iridium (Ir) has similar electrocatalytic activity
due to its low resistivity. Mokurala et al. deposited Ir films on
fluorine-doped tin oxide substrates by radio frequency sputter-
ing to prepare the counter electrodes with a PCE of 7.2%.%° Dao
et al. adopted an effective and simple method to produce a gold-
coated honeycomb structure substrate using a chloroform and
methanol solvent immersion phase separation method with
a volume ratio of 90 : 10 on a Petri dish with a high aspect ratio.
A counter electrode with a high specific active area and high
conductivity efficiency was obtained based on the highly-
ordered cylindrical honeycomb array. The manufacturing
method shows low cost, high efficiency, and good reproduc-
ibility.”* Titanium is featured with superior stability and corro-
sion resistance because a natural passivation oxide is formed on
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Fig. 2 Ru—N-TMC preparation; (a) homogeneous solution of PBA-b-
PAN block copolymer and Ru(acac)s in DMF, (b) electrospinning of
homogeneous solution of PBA-b-PAN block copolymer and
Ru(acac)s, (c) stabilization and carbonization of the mixture of the PBA/
b-PAN block copolymer and Ru(acac)s.
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its surface. Deng et al. fabricated a novel NiCo,S, nanotube
counter electrode supported on a porous titanium membrane
by acid etching and a two-step hydrothermal method, which can
significantly improve the cell fill factor, showing excellent
current density and power conversion efficiency.”® Silver is
proved to have the highest conductivity, thermal conductivity,
and reflectivity among all metals and can be used as a counter
electrode material for DSSCs.>***

3.3 Counter electrode involving alloy

Platinum is still preferred in electrocatalysts due to its excellent
electrocatalytic activity and electron conduction ability.
However, the high cost is an obstacle for extensive commercial
applications. Therefore, reducing the amount of platinum
without sacrificing the electrocatalytic activity and stability is
a lasting goal for creating promising platinum alloy electro-
catalysts. Density functional theory calculations and experi-
mental results show that platinum and transition metals (such
as nickel, iron, cobalt, chromium, and palladium) platinum
alloys are more active than pure platinum.”*® Yang et al
synthesized the ternary platinum alloy (Pt-M-Ni, M = Co, Pd,
and Fe) counter electrodes and studied the synergistic effect on
the catalytic activity. The electrocatalytic performance of ternary
Pt-M-Ni alloy for I;~ was significantly enhanced with the effi-
ciency up to 8.71%. Li et al prepared the zinc oxide
nanostructure-assisted hollow platinum-nickel (PtNi) alloy
microstructure counter electrode by a simple hydrothermal
method and maximized the electrocatalytic behavior by
adjusting the zinc precursor. The maximum power conversion
efficiency of the alloyed platinum counter electrode is as high as
8.74%, which is 37.6% higher than that of the planar platinum
counter electrode. In addition, the abilities to resist dissolution,
charge transfer, and redox electrolytes of iodine are significantly
enhanced.” The nickel-titanium alloy electrode prepared by
Pang et al. had a higher charge transfer and electrocatalytic
activity. The power conversion efficiency of the nickel-titanium
alloy nanowire counter electrode is 8.29%.%® Oh et al. success-
fully synthesized a series of FeSn alloy/RGO nanohybrids with
different volume ratios of Fe/Sn precursors under atmospheric
pressure plasma reduction and low temperature. It has a high
density of surface coverage and high load of nanoparticles,
which is conducive to electron transfer (Table 1).>°

Zhao et al. prepared a new platinum-free Ru ternary alloy
counter electrode (Ru-Co-Se) with a conversion efficiency of
9.07%, which is higher than (7.03%) that of pure platinum

Table 1 FeSn alloy/RGO nanohybrid materials
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counter electrode.*® The coexistence of different valence states
of nickel and cobalt will generate more charge hopping and
valence exchange. Wei et al. constructed the ternary nickel
cobalt sulfide nanoparticles as the reverse electrodes of DSSCs,
and their power conversion efficiency reached 8.44%.*'

Although the pure platinum counter electrode shows excel-
lent catalytic performance, the relatively complex preparation
conditions and high cost limit its practical application. There-
fore, it is a feasible way to develop platinum-based composite
materials with low loading and high stability. Non-platinum
metal and alloy counter electrodes have incomparable
conductivity to other types of counter electrodes and have
a lower cost than platinum-based counter electrodes. Therefore,
further optimizing the reaction conditions, selecting relatively
cheap metals, and improving their electrocatalytic activity are
the focus of following research.

4 Counter electrode involving carbon
material

Carbon materials are attractive candidates for counter electrode
materials of DSSC to replace the traditional and expensive
platinum materials due to their low cost, high specific surface
area, high catalytic activity, high conductivity, high thermal
stability, and good corrosion resistance to iodine. Basically,
there are eight allotropes for carbon (as shown in the Fig. 3): (a)
diamond, (b) graphite, (c) Randalette, (d) Ce, (fullerene), (e)
Csa0, (f) Cy0, (g) amorphous carbon, and (h) carbon
nanotubes.*%”

4.1 Counter electrode involving carbon black

Carbon black (CB) nanoparticles are spherical nanosized
carbon with an amorphous quasi-graphite molecular structure.
Most types of CB have parallel graphite layers, and all CB
surfaces have chemisorbed oxygen complexes (carboxyl,
quinone, lactone, phenolic, etc.), which vary depending on the
production conditions. CB is a good candidate material for
counter electrodes due to its high electrocatalytic activity and
conductivity. When CB is used for counter electrodes, its
particle morphology and surface state (including size, specific
surface area, porosity, crystallinity, thickness, shape, and
purity) and preparation conditions are critical.®® Kim et al
studied the effect of particle size and thickness of the CB porous
layer on the electrochemical performance of DSSCs. CB coating

Counter electrode AE (mV) Rims (Q) R (Q) Zy (Q) Jse (MA cm?) Voe (MV) FF (%) PCE (%)
Fe,Sn,;/RGO 400 2.04 0.38 36.21 10.50 660 66.52 4.6
Fey.1Sng.o/RGO 330 1.66 0.36 28.55 11.32 660 66.38 5.0
Fe 3Sn, 5/RGO 450 2.07 0.43 31.10 9.80 655 67.92 4.4
Feo.5Sn0.5/RGO 435 2.08 0.47 32.23 9.40 650 68.69 4.2
Feo SN, 3/RGO 450 3.19 0.50 31.94 9.17 635 69.32 4.0
Feg.Sng.1/RGO 440 3.20 0.51 31.36 8.85 660 68.77 4.0
Fe;Sn,/RGO 470 5.15 0.56 34.71 8.50 645 68.31 3.8

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Allotropes of carbon.

was sprayed on fluorine-doped tin oxide (FTO) glass at 120 °C.
The size of CB particles varies from 20 to 90 nm. By controlling
the spraying time, the thickness of the CB counter electrode is
controlled at 1-9 mm. With the decrease in the CB particle size,
the specific surface area and conductivity of the CB layer
increase, and so does the catalytic activity. The increase in the
thickness of the CB counter electrode can also improve the
catalytic activity, but the charge transfer resistance at the
electrolyte/CB counter electrode interface will increase. The
photoelectric conversion efficiency of the CB counter electrode
is 7.2% when the particle size is 20 nm and the thickness is 9
mm.* CB nanoparticles are relatively cheaper than other
nanostructures and show excellent catalytic ability. However,
they are reportedly carcinogenic and can cause health
problems.

4.2 Counter electrode involving carbon nanotubes

Carbon nanotubes are allotropes of carbon with cylindrical
nanostructures. Its walls are made of single-atom-thick carbon
sheets (i.e., graphene). The carbon nanotubes may contain one
or more concentric shells of graphene sheets, called single-
walled carbon nanotubes (SWCNT) or multiwalled carbon
nanotubes (MWCNT). In addition, it may have open or closed
ends. Carbon nanotubes have extraordinary strength, hardness,
electrical conductivity, thermal conductivity, and mechanical
strength. Zheng et al. applied a simple, fast, and cost-effective
strategy to grow the MWCNT nanocomposites in situ on nickel
substrates by the ethanol flame method and verified that the
photoelectric conversion efficiency can reach up to 7.43%.*°
Yilmaz et al. employed the hot filament chemical vapor depo-
sition to directly grow the carbon nanotubes with planar and
microarray structures on highly doped N-type silicon substrates

12312 | RSC Adv, 2023, 13, 12309-12319
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Fig.4 (a)and (b) Cross-sectional and top-view SEM micrographs of P-
CNTs (planar CNTs) grown on a silicon substrate with a height of ~45
um and the porous structure of the CNT network; (c) and (d) tilted-
view SEM micrographs of MA-CNTs (micro-array patterned CNTs) at
3k and 60k magnifications, showing a part of the array of CNTs and the
CNT tube diameter of ~30-50 nm.
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Fig. 5 Fabrication process for the micro-array patterned CNT (MA-
CNT) electrodes.

without using any additives and binders. The N-719 dye-
sensitized titanium dioxide was coated on a fluorine-doped
tin dioxide glass substrate as a photoanode and an iodine-
based electrolyte. The carbon nanotubes with a planar struc-
ture as a counter electrode showed a very high photocurrent
density of 26.3 mA cm™> and a power conversion efficiency of
7.13%.*" Yue et al. synthesized a ternary composite MoIn,S,@-
CNTs counter electrode with a hedgehog ball structure by
a simple one-step hydrothermal method. The analysis showed
that it has a larger specific surface area, is conducive to the
adsorption of more electrolyte, provides a greater active contact
area for the electrode, and increases the power conversion
efficiency to 8.38% (Fig. 4 and 5).*

4.3 Counter electrode involving carbon nanofibers

Carbon nanofibers have a large surface volume ratio, adjustable
transmission characteristics, and unique surface chemical
properties. They can also be used as counter electrodes. Wang
et al. used nanocopper particles as catalysts to prepare the
helical carbon nanofibers instead of platinum for counter

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrodes by acetylene pyrolysis. They were proved to have high
surface area and excellent catalytic performance, and the energy
conversion efficiency of the solar cells was 6.74%.** Li et al.
prepared the nitrogen-doped cobalt-based carbon nanofibers by
electrospinning to prepare counter electrodes, which showed
a high power conversion efficiency of 9.05% at an illumination
of 100 mW cm 2* Compared with carbon nanotubes and
carbon nanoparticles, the size of the carbon nanofibers is
larger, which limits the effective surface areal thus, a thicker
carbon nanofiber layer is required to reduce the overall
resistance.*>*°

4.4 Counter electrode involving graphene

Graphene is a new type of nanomaterial, which is composed of
a single carbon atom arranged in a hexagonal lattice. Its prop-
erties are excellent, supported by high surface area (2630 m>
g™ 1), high thermal conductivity (5000 W mK %), fast charged
carrier mobility (200000 cm®> V' s7'), high transmittance
(97.7%), and high chemical inertness.””"* Wu et al. studied the
preparation of graphene nanosheet (GNF) membrane on FTO
glass by the scraper method and thermal annealing at different
temperatures in air and argon atmosphere. The GNF/FTO
membrane was undertaken as the counter electrode of DSSCs.
It was found that the GNF/FTO membrane can more effectively
improve the PCE value of DSSC when annealed in an argon
atmosphere with a temperature higher than 380 °C.>° Yu et al.
developed a three-dimensional (3D) graphene/SWCNT counter
electrode for DSSCs by the drop coating method and proved that
the power conversion efficiency was excellent (9.24%), and it
can be increased to 10.56% when the mirror is set below the
battery.®* Tang et al. utilized the reduced graphene oxide (RGO)
to fully contact with the electrolyte and 3D graphene networks
(3DGN ) to provide a fast electron transport channel so that the
I; /1" redox reaction is accelerated to the greatest extent; thus,
the power conversion efficiency is as high as 9.79%.%> Chen et al.
adopted CO, and sodium to generate the 3D graphene as the
counter electrode of DSSC, which is an environment friendly,
low-cost, simple, and commercially available method for
preparing counter electrodes, and most importantly, can help
control the emission of carbon dioxide.*

4.5 Counter electrode involving mesoporous carbon

As a new type of nanocarbon material, mesoporous carbon
material has attracted wide attention due to its high specific
surface area, high conductivity, large pore size, and high
chemical stability. These structural characteristics endow it
with potential application prospects in catalysis, adsorption,
and energy storage.”*® Younas et al. synthesized highly meso-
porous carbon with different porous structure characteristics
(mesoporous size, pore volume, and specific surface area) and
evaluated it as an electrocatalyst on the counter electrode of
DSSC. The photovoltaic efficiency of DSSC is positively corre-
lated with the pore size and pore volume. The high photovoltaic
efficiency is attributed to the increased electrocatalytic activity
observed in the Tafel study and is due to the increased recom-
bination resistance and decreased electron transfer resistance

© 2023 The Author(s). Published by the Royal Society of Chemistry
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found in the EIS study. In an electrolytic environment, meso-
porous carbons have higher photovoltaic efficiency and stability
than the platinum counterparts.>® Wang et al. coated the mes-
oporous carbon slurry on FTO glass substrate to prepare a novel
carbon counter electrode for DSSCs. Mesoporous carbon with
a pore size of 6.8 nm was uniformly distributed on the
conductive substrate. The electrocatalytic activity of meso-
porous carbon electrode for triiodide reduction was studied by
electrochemical impedance spectroscopy. The filling coefficient
was 65% and the photoelectric conversion efficiency was
6.18%.%

Due to the low cost, chemical inertness, and particularly
high catalytic activity, various forms of carbon materials are
promising alternatives to traditional platinum. In addition,
carbon compounds play a vital role in regulating the photo-
electric properties by adjusting the short-circuit current, open-
circuit voltage, and fill factor. Therefore, further research on
the correlation between its catalytic activity and its physical and
chemical properties is still in progress to construct a high-
performance carbon counter electrode and accelerate its prac-
tical application.

5 Counter electrode involving
conductive polymers

Conducting polymers are derivatives of polyacetylene, polyani-
line (PANTI), polypyrrole (PPy), or polythiophene. The molecular
structure of these polymers is characterized by conductive
conjugated double bonds. Due to its easy synthesis, high
conductivity, low cost, abundance, and good catalytic perfor-
mance, conductive polymers not only show unique light
absorption properties but also can be used as hole transport
materials; thus, it can be a counter electrode material of DSSCs.
The following are typical conductive polymers and their struc-
tures and the electrical conductivity of some conductive poly-
mers (Fig. 6 and Table 2).°%*°

5.1 Counter electrode involving PPy

In recent years, PPy has attracted increasingly more attention as
a potential candidate material for platinum counter electrodes
due to its high stability, good electrochemical performance, and
easy preparation. By placing FTO/glass substrate on the PPy of
methyl orange-ferric chloride complex, Jha et al. in situ prepared
PPy needle-like nanorod membranes, which shows the catalytic
activity for the I;7/I" redox pairs.”” Wang et al. prepared the
hierarchical PPy (HNPPy) with spherical PPy nanoparticles on
the surface of PPy nanofiber network by a simple process. This
unique hierarchical nanostructure can simultaneously provide
fast electron transfer pathways and abundant electrocatalytic
active sites, and its conversion efficiency reaches 6.78%.°* Hou
et al. electropolymerized PPy on a FTO substrate coated with
MWCNTSs to obtain a composite conductive polymer, in which
MWCNTs are encapsulated by 15 nm-thick PPy nanoparticles.
Utilizing the high surface area and good conductivity of
MWCNTs and the good catalytic activity of PPy for the reduction
of triiodide to iodide, it provides fast electron transport and

RSC Adv, 2023, 13, 12309-12319 | 12313
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Fig. 6 Typical conductive polymers and their structures.

Table 2 Conductivities of some conductive polymers

Polymer Conductivity (S ecm™)
(1) Polyacetylene 10° to 1.7 x 10°

(2) Poly(3,4-ethylene-dioxythiophene) 10°

(3) Polypyrrole 10% to 7.5 x 10°

(4) Polythiophene 10 to 10°

(5) Poly(p-phenylene-vinylene) 3to5 x 10°

(6) Poly-para-vinylene 1-10°

(7) Poly-para-phenylene sulfide (PPS) 3-300

(8) Polyaniline 30-200

(9) Polyisothionaphthene 1-50

diffusion channels and a large number of interfacial catalytic
active sites, and the photoelectric conversion efficiency is 7.15%
(Fig. 7).

Li et al. introduced a low-cost, translucent, and honeycomb
PPy/MWCNT capillary electrophoresis double-sided DSSC. The
photoelectric conversion efficiency was 7.07%, which was not
high, but this simple template method can be widely applied to

' ¥ ;1 O o:q -2 0-9’ 2 “ Pt ) C
103, 02 et o i 1Y : it
B T S S N SIS I
..2‘%.".}3?.5" MRt yPavs
e e e
=S S S I ST L e e e =

Fig.7 A schematic diagram of the catalytic mechanism of PPy/carbon
nanotubes: (a) preparation of MWCNTs on MWCNTSs substrate, (b)
adsorption of pyrrole monomer on MWCNTs surface, (c) electro-
chemical polymerization of PPy on MWCNTs and MWCNTSs substrate.
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prepare other cost-effective and transparent double-sided solar
cells and tandem devices.®

5.2 Counter electrode involving PANI

PANI can be used to manufacture conductive yarns, antistatic
coatings, and flexible electrodes because of its low cost, easy
synthesis, high conductivity, high thermal stability, and good
redox properties.®* It is very difficult to deposit PANI
membrane on the surface of FTO glass. Shahid et al. reported
a new method for depositing PANI on porous single-layer gra-
phene carrier by in situ polymerization. First, the graphene
slurry was coated on a bare FTO glass and sintered. Then, the
graphene-coated FTO glass was immersed in acidified aniline
and ammonium persulfate solutions. The dissolved aniline
molecules flow through the porous graphene membrane. After
cooling in the ice bath, the PANI nanofibers begin to grow in the
porous graphene framework. Therefore, due to the sudden
growth expansion, the PANI nanofibers are closely wedged with
the graphene surface. This graphene-loaded PANI hybrid
structure (Gr/PANI) counter electrode shows a light conversion
efficiency of 3.58%, which is 90% that of platinum-based DSSCs
(Fig. 8).%¢

Polyvinyl pyrrolidone/PANI nanocomposites were synthe-
sized by Gao et al. and undertaken as transparent counter
electrodes for double-sided quasi-solid-state DSSCs. Aniline-
coated polyvinyl pyrrolidone can effectively stabilize the space
in the polymerization. The presence of polyvinyl pyrrolidone in
PANI capillary electrophoresis promoted the formation of active
reaction sites at the interface between the counter electrode and
the electrolyte, further reducing the electron recombination.
The power conversion efficiency of the DSSCs prepared by
polyvinyl pyrrolidone (4%)/PANI capillary electrophoresis was
5.45%, which was comparable to that of DSSCs assembled by
platinum capillary electrophoresis.®” Zatirostami et al. used
PANI, tungsten trioxide (WO;) and their composites deposited
on indium oxide membrane substrates by cyclic voltammetry to
prepare the counter electrodes with an efficiency of 6.78%,
which was 12.4% higher than that of platinum-based DSSCs.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Experimental procedure description of graphene-supported hybrid PANI counter electrode (Gr/PANI) and DSSC preparation.

5.3 Counter electrode involving poly(3,4-
ethylenedioxythiophene) (PEDOT)

PEDOT has been widely studied as an efficient catalyst for
DSSCs due to its nanoporous structure, high room temperature
conductivity, high electrochemical reversibility, and significant
chemical and thermal stability.*® With conductive polymer
PEDOT, polystyrene sulfonate (PSS) (PEDOT:PSS), and insu-
lating halloysite nanotubes (HNTs) as fillers, water-based
viscous screen printing ink was prepared by Gemeiner et al.
through a simple homogenization process. PSS/HNTs inks were
screen-printed on FTO substrates and used as counter elec-
trodes for DSSCs.” Ma et al. prepared flexible PEDOT counter
electrodes on doped indium tin oxide (ITO)-coated polyethylene
naphthalene (PEN) (ITO-PEN) substrate by the electrochemical
method for DSSCs. The effect of deposition time on the catalytic
activity of flexible PEDOT electrodes for iodide redox couple was
also studied. After optimization, the power conversion effi-
ciency of DSSCs deposited with the PEDOT counter electrode for
80 seconds was 7.18%, which was close to that of DSSCs with
the platinum counter electrode. The platinum/PDEOT
composite catalyst was synthesized to further improve the
catalytic activity of PEDOT, and its PCE was 7.90%." Xiao et al.
used pulsed potentiostatic electropolymerization to electro-
polymerize the high-performance nanomeadow poly-PEDOT
onto FTO substrates as counter electrodes for DSSCs and
studied various pulse parameters to control the morphology of
PEDOT membranes. It was found that the photoelectric energy
conversion efficiency applied to the counter electrode is 6.40%
under 1.2 V pulse conduction potential, 0.2 V pulse reversal
potential, 1 s pulse conduction period, 0.5 s pulse reversal
period, and a total of 900 durations.”

The conductive polymers show low cost and simple prepa-
ration process but low catalytic activity and conductivity.
Finding a suitable method to prepare the conductive polymer
counter electrodes with controllable morphology and large

© 2023 The Author(s). Published by the Royal Society of Chemistry

specific surface area is an important direction for future
research.

6 Counter electrode involving
inorganic compound

In recent studies, inorganic compounds have shown electro-
catalytic activity in the reduction of triiodide and have been
used as catalytic materials in DSSCs. Compared with carbon
materials and organic polymers, inorganic compounds exhibit
unique properties such as a wide variety of materials, good
plasticity, and simple manufacturing.”*”

6.1 Counter electrode involving carbon compound

The potential applications of carbon compounds in material
chemistry have been widely explored due to their high electrical
and thermal conductivity, good chemical stability, excellent
catalytic activity, and low-temperature superconductivity. Ko
et al. studied the heating layered tungsten oxide at 700 °C, 800 °©
C, and 900 °C to prepare the tungsten carbide particles as
counter electrodes for DSSCs. The sample heated at 800 °C
showed a dominant tungsten carbide structure and a relatively
high specific surface area. The improvement in the photo-
electrochemical properties of the samples prepared at 800 °C
may be due to the catalytic activity of the tungsten carbide phase
and the highly active sites for iodide reduction.” Guo et al.
greatly improved the catalytic activity of carbides by embedding
carbide particles into carbon carriers to prepare the composite
counter electrodes. Some carbon-supported carbides even per-
formed better than platinum. High power conversion efficien-
cies of 9.75, 9.42, and 9.19% were achieved using VC-C, WC-C,
and Mo,C-C, respectively, which are much higher than that of
platinum counter electrode (8.18%).”° This is conducive to
improving the catalytic activity by synthesizing the composite
catalysts and making the industrialization of direct reduction of

RSC Adv, 2023, 13, 12309-12319 | 12315
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Table 3 Performance comparison of carbides

CE catalysts Voc/mV Jse/mA cm ™2 FF PCE/% R/Q cm? Re/Q cm? Zn/Q cm?
Cr,Cs3 834 12.10 0.535 5.40 32.34 10.75 22.92
Cr,C;-C 841 14.47 0.686 8.36 31.65 1.40 16.49
Mo,C 823 12.94 0.624 6.64 31.19 5.32 26.99
Mo,C-C 838 15.38 0.713 9.19 31.54 0.80 13.46
wC 839 13.16 0.651 7.19 31.28 411 23.68
WC-C 842 15.52 0.721 9.42 30.73 0.59 10.54
vC 837 13.21 0.663 7.33 31.31 3.68 12.06
VC-C 840 15.86 0.732 9.75 30.99 0.48 5.78
NbC 836 12.27 0.61 6.26 31.80 6.13 23.75
NbC-C 842 13.78 0.679 7.89 31.25 2.56 7.42
TaC 833 13.29 0.674 7.45 31.75 3.46 14.94
TaC-C 835 14.59 0.703 8.56 31.23 1.32 7.83
TiC 831 13.00 0.652 7.05 31.12 4.25 29.93
TiC-C 847 14.91 0.701 8.85 32.14 1.26 10.56
ZrC 825 12.08 0.494 4.93 32.23 11.1 38.55
ZrC-C 837 13.75 0.665 7.66 32.48 3.02 17.27
HfC 835 12.43 0.55 5.71 32.77 9.01 17.77
HfC-C 846 13.60 0.678 7.81 32.25 2.80 13.43
Pt 836 14.16 0.691 8.18 31.30 1.82 11.13

carbon possible using carbon-supported transition metal
carbide catalysts (Table 3).

Kim et al. prepared the nanostructured iron carbide/carbon
composites by electrochemically anodizing iron foil and then
heated it in a carbon-containing gas atmosphere, forming
a conformal carbon shell on the surface of crystalline Fe;C.
Based on various electrochemical characterization methods, it
was confirmed that the catalytic performance of iron carbide/
carbon composites in cobalt bipyridine redox electrolyte was
better than that of platinum. When used as an anti-electrode in
DSSCs, the composite showed superior performance in
increasing the power conversion efficiency by 8.0% compared to
platinum anti-electrodes (Fig. 9).”

6.2 Counter electrode involving chalcogenide

Chalcogenides include sulfides, selenides, and tellurides. Metal
chalcogenides have different compositions, molecular struc-
tures, unique properties, and excellent catalytic activity for I37;
thus, they can be adopted as counter electrodes. After Yu et al.
sprayed the metal chalcogenide N;HyCu,S, solution, the Cu,S
membrane was obtained on the FTO glass substrate by sintering
to prepare a counter electrode. Compared with the platinum
counter electrode, the Cu,S counter electrode showed higher
electrocatalytic activity and lower charge transfer resistance;
thus, its photoelectric efficiency was higher.”® Subbiah et al.
successfully synthesized the silica and molybdenum disulfide-
coated silica nanocomposites by a hydrothermal method to

Fig. 9
section.

12316 | RSC Adv, 2023, 13, 12309-12319

(a) SEM image of FeO,, (b) SEM image of FesC/C, (c) top view of FeO, cross section, (d) and (e) top view of FezC/C, and (f) FesC/C cross-
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prepare the counter electrodes for DSSCs. In particular, the
oxidation state of the molybdenum atom can exist in the range
of +2—+6 so that the molybdenum atom can easily participate in
the redox reaction, thus greatly improving the photoelectric
conversion efficiency.” The ultrathin nanostructures of metal
chalcogenides exhibit excellent electrocatalytic activity due to
the high percentage of surface atoms and many exposed
internal atoms, which inevitably induced the formation of
defects as efficient active sites. Zhang et al. firstly reported
a high-performance electrocatalyst of ultrathin Ni-NisSe,
nanosheets on graphene nanosheets. The specific surface area
of the ultrathin Ni-Ni;Se,/graphene nanoflakes was as high as
162.5 m” g~ ' when the thickness of the obtained nanoflakes was
1.5-2.5 nm. The electrocatalytic activity of nickel-nickel oxide/
graphene nanosheets was measured as the counter electrode
of DSSCs. Ni-NisSe,/graphene nanosheets had high iodine
reduction performance, and the power conversion efficiency
was 7.76%, which was higher than that of platinum-based
reference electrodes (7.42%).%°

6.3 Counter electrode involving nitrogen compound

The electronic structure of transition metal nitrides is similar
to that of noble metals. Some transition metal nitrides exhibit
platinum-like electrocatalytic activity. Vanadium nitride (VN)
is a low-cost inorganic material due to its high conductivity
and electrochemical activity. Wang et al. prepared the 3D
porous VN nanobelt aerogels by annealing in ammonia or
argon atmosphere after a simple hydrothermal process and
used them as counter electrodes for DSSCs. Its high porosity
and fewer grain boundaries are conducive to electron trans-
port and electrolyte diffusion; thus, a large accessible surface
area is beneficial to increase the electrolyte/electrode contact
area and the number of electrocatalytic active sites. This
counter electrode achieved a conversion efficiency of 7.05% by
differential scanning calorimetry, which was very close to the
that of batteries with conventional platinum counter elec-
trodes.®" CB-silicon nitride (CB-Si;N,) nanocomposites were
applied by Ahmed et al. as cost-effective counter electrodes for
DSSCs. CB-Si3N, nanocomposites were coated on FTO
substrates by screen printing. The results showed that when
the thickness was 4.7 pum; the CB-Siz;N, composite counter
electrode exhibited lower charge transfer resistance and
higher electrocatalytic activity for the reduction of triiodide on
CB and Si;N, electrodes.®*

6.4 Counter electrode involving oxygen compound

Oxygen compounds are different from carbon compounds,
nitrogen compounds, and chalcogenides. Transition metal
oxides are rarely used as the counter electrode to replace WO,
nanorods synthesized by platinum Wu et al. DSSCs with WO,
counter electrode showed a photoelectric conversion efficiency
of 7.25% and good catalytic activity.*® A cubic crystal nickel
oxide membrane was synthesized by Yadav et al. using a chem-
ical bath deposition method, which exhibited a porous honey-
comb morphology and was more efficient than the counter
electrode prepared by pure platinum.** Tsai et al. prepared CuO

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and CuO/graphene slurry and coated it on FTO glass substrate
by a scraper coating method. The substrate was then sintered at
350 °C to form CuO and CuO/graphene nanostructures with
conversion efficiencies of 2.73% and 3.40%, respectively. It
showed a simple manufacturing process and low price.*

Inorganic compound counter electrodes not only show high
catalytic activity but also have considerable stability, showing
great application prospects and potential. Due to the wide
variety, inorganic compounds that have been prepared and
applied to DSSC counter electrode materials are only a small
part of this large family; thus, there is still a broad space for
research and exploration.

7 Prospects and future

DSSC is one of the typical representatives of third-generation
solar cells, which is advanced with low cost, simple prepara-
tion, excellent efficiency, and high environmental friendliness.
The counter electrode is a key component, which affects the
photovoltaic performance and device cost of solar cells greatly.
A counter electrode must have high conductivity, good electro-
Iyte regeneration catalytic activity, and superior stability. Plat-
inum can meet all the requirements of counter electrodes and is
the most used counter electrode material. However, high cost
and insufficient stability limit its wide application. Low cost,
simple preparation, and good stability make carbon materials
a stronger competitor. However, its conductivity and catalytic
activity are relatively low; the dose required to obtain the target
catalytic activity is large, and the adhesion to the substrate is
poor. Conductive polymers are flexible, transparent, easy to
process, and easy to adjust. Among the conductive polymers,
PEDOT shows the best performance but high cost. PPy is
cheaper but the performance is not as good as PEDOT. Inor-
ganic compounds have high stability and good catalytic activity;
thus, single-phase metal oxides and sulfides can be used as
counter electrode materials. However, its efficiency, electro-
chemical cycle stability, and catalytic performance are not good
compared with platinum. Different materials exhibit various
and unique disadvantages and advantages; thus, it is an
important direction to prepare two or more materials into
composite materials by physical or chemical methods to inte-
grate the properties of various materials.
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