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Dye- or quantum dot-sensitized solar cells (DSCs or QDSCs) comprise a sensitizer, a semiconductor, an

electrolyte containing redox couple, and a counter electrode (CE), which have inspired a new wave of research.
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The challenges in realizing the practical application of such photovoltaic devices are the enhancement of

photovoltaic performance, stability, and the reduction of fabrication costs. The CE is an important component,
and the exploration of low cost CE catalysts to match the redox couples has become a feasible route in the
pursuit of high PCE and low production cost of the devices. This article reviews the development oflow-cest CE
catalysts for the regeneration of each type of iodide-free redox couple, including inorganic, organic, and
transition metal complex-based redox couples, among others.

Introduction

Continuously growing world energy consumption and
environmental problems drive our search for alternative
renewable energy sources. Fortunately, the sun provides us
with an inexhaustible source of solar energy. Solar cells are
photovoltaic devices in which sunlight is converted into
electricity. In the last few decades, photovoltaic production
has maintained a high growth rate of over 20%, making it the
fastest growing energy conversion technology.1 Although the
photovoltaic industry is presently dominated by silicon-based
solar cells, enthusiasm for the development of new types of
solar cells is very high. Among these, dye- and quantum dot-
sensitized solar cells (DSCs, QDSCs) are of particular interest.
These photovoltaic devices commonly contain three
components: a photoanode (sensitizer absorbed on the
surface of semiconductor), an electrolyte (containing a redox
couple) or hole transport material (HTM), and a counter
electrode (CE). The acknowledged merits of DSCs include
environmental friendliness, transparency, good plasticity, ease
of building combination and a simple fabrication procedure.
Currently, laboratory-scale DSCs have reached power
conversion efficiencies (PCE) of ~13% under standard
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conditions, while the efficiency generated by larger modules is
9.9%.7 In a word, DSCs provide a promising alternative to
conventional p—n junction photovoltaic devices. Based on the
structure of DSCs, quantum dots have been introduced as an
alternative to dyes, resulting in so-called QDSCs.? Very
recently, the record PCE value of QDSCs jumped to over
8.21%."

52 Red ===0s L%
P4

E (eV vs NHE)

v
Fig. 1 Electricity generating principle of the DSCs.

DSCs were the original models of this type of photovoltaic
devices, carried forward by Michael Gratzel et al. through the
introduction of the mesoporous TiO, semiconductor film.?
These devices simulate the photosynthesis which has occurred
naturally for over 3.5 billion years; this technology is therefore
often described as “artificial photosynthesis".6a Fig. 1 depicts
the electricity generating principle of DSCs. Under illumination,
a sensitizer molecule (S) jumps to an excited state (S*), and the
unstable S* releases a photoelectron (e’) into the conduction
band (CB) of the semiconductor, leaving behind a sensitizer
hole (S*). Next, the photoelectrons in the CB are collected by
the substrate, flow through the external circuit, and reach the
CE. The oxidation state of the redox couple (Ox) is reduced to
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the reduction state (Red) by the electrons at the CE.
Meanwhile, S* is regenerated by Red, which is oxidized to Ox
at the same time, completing the circuit. The electron transfer
process is always accompanied by electron recombination: the
recombination process occurs between the photoelectrons
and S" or Ox. Recombination is a major cause of efficiency loss
in DSCs.

The realization of commercial applications for DSCs (or
QDSCs) requires a substantive increase of the PCE and a drastic
decrease in the production cost. The design of sensitizers with
a broad absorption band seems to be the key path to
improving the PCE. The open-circuit voltage (V,.) of the device
is determined by the gap between the quasi-Fermi level (E;) of
the electrons in the oxide under illumination and the redox
potential of the electrolyte (E,eqox).- A redox couple with higher
potential provides a higher V,. and a powerful path to higher
PCE, and more information about redox couples is available in
a previous review article.® In DSCs (or QDSCs), the CE functions
as a catalyst or hole extractor, responsible for the regeneration
of the redox couple, and requiring the advantages of high
catalytic activity toward the selected redox couple, high
electronic conductivity, low cost, and good stability during
long-term use. In addition to the conventional Pt CE, carbon
materials, transition metal compounds and polymers can be
used as CE catalysts. Studies have found that CE catalysts and
redox couples closely relate to each other, a matching issue
between them.” This suggests that we should re-consider the
role of CE catalysts toward a fixed redox couple in the pursuit
of high PCE values. Furthermore, the development of low-cest
Pt-free CE catalysts is a promising path to the reduction of
production costs by replacing expensive Pt CE. The exploration
of low cost CE catalysts for fixed redox couples is therefore of
great interest, and here we summarize the recent progress in
CE catalysts combined with iodide-free redox couples.

2. Counter electrode (CE) catalysts in dye-
sensitized solar cells (DSCs)
2.1 CE Catalysts for inorganic iodide-free redox couples

In DSC systems, | /15" is the prevalent redox couple because
the iodide electrolyte has desirable kinetic properties that

meet the requirements of “asymmetric behaviour” in the DSCs:

the forward electron donation by I diffuses rapidly to
guarantee efficient dye regeneration while the recombination
of I3~ with the electron in the photoanode is inactive for high
carrier collection efficiency. Pt was first used to catalyze the
regeneration of the 1/l5” redox couple and the mechanism of
the I3~ reduction at the Pt/electrolyte interface has been
thoroughly investigated.8 Because of the high cost and limited
reserves of Pt, many Pt-free CE catalysts have been applied to
replace Pt, such as carbon materials, polymers, inorganic
materials, multiple compounds, composites, etc. In terms of
redox couples, the I/l based electrolyte has obvious
shortcomings which cannot keep up with the ongoing
advancements of DSCs. First, the iodide electrolyte absorbs
short wavelength light, resulting in lower short circuit current
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density (Ji.) and PCE. Second, I3~ corrodes Ag and Cu electron
collectors. Third, the sublimation of I, is a potential threat to
the long-term use of DSCs. Moreover, the mismatch
(approximately 0.6 eV) between the redox potential of a
typical sensitizer (Ef edox=1.0 €V vs. NHE) and that of I'/l3
(Ef redox=0.4 eV vs. NHE) leads to a V. loss. To overcome these
shortcomings, alternatives to 1 /l;7 are being developed,
including other inorganic, organic, and transition metal
complex-based redox couples. In addition to I'/l5°, inorganic
redox couples include Br /Br;, SCN /(SCN);, etc. Br /Brs
presents a high positive redox potential of 1.1 V vs. NHE.
Furthermore, the Br /Br; electrolyte absorbs much less visible
light than the I'/I3~ electrolyte. Sun et al. applied the Br /Br;~
redox couple in DSCs with dyes of TC301 and TC306, which
produced PCE values of 3.7 and 5.2% with high V,. values of
1.16 V and 0.94 V, respectively.10 Meyer et al. reported that
the pseudohalide redox couples of SCN/(SCN);~ and
SeCN/(SeCN);™ also had more positive redox potentials than
I"/13”; however, the original performance of the pseudohalide
was very disappointing. The highest incident photocurrent
conversion efficiency (IPCE) values of SCN/(SCN);~ and
SeCN/(SeCN);™ based DSCs are only 4 and 20%, much lower
than that of I'/l;” based DSCs under the same conditions. This
is likely due to the inefficient regeneration of the N3 dye by
these types of pseudohalide redox couples.11 Gratzel and co-
workers developed ionic liquid electrolytes using the
SCN/(SCN);~ redox couple for high-efficiency DSCs which
produced unprecedented PCE values of 7.5-8.3%." In the
aforementioned work, Pt was used as the CE catalyst for
Br/Br;” and the pseudohalide redox couples. Sun et al.
Prepared the sulfide redox couple of ((CH3)4N),S/((CHs)4N),S,
with good solubility in organic solvents. Based on an organic
dye (TH305), the DSCs yielded a PCE of 5.24% with a CoS CE.
The same DSCs using a Pt CE gave a PCE of 4.55%. The higher
catalytic activity of CoS over Pt toward ((CH3)4N)>S/((CH3)4N),S,
can be ascribed to the lower charge transfer resistance (Ry)
and series resistance (R;) of the CoS CE. The experimental
conditions and results from the inorganic iodide-free redox
couple-based DSCs using different counter electrode catalysts
are summarized in Table S1.

Halide and pseudohalide redox couples are the widely used
iodide-free inorganic redox couples in DSCs and Pt is the
dominant CE catalyst. There are few reports on Pt-free
catalysts with iodide-free inorganic redox couples.

2.2 CE Catalysts for organic redox couples

In addition to the inorganic redox couples, another
important and fashionable redox couple family is the organic
compounds, including 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO/TEMPO®), phenothiazine (PTZ/PTZ'), tetraphenyl-
diamine (TPD/TPD’), hydroquinone/benzoquinone (HQ/BQ),
thiolate/disulfide, etc.” Compared to the inorganic redox
couples, the organic redox couples have the following merits:
(1) diversity of the redox couples, (2) easy modification of the
molecule and the subsequent redox potential, (3) colorless
organic redox electrolytes. Based on these merits, organic
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redox couples have great potential to replace inorganic redox
couples.
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Fig.2 Molecular structure of the organ redox couples of TMEPO, PTZ, TBD,
HQ/BQ, and T/T,.
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In 2006, M. Gratzel et al. employed a stable organic radical,
TEMPO) and its oxide state (TMEPO) as the redox couple in
DSCs.** The standard redox potential of TEMPO/TEMPO" was
approximately 0.8 V vs. NHE, 0.4 V higher than the
conventional I'/I;". Combined with an organic dye (D149) with
matched energy levels and the traditional Pt CE, the device
showed an expected high V,.of 0.83 V and a PCE of 5.4%. The
relatively low PCE value can be ascribed to the short electron
lifetime due to the recapture of photoelectrons from the
photoanode, accomplished much faster by TEMPO" than 157,
which leads to a low photovoltage and photocurrent. PTZ has a
smaller reorganizational energy associated with the electron
transfer and is thus considered for co-redox couples. Bignozzi
et al. used PTZ and Co-complex as the co-redox couple in DSCs.
Combined with the dye 2907 and a Pt CE, the device generated
a PCE of 1.44% with a V,.of 0.673 V.2 As a well-known hole
conductor, TPD has also been introduced into DSCs. The
TPD/TPD" redox couple has a large redox potential of 1.095 V
vs. NHE. N3 sensitized DSCs with Pt CE produced a low PCE<1%
with a high V,. of 0.9 V.2 Hais a very robust reductant and
can lose two electrons, forming BQ. The redox potential of
HQ/BQ is more positive than that of I'/l;” but more negative
than the HOMO level of most sensitizers, indicating that
HQ/BQ is a promising redox couple for DSCs in pursuit of
higher V,. and PCE. Sun et al. investigated the impact of
various CEs on HQ/BQ electrolyte-based DSCs.***f For the
N719-based DSCs, the application of poly(3,4-
ethylenedioxythiophene) (PEDOT) and MWCNTs CEs showed
PCEs of 5.2 and 4.9%, respectively, higher than that of the
device using the traditional Pt CE (4.7%). Similarly, for the
organic dye CM309 sensitized DSCs, the devices using PEDOT
and MWCNTs CEs also behaved better than Pt. This result
indicates that Pt-free catalysts are much more suitable for the
regeneration of the HQ/BQ redox couple. As the HQ/BQ
electrolyte is not stable, few subsequent reports about the
HQ/BQ redox couple or the CE catalysts can be found. The
experimental conditions and results of the above-mentioned
organic redox couple-based DSCs using different counter
electrode catalysts are summarized in Table S2.

In 2010, the Gratzel group first introduced
thiolate/disulfide (T°/T,) as a redox couple in DSCs, where T~
represents the 5-mercapto-1-methyltetrazoleion and T, stands

This journal is © The Royal Society of Chemistry 20xx
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for its dimer. % Fig. 2 shows the molecular structure of T, X,
T,, where the substituent R can be Me, Et, n-Bu, n-Oct, etc.
and X can be N(CH;),", Li*, Na*, and K. The redox potential of
T7/T, (R=Me, X'=N(CH3),") is 0.485 V vs. NHE. With a Pt CE, the
DSCs using T /T, showed a PCE of 6.48%. In the following years,
T /T, derivative redox couples were introduced into DSCs. In
this process, it was found that some Pt-free CE catalysts were
more suitable for the regeneration of the T /T, redox couples.
M. Gratzel compared the conventional Pt to CoS and PEDOT
CEs for the T/T, redox couple. Using N719 dye and a PEDOT
CE, the device produced a PCE of 6.9%. Replacing the N719 dye
with 2907 dye, the PCE increased to 7.9%.14"

We have introduced carbon materials, transition metal
carbides, nitrides, oxides, sulfides, phosphides, and composites
into the T°/T, redox couple.7 As the carbides performed better
in iodide redox couple,9d we first used TiC, VC, and Cr;C,
nanoparticles to catalyze the regeneration of the T /T, redox
couple.7a As we expected, all of the carbide CEs brought clear
advantages to the T /T, electrolyte. The corresponding DSCs
showed high PCEs of 4.96 (TiC), 4.06 (VC), and 4.54% (Cr3C,).
Compared with the Pt CE based DSCs, the PCE values were
significantly improved by 35.5, 10.9, and 24.4%, respectively.
The nitrides, oxides, sulfides, and phosphides have also been
introduced into the T /T, system, and all of the Pt-free
catalysts showed higher activity than Pt.”*" In addition, the
effect of the morphologies of the CE materials on catalytic
activity in the applied T /T, redox couple have been
investigated. The prepared Mo,C nanotubes (Mo,C-NTs) gave
an impressive catalytic activity compared to the Mo,C
nanoparticles (MoZC-Ps).7b Electrochemical impedance
spectroscopy (EIS) measurements revealed that the R of the
Mo,C-NTs was 0.8 Q, which was much lower than in the Mo,C-
Ps (2.0 Q). Moreover, the Mo,C-NTs showed low diffusion
impedance (Z) values relative to the Mo,C-Ps, stemming from
the mesoporous structure of the Mo,C-NTs as shown in the
TEM images (Fig. 3a, b). Both the R, and Z, proved that the
redox reaction between T~ and T, occurs easily on the Mo,C-
NTs electrode. Similarly, the VN “peas” showed higher catalytic
activity than VN cubes.”“The possible reasons are summarized
as follows: (1) as depicted in Fig. 3c and d, VN “peas” have a
smaller average particle size as well as a larger BET surface
area, providing a large number of catalytic sites; (2) the
different electron structures depends on the particle shape
and size, leading to different catalytic activities;lsa(3) previous
studies have noted that the catalyst with smallest particle has

the highest activity because of the d-band change.15b
bl Madchachs 2 =
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Fig. 3 SEM images of Mo,C (a) nanoparticles, (b) nanotubes, VN (c) cubes, and (d)

peas.

Fig. 4 TEM images of the (a) solid, (b) open-ended, and (c) hollow carbon
sphere.’®

In addition to the transition metal compounds, carbon is
also a promising CE catalyst for DSCs because of its high
catalytic activity, low cost, ready accessibility, excellent
thermal stability and corrosion resistance. Traditional carbon
materials, such as activated carbon (Ca), carbon black (Cb),
carbon dye (Cd), and mesoporous carbon (MC) have been
previously used for the T /T, redox couple.”’d'g The DSCs based
on these carbon CEs produced respective PCE values of 4.96,
5.05, 4.75, and 4.60%. All of the carbon materials behaved
better than Pt for the T /T, redox couple. Recently, a new type
of carbon sphere (denoted as OCS) with an open end on the
surface was introduced into DSCs for the T /T, redox couple.lsa
The OCS CE fabricated in N, atmosphere showed higher
catalytic activity than the conventional solid and hollow carbon
sphere CEs, indicating its potential to replace expensive Pt CE.
The OCS CE based DSCs produce a high PCE of 6.4%, much
higher than that of Pt CE based DSCs (4.1%). The high catalytic
activity of OCS stems from the sufficient contact between the
redox couple and the external and internal surfaces of the OCS
because of its open end, which provides a diffusion channel for
the electrolyte into the inside of the OCS. Lin et al. arranged
single-walled carbon nanotubes (SWCNTs) onto FTO glass
vertically by a transfer technique. This CNTs CE featured
remarkably stronger catalytic activity toward T /T, redox
couple than Pt CEs."®® After optimization, the device using this
CNTs CE produced a PCE of up to 5.25%, which was
significantly higher the Pt CE based DSCs. Further, Peng et al.
fabricated wire type DSCs using CNTs CEs combined with T /T,
redox couple.16c The flexible wire device achieved a maximal
PCE of 7.33%, again much higher than the PCE value of 2.06%
for the Pt CE based DSCs. Interestingly, this type of DSC using a
T /T, redox couple surpassed the conventional I'/l;7 redox
couple based DSCs. The Zou group assembled DSCs with
integrated graphite CEs, which worked as the substrate as well
as the catalyst, combined with the T /T, redox couple. The
device showed a PCE of 4.79%, also higher than the Pt CE
based DSCs (3.97%)."°°

Several carbonaceous materials have been used as CEs in
DSCs. To further improve their catalytic activity, composites
were used in which carbon materials were often the supporter
due to their high stability and large surface area. We
synthesized composites of VC-MC, WC-MC, NisP,-MC, and
WO0,-MC, where MC was the supporter and the carbides, oxide,
and phosphide were the catalysts, then introduced the
composites into DSCs for the regeneration of the T /T, redox
couple.”’a’d'f'g All of the composites showed higher catalytic

4| J. Name., 2012, 00, 1-3

activity than Pt and the very high catalytic activity of the
composites can be explained as follows: (1) the intrinsic high
catalytic activity of catalysts, (2) the synergistic catalytic effect
of catalyst and supporter, (3) the improved conductivity
stemming from the MC, (4) the large porosity of the
composites which is beneficial to electrolyte diffusion. Zhang
et al. Utilized Cb as a supporter and several conductive
polymers as catalysts to make composite CEs for the T /T,
elet:trolyte.17 Specifically, they polymerized pyrrole (Py),
aniline (ANI), and 3,4-ethylenedioxythiophene (EDOT) on a Cb
film which was then screen printed on FTO glass to form
Cb/polypyrrole (PPy), Cb/Polyaniline (PANI), and Cb/PEDOT
composites for the T /T, redox couple. The corresponding
DSCs showed PCE values of 5.2 (Cb/PPy), 5.2 (Cb/PANI), and
7.6% (Cb/PEDQOT). The photovoltaic discrepancies are rooted in
the fill factor (FF), which determined the PCE partly. The FF of
a bare Cb CE is only 0.31. After loading PPy, PANI, and PEDOT
on the Cb film, the FFs were increased to 0.49, 0.46 and 0.70,
respectively. The experimental conditions and results of the
organic T /T, (R=me) redox couple based DSCs using different
counter electrode catalysts are summarized in Table S3.

The above-mentioned organic redox couples were all T'/T,,
and the R group was methyl. The champion device based this
organic redox couple gave the highest PCE of 7.6%. However,
the V,. values of the T /T, based DSCs are all less than 0.7 V
due to the substantially negative redox potential (E,eqox) Of
T/T, relative to the Fermi levels of the anode semiconductor,
thus posing a barrier to further improvement of the PCE. To
solve this problem, Han et al. used DFT calculations to design a
group of sulfide redox couples by introducing electron-
donating and-withdrawing groups to the T backbone.'® As
shown in Fig. 2, the R groups include p-phenyl, p-methylphenyl,
p-methoxyphenyl, p-chlorophenyl, p-tifluoromethylphenyl,
and p-nitrophenyl. The values of E .4, Were tuned in the range
of 0.32 to 0.49 V vs. NHE and the V,.of the devices were 0.620
to 0.715 V. When the R group was p-methoxyphenyl, the
sulfide redox couple gave the best electrochemical behavior.
However, the conventional Pt CE showed poor catalytic activity
toward all of the modified sulfide redox couples and the
corresponding DSCs produced PCE values lower than 1%. The
authors found that all of the T /T, redox couples are much
more compatible with carbon CEs than Pt CEs. Furthermore,
the authors prepared a novel graphene modified CE called
GGCM, resulting in higher PCE values of 5.65 (R=p-phenyl),
5.90 (R=p-methylphenyl), 6.14 (R=p-methoxyphenyl), 3.76
(R=p-chlorophenyl) 3.14 (R=p-tifluoromethylphenyl), and 3.25%
(R=p-nitrophenyl). Note that the redox couples with electron-
donating groups behaved better than those with electron-
withdrawing groups. After optimizing the concentration of the
oxide state of the redox couple, the DSCs with T /T, (R=p-
methoxyphenyl) and a GGCM CE gave the highest PCE of 6.53%.
In addition, they applied two types of PEDOT CEs (PEDOTyr,
PEDOTge) for the modified T /T, redox couple, where R= p-
phenyl, and the DSCs produced high PCE values of 6.07
(PEDOTyr) and 4.57% (PEDOTg).*®® Importantly, the PEDOTg
showed a high transparency>91%, and the DSCs showed a high
PCE of 4.35% from rear-side irradiation.

This journal is © The Royal Society of Chemistry 20xx
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Transparent NiS CEs were electrodeposited by the facile
periodic potential reversal (PR) technique in 1 period (denoted
as NiSpg) for the T°/T, redox couple where R=et."® The NiSpx;
CE showed a high transparency of 90% and the DSCs yielded a
PCE of 6.25%, higher than the Pt CE based DSCs (3.98%). The
high catalytic activity, transparency, and low temperature
methods make this NiSpz; CE of great potential in bifacial,
flexible and transparent DSCs when combined with the sulfide
electrolyte. Further, a graphene modified mesoscopic carbon
(GMC) CE was introduced for this type of redox couple, and a
high PCE of 6.55% has been obtained for the corresponding
DSCs, which was an increase of 35% over the analogous DSCs
using a mesoscopic carbon CE (4.82%); both carbonaceous
materials perform better than Pt.”® Funabiki et al. also
prepared T /T, redox couples with long alkyl R groups such as
n-Bu, n-Hex, and n-Oct. With a PEDOT CE, the DSCs employing
these organic sulfide redox couples gave optimized PCE values
of 4.25 (R=n-Bu), 4.32 (R=n-Hex), and 3.61% (R=n-Oct). The
lower efficiency behavior of the redox couple (R=n-Oct) stems
from the increased resistance of electrolyte diffusion in the
DSCs.*® The experimental conditions and results of the organic
of T /T, (R=other units) redox couples based DSCs using
different counter electrode catalysts are summarized in Table
S4.

The above-mentioned T /T, redox couples are based on the
tetrazole frame, differentiated by R groups, and investigations
have been performed to study the impact of the R group on
the electrochemical properties of the T /T, redox couples and
the impact of the CE catalytic materials for the T /T, redox
couples. Based on 2-mercapto-5-methyl-1,3,4-thiadiazole
(McMT), Sun et al. prepared a class of McMT X'/BMT (Fig. 5)
redox couples, where X' can be TBA*, EMI®, and DMHI*.*° The
redox potential of McMT /BMT (X'=TBA*) was 0.155 V vs. NHE.
After optimization, the device using this redox couple and a Pt
CE produced a PCE of 5.1% with a high V,.of 0.774V, rivalling
the iodide redox couple based DSCs. EIS measurements
revealed that the main reason for the lower PCE value can be
attributed to the considerably higher R at the CE, leading to
low FF and PCE values. This indicates that Pt is not an efficient
catalyst for the reduction of BMT.™ To solve this problem,
they introduced a PEDOT CE for the McMT /BMT (X'=TBA")
redox couple, and the device gave a PCE of 6.0%.%%" As the X" is
changed to EMI*, DMHI* while the two thiolates are pure ionic
liquids at room temperature. Thus, the researchers dissolved
0.2 M BMT in the two ionic liquids to obtain solvent-free T /T,
electrolytes, named IL1 and IL2. The devices using these IL
electrolytes and PEDOT CEs produced PCE values of 0.7 (IL1)
and 0.1% (IL2) under a light intensity of 1 sun. However, the
PCE increased remarkably to 3.4 (IL 1) and 0.8% (IL) when the
light intensity decreased to 0.1 sun. These results imply that
the mass transport of the BMT in the IL electrolytes plays an
important role with respect to the disappointing FF and PCE
values which are likely caused by the low catalytic activity of
the PEDOT CE or diffusion resistances in the electrolyte, have
been confirmed by the EIS results. Furthermore, four modified
T /T, redox couples were synthesized: A"/A,, B'/B,, C'/C,, and
D/D,, as shown in Fig. 5. A"/A,, C'/C,, and D /D, showed

This journal is © The Royal Society of Chemistry 20xx

Journal of Materials Chemistry A

similar structures with McMT /BMT by changing the S atom to
O in the molecular framework. The redox potentials were
determined to be 0.25 (A), 0.37 (B), 0.01 (C), and 0.29 V (D) vs.
NHE. Combined with a Pt CE, the DSCs yielded PCE values of
3.3 (A), 0.6 (B), 0.2 (C), 1.6% (D).
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Ghaddar et al. developed a new organic redox couple using
1-methyl-3-propylimidazole-2-thione (T) and 2,2’-dithiobis (1-
methyl-3-propyl-2-imidazolinium) ditriflate (DT).20 As shown in
Fig. 5, the redox couple was presented as T/DT2+. The redox
potential of T/DT2+ was 0.62 V vs. NHE, 0.2 V more positive
than the conventional 1/l;7 redox couple. This implies a
theoretical increase in the V,.of 0.2 V compared to the 1/I5”
electrolyte based device, which should provide a comparable
regeneration rate of the oxidized sensitizer and a comparable
recombination rate for the photoelectron with DT> and the
oxide state of the sensitizer. The behavior of different CE
catalysts on this redox couple was further investigated.
MWCNTSs and CoS CEs showed better catalytic activity than Pt
towards the regeneration of the T/DT2+. The DSCs showed
PCEs of 4.12 (MWCNTSs) and 3.99% (CoS), higher than the Pt CE
based DSCs (2.80%). The highest catalytic activity of MWCNTSs
can be attributed to the high surface area. In addition, the R
values were 10, 15.4, and 37.8 Q cm? for MWCNTs, CoS, and Pt,
respectively. As early as 2010, Meng et al. used
tetramethylthiourea (TMTU) and its oxidized
tetramethylformaminium disulfide dication (TMFDSZ+) to
prepare a TMTU/TMFDS2+ redox couple.21a They found that a
Cb CE on FTO glass outperformed Pt for this type of redox
couple, and the DSCs with N3 dye gave PCE values of 3.1 (Cb)
and 0.6% (Pt). Furthermore, they deposited Cb films on Al and
SS substrates, and both of the two CEs exhibited relatively
good performance. The stability test showed that the two
metals were stable in TMTU/TMFDS2+ electrolyte. The authors
attributed the efficient behavior of Cb to the high surface area
of the porous carbon film as well as the corrosive resistance
toward the TMTU/TMFDS“ electrolyte. Subsequently, Wang et
al. used Z907 and D131 to replace the N3 dye for the
TMTU/TMFDS2+ based DSCs, which produced PCE values of
2.08 (2907) and 3.88% (D131) with the help of a Cb CE.**® The
different performance of the devices using Z907 and D131 may
result from the different sensitizer regeneration rates. Kang et

dimer
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al. designed a new thiolate/disulfide redox couple (M"/M,, Fig.
5). Using a Pt CE, the DSCs yielded a lower PCE of 0.3%. To
improve the device performance, they combined the M™/M,
with T7/T, to make binary redox couples of M7/T, and T'/M,.*?
The PCE values of Pt CE based devices using M /T, and T /M,

redox electrolytes were improved to 2.3 and 0.8%, respectively.

With the Cb CE, the PCE values were further improved to 4.1
and 2.9%. Furthermore, the Cb CE showed much better

stability in M"/T, based DSCs compared to the traditional Pt CE.

The experimental conditions and results of the above-
mentioned organic redox couple based DSCs using different
counter electrode catalysts are summarized in Table S5.

In summary, the lower light absorption of organic sulfide
redox electrolyte is advantageous over the iodide redox
electrolyte. This advantage is promising in the practical
application of the transparent, organic solvent based, non-
corrosive electrolytes and flexible devices. Moreover, the Pt-
free CE catalysts were found more suitable to the
thiolate/disulfide redox couples. For the Pt CE, the Pt particles
deposited on the FTO layer are very limited and the Pt
compact layer is too thin to be contacted. lodide redox couples
with small molecule size can make sufficient contact with the
Pt particle, thus allowing the Pt to catalyze the iodide redox
couple regeneration effectively. In contrast, for the
thiolate/disulfide redox couples, the large molecules cannot
make sufficient contact with the Pt particle, and the Pt
therefore presents “lower” catalytic activity. For the Pt-free
catalysts, the thiolate/disulfide redox couples can make
sufficient contact with the large scale and mesoporous
structured catalysts, inducing a high catalytic activity. Finally,
the thiolate/disulfide based DSCs showing the highest PCEs are
still lower than the iodide electrolyte based DSCs, leaving room
to optimize the thiolate/disulfide by inhibiting recombination,
improving stability, and tuning E,qoy-

2.3 CE Catalysts for transition metal complex redox couples

As one-electron redox couples, transition metal complexes
are promising alternatives to the iodide redox couples for DSCs
system due to their reversible electrochemical properties, such
as weak absorption towards visible light, little aggressive to
metal electrodes, and easily tuned redox potential through
changing the central metal atom or the ligand. The
metal complexes contain Iron (Fe), copper (Cu), nickel (Ni),
manganese (Mn), vanadium (V), and Cobalt (Co) complexes
(Fig. 6). Among these transition metals, Fe is the cheapest one
and ferrocene/ferrocenium (FeCp2°/+) is the most common
redox couple.23 Gregg et al. reveal that, as compared with
iodide system, the FeCpZO/+ redox couple give higher dark
current with N3 sensitized work anode, indicating a limited

photovoltaic properties of DSCs using FeCp20/+ redox couple
13c

and Pt CE.””" Hupp and co-workers introduced chlorine atoms
into FeCp,”*, obtaining the redox couples of Fe(CICp),”" and
CicpFeCp®*, the redox potentials of Fe(CICp),”* and

CICpFeCpOH are more positive than FeCp20/+. However, the
highest PCE is still lower than 1% using the Ru based sensitizer
and Pt CE.”**Bach et al. combined Feszo/+ redox couple with
an organic dye named Carbz-PAHTDTT to fabricated DSCs.
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Using Pt CE, the DSCs reached a high V,.of 0.842 V and an
impressive PCE of 7.5%.2* Relative to the above organic
electrolytes, aqueous ones are more attractive for practical
use, which reduces the difficulty of capsulation and the
contamination. Bach et al. developed an aqueous electrolytes
containing ferricyanide [Fe(CN)64"/3'] redox couple. After
optimization, a PCE of 4.1% was achieved using Pt CE.”° This
result undoubtedly strides forward to a greener and cheaper

aqueous DSCs system.
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Fig. 6 Molecular structure of Fe, Ni, Cu, Mn, and Co complexes.

Fukuzumi et al. applied Cu complexes of [Cu(SP)(mmt)]'/O,
[Cu(dmp),]7?*, [Cu(phen),]”*" as the redox couples for DSCs.2*?
Based on Pt CE and N719 dye, the DSCs employing
[Cu(SP)(mmt)]7°, [Cu(dmp),]7%, [Cu(phen),]?" redox couples
obtained PCE values of 1.3%, 1.4%, and 0.1% respectively. The
low performance can be attributed to the mismatching
between the energy level of the applied sensitizer and the
copper complex redox couples. Wang group introduced an
organic dyes named C218 into the redox couple of
[Cu(dmp),]7** in DSCs.2** With conductive Cb deposited Pt as
CE, a high PCE of 7.0% with high V,. of 0.932 V was achieved.
Interestingly, they found that the redox couple exhibited very
lower electron transfer rates on some noble metals, Cb, or
conducting oxides, generating a poor FF. Thus, it is urgent to
develop an effective CE catalyst to improve the performance
of the DSCs using this copper redox couple.

Hupp et al developed Ni complexes (Ni3+/4+) as the redox
couples in DSCs.>*® Among the Pt, Au, and Ag CEs, and they
found that the DSCs using Au CE showed the highest J,., FF,
and PCE (1.5%), owning to the better electrode reflectivity,
increasing the utilization of the illumination. Further, they
compared a class of Ni**** redox couples by changing the
ligands and the researchers can obtained more information
about the tuned redox potential, shuttle polarity, solubility,
and binding properties. The devices using this kind of NiS74
CEs gave PCE values of 0.7~2.0%.2°° Oyaizu et al. introduced
oxovanadium(lV/V) redox couple into DSCs. With Pt CE, the
device showed a PCE of 5.4%.2° Spiccia et al. used manganese
(Mn) complexes of [Mn(acac)3]0/+ as redox couples for DSCs.”’
They found that PEDOT CE behaved better than Pt and Au,

This journal is © The Royal Society of Chemistry 20xx
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combined with the [Mn(acac)3]0/+ and a new sensitizer named
K4. When applied the commercially available MK2 or N719
sensitizers, the device showed a PCE of 4.4% with the help of
PEDOT CE.

Compared to the aforementioned redox couples, Co
complex, have lower extinction coefficients in the visible light
region, diminishing the competition with photosensitizers. And
Co redox couple is the widely studied metal complex by
changing the ligands, resulting in different redox potentials,
solubility, stability, absorbance, etc. With regard to Co
complex redox couples, different kinds of CE catalysts have
been applied to catalyze the regeneration. Pt is also the most
commonly used CE catalyst thanks to its superior conductivity
and catalytic activity towards Co redox couples regeneration.
Using Co?*** (bpy)s as electrolyte, Gratzel group have obtained
a DSCs with a PCE of 12.3% among various Co redox couples
using Pt CE and co-sensitizers of zinc porphyrin (YD2-0-C8) and
organic dyes (Y123).28 This result suggests that Pt can
effectively catalyze the reduction of Co®* to Co™. Although Co
based redox couples have many advantages, the charge
recombination between them and dye are great. Boschloo’s
research revealed that the recombination can be prevented by
choosing an appropriate sensitizer such as organic dye
composed of donor-m-accepter bridge.29 Although Pt has
excellent catalytic activity toward Co redox couple, it is an
expensive and scare noble metal. Thus finding lew-cest Pt-free
catalysts to replace Pt is also urgent to decrease the cost and
to improve the competitiveness of Co redox couple based
DSCs. Previous research proved that glassy carbon showed
better reversible cyclic voltammograms towards Co complex
redox couple than Pt,30 indicating a more reversible electron
transfer on glassy carbon. Hence carbon should be a potential
candidate for Pt in Co complex system.

Ca and ordered mesoporous carbon (OMC) were carried
out to catalyze Co complex.31 EIS exhibited much smaller R for
Ca and OMC than Pt in catalysing the reduction of Co>* to Co**,
corresponding to higher PCE values of Ca (3.43%) and OMC
(4.05%) than Pt (2.91%) in DSCs system. Boujtita et al.
prepared a screen printed carbon electrodes (SPCEs).32
Although the J-V characterization of SPCE/Co redox couple cell
was 30% lower than that of Pt/lodide redox couple cell both
without optimization, the screen printing process was a
reproducible manufacturing for a stable and conductive
carbon film, which was suitable for
Considering the portable applications, flexible plastic CE has
been fabricated by deposited SWCNTs on plain polyethylene
terephthalate (PET) substrates.®® The R of SWCNT was 0.6 Q
mz, much smaller than Pt on ITO-PET (4 Q cmz) and Pt on FTO
glass (1.7 Q cmz). However, the R, of SWCNT/PET without ITO
layer was larger than the two kinds of Pt CEs. Thus the
SWCNT/PET CE displayed similar performance to Pt/ITO-PET or
FTO glass for Co redox couple based electrolyte. Moreover,
graphite and Cb were also tested as CE catalysts for co*
reduction, which performed equivalent to that of pt.3*

Many carbon catalysts were applied for Co redox couple
and were initially worked well, but were unstable.* Graphene
nanoplatelet (GNP) was found to have superior electrocatalytic

industrialization.

This journal is © The Royal Society of Chemistry 20xx

activity towards Co redox couple with better stability under
potential cycling than that of Pt.”® The test of photo-to-
electron property witnessed that the PCE exceeding 9% for
GNP CE outperformed that of 8% for Pt CE under comparable
conditions. Studies revealed that the active sites for charge
transfer on GNP/electrolyte interface were defects and oxidic
surface groups on GNP, which can be illustrated by the fact of
that optical absorbance of GNP electrode was inversely
proportional to Ry value.®® This means that more mass
loading of GNP leads to smaller R.; and better catalytic activity.
However, for a given transparency, the R for GNP/COZ%J’ was
60 or 300 times smaller than that for Pt/I/l5". Such excellent
electrochemical catalytic activity of graphene enables
GNP/Co*”** based DSCs can maintain high photovoltaic
performance with semi-transparent GNP CE. Whereas, the
splendid catalytic activity of GNP for Co>”** cannot be
extended to other redox couples such as I'/I;. Aksay group
introduced functionalized graphene sheet (FGS) as CE by using
ethyl cellulose as sacrificial binder which was partially
pyrolyzed.36 The prepared FGS had large surface area
containing lattice defects and oxidic functional group of
hydroxyls, epoxides, and carboxylic acids, which were essential
for a promising catalyst. Moreover, the binder residue can
improve the electrode’s structural stability in acetonitrile
containing electrolyte. Importantly, the prepared FGS
electrodes were versatile and performed as well as or even
better than Pt CEs for I-, Co-, and S- based redox couples.

Since the GNP CE was mechanically unstable due to the
poor adhesion between GNP and substrate, GNP detaching
from the supporter may be responsible for the high dark
current for GNP based DSCs. Many researches were focused
on improving the mechanical stability of graphene CE through
increasing adhesion to the supports. Graphene oxide (GO) is an
amphiphilic graphene material which derives from the
abundant oxidic functional groups on the condensed aromatic
backbones. Kavan’s group fabricated GO film with wear
resistance and good adhesion to FTO substrate, which was
claimed probably caused by intimated interaction of the
hydrophilic groups in GO and the hydroxylated surface on FTO
surface.”’ They found that pristine GO CE showed almost no
activity towards reducing Co3+, indicating the sole presence of
oxidic functional groups on carbonaceous skeleton was not
essential for catalytic activity. When the GO film was reduced
through hydrazine or heat treatment, the electrocatalytic
activity was improved dramatically. In view of this
phenomenon, they presumed the activity to be stemmed from
the dangling bonds at the graphene edges. DSCs with
thermally treated composite of GO and GNP as CE exhibited
the best photovoltaic performance exceeding 9%.

Furthermore, doping or loading was an efficient method
employed for graphene nanoplatelets to improve catalytic
activity and mechanical stability of graphene CE. TaON
nanoparticles embedded in reduced GO nanocomposites
(TaON-RGO, Fig. 7a) were prepared by Wang et al.® The
composite possessed much better catalytic property towards
Co*"*" than sole RGO or TaON, suggesting the synergistic
effect from intimate interaction of RGO and TaON. Silver
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nanowires (AgNWSs) are promising nanomaterial for energy
application owing to their unique electrical and optical
properties. Kim et al. prepared hybrid AgNW/GNP as CEs for
the reduction of C03+, obtaining a PCE higher than individual
GNP or AgNW CEs similar to that of Pt CE.*° In addition,
heteroatom-containing graphene was also synthesized served
as CEs in DSCs system for Co redox couples. Both carbon and
nitrogen doped graphene can enhance mechanical stability as
well as maintain catalytic performance. The resulting PCEs
were all better than Pt.*

Fig. 7 (a) TEM image of TaON/Pt composite;* (b) SEM image of PANI nanowires.*

A wide variety of transition metal compounds with
outstanding electrochemical property opens a new horizon for
Pt-free CEs based on inorganic materials. TiC and NbO, have
been introduced into Co mediated DSCs.>' The EIS
measurements showed that the TiC and NbO, owned much
smaller R, towards the reduction of Co® than Pt,
corresponding to higher PCE for TiC and NbO, based DSCs.
Moreover, a pyrite (FeS,) film was prepared as CE for Co
mediated DSCs, and a PCE of 6.34% was achieved. It was found
that the charming catalytic activity of FeS, was attributed to
the good optical reflectivity, which enhanced the light
distribution in the cell as a result of improving current.” In
addition, the nanocomposites of cobalt selenide and nickel
selenide (CoggsSe/NiggsSe) were prepared and used as CEs,
which manifested better catalytic activity for Co redox
electrolyte than pt.*? However, the poor adhesion of transition
metal compounds to FTO glasses and the requirement of a
large quantity of compounds load for high efficiency still
limited the application of these materials.

Among various Pt-free CE catalysts, conductive polymers
play an important role because of their high conductivity, good
plasticity, low cost, and high catalytic activity as well. PEDOT
was found an outstanding conducting polymer utilized as CE
for Co®" reduction.”® Gritzel group fabricated a DSCs using
PEDOT CE in conjunction with Co redox couple, yielding an
excellent PCE of 10.3%.%*® The result of the current transient
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test announced the absence of photocurrent decay for PEDOT,
indexing an alleviated diffusion limitation of Co reduction
current, which may help maintaining the maximum of the
attainable current in the cell. They suggested this effect to be
due to the 3-dimensional and porous morphology of the
PEDOT layer, which reduced the diffusion distance and
generated diffusion fields with radial symmetry. Carli et al.
compared three different kinds of PEDOT based CEs with
different  additives, including LiCIO, (ClO,), sodium
dodecylsulfate (SDS), and polystyrenesulfonate (PSS). The
PEDOT/CIO, electrodes were found to be the best
performance among the three CEs towards the Co redox
couple.43b

Apart from PEDOT, some other organic materials were also
attempted to act as CE catalysts for Co redox couples. The
most  challenging one  was nanoporous  poly(3,4-
propylenedioxythiophene) (PProDOT) introduced by Yum et al.
With a large surface area, PProDOT owned much lower R (2.5
Q) in comparison to that of 50 Q for Pt, leading to an advanced
FF and a higher PCE of 10.08% for Co mediated DSCs.* PANI
was another fairly good alternative for Co* reduction due to
its good catalytic activity and simply fabrication process in low
temperature. Compared to drop-cast PANI film with random
network, an oriented PANI nanowires array (Fig. 7b) were
grown in situ by Wang et al., along which structure the
electron transfer was expected to be faster.*” The Rs and R of
PANI nanowires array were smaller than those of drop-cast
PANI film as expected; hence a better photovoltaic
performance of 8.24% was observed.

Organic conducting polymers are promising candidates for
CE catalysts, which are most likely to realize plastic
applications on account of their simply low temperature
fabrication process. The experimental conditions and results
about the metal complex redox couples based DSCs using
different counter electrode catalysts are summarized in Table
S6.
2.4 CE catalysts for hole transport materials (HTM)

Although recent studies on liquid electrolyte based solar
cells have raised the highest PCE to 13% after successive
advances in sensitizers and electrolytes, there is debate over
whether a liquid electrolyte may limit the realization of stable
and efficient DSCs for commercial applications. To overcome
these disadvantages, alternative liquid-free electrolytes have
been a long-term goal in this field.™® As a consequence, solid
state DSCs (ssDSCs) have been extensively studied for their
advantages in avoiding leakage and corrosion. Similar to
conventional liquid DSCs, the basic configuration of ssDSCs
includes a conducting glass substrate (FTO or ITO), a
mesoporous TiO, film anchored with dye molecules, a CE, and
hole transport materials (HTM) to replace the liquid redox
electrolyte.46 The HTM for ssDSCs must be able to transfer
holes from the oxidized state dye. The CE mainly collects the
charges to complete an electronic circuit. In ssDSCs, the CE
should have high conductivity, mechanical stability and
chemical/electrochemical stability. Moreover, to match the
HTM, a CE with a large work function is also required.

This journal is © The Royal Society of Chemistry 20xx
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Currently, most HTM based ssDSCs use a noble metal layer
(such as Pt, Au, or Ag) for the hole collecting CE.
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PEDOT
Fig. 8 Schematic diagram of the HTM of Spiro-OMeTAD, P3HT, and PEDOT.

Although most studies are focused on inorganic47 or
organic small molecule HTMs,48 the CE is still a key component
in ssDSCs. In 1998, using Pt as a CE, Gratzel et al. reported
efficient ssDSCs using N3 dye and amorphous 2,2',7,7'-tetrakis-
(N, N-p-methoxyphenyl-amine)-9,9’-spirobifluorene (sprio-
OMeTAD, Fig. 8) as HTM, with which a maximum IPCE of 33%
and an overall PCE of 0.74% were obtained."® The low PCE was
caused by interfacial recombination losses. This system was
further optimized in 2011 using a cobalt complex as a dopant,
employing a high absorption coefficient organic dye (Y123) and
thermally evaporating 200 nm of Ag CE, whereby the PCE of
spiro-OMeTAD based ssDSCs was improved to 7.2%.%° Thus far,
spiro-OMeTAD remains the most effective organic HTM for
ssDSCs. However, previous studies have demonstrated that
spiro-OMeTAD still faces serious challenges such as a high
synthetic cost and low hole mobility.51 In parallel with spiro-

OMeTAD, several other molecular and polymeric p-type
organic semiconductors such as PANI,52a PPy,52b poly (3-
hexylthiophene) (P3HT),52c and PEDOT® have been

successfully implemented in HTM based ssDSCs. Recently, an
inorganic perovskite, CsSnlz, was reported as an efficient HTM
in ssDSCs. After optimization, the PCE of ssDSCs with the
inorganic semiconductor CsSnl, o5Fgosdoped with SnF, as an
HTM, N719 dye and a Pt CE improved to 10.2% under standard
AM 1.5, which was the highest efficiency of ssDSCs obtained
by utilizing an inorganic HTM to date.” Generally, the PCE of
ssDSCs still cannot compete with that of liquid DSCs. In the
pursuit of significantly increasing the performance of ssDSCs,
the interfacial contact between the HTM and the photoanode
or CE should be of serious concern, as it plays a key role in
improving the hole or electron collection, and hence the PCE.
In 1995, a ssDSCs with Cul as an HTM was reported, using
evaporation of Au film as the CE to realize electrical contact.*”
The PCE of Cul based ssDSCs has subsequently been greatly
increased to 3.75% by the addition of the Cul crystal growth
inhibitor triethylamine hydrothiocyanate (HTT) and the use of
Au film as the CE.>* Cul as an HTM still poses some challenges,
including a detectable drop in J and V,. when the cell is

This journal is © The Royal Society of Chemistry 20xx
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illuminated for several hours. However, with the evaporation
of 30 nm of Au CE, a record efficiency of 4.1% for ssDSCs was
attained using the dye D102 and sprio-OMeTAD as the HTM.>>
To effectively fill thick nanoparticle based mesoporous TiO,
films with HTM, the Gao group fabricated high efficiency
ssDSCs using multilayer TiO, coated ZnO nanowire arrays
sensitized with Z907 dye as the photoanodes and developed a
multi-step sprio-OMeTAD HTM filling process that effectively
fills sensitized films as thick as 50um with HTM, in which a 100
nm thick layer of Au was deposited by e-beam evaporation on
top of the HTM as the CE. The resulting ssDSCs yielded an
average PCE of 5.65%.”" At the same time, polymer HTM
penetration into the TiO, porous electrodes has been
accomplished via the in situ polymerization of pre-penetrated
monomers. For example, Liu et al. reported an indoline dye
(D149) based DSC with in situ photoelectron-polymerization of
bis-EDOT forming the polymer HTM. Using Au as the CE, the
devices give an average PCE of 6.1%, representing a
remarkable improvement for polymer HTM-based ssDSCs.”®

As with liquid DSCs, Pt film is a conventional CE in ssDSCs.
The Liu group fabricated flexible ssDSCs on lew—eoest Ti foil
substrate using D102 as the sensitizer, P3HT as the HTM, and a
semi-transparent Pt CE. Because Ti substrate is
transparent, the device must be illuminated from the rear side,
by which a significant proportion of the radiation is absorbed
and scattered by P3HT and Pt, respectively. It is therefore
important to limit the amount of Pt and P3HT to reduce
absorption and scattering. Under optimized conditions, a PCE
of 1.20% is obtained for the devices illuminated from the Pt CE
side. The lower efficiency compared to conventional devices is
due to light loss from the Pt CE and strong absorbance from
the P3HT Iayer.57 In addition, Pt CE is usually used in sandwich-
type ssDSCs. The Kim group reported an in situ solid state
polymerizable method for the preparation of PEDOT HTM
based ssDSCs with an excellent performance and improved
electrode/HTM interfacial properties using N719 dye and a Pt
CE.*® The device gave a PCE of 5.4%.

Although Ag CE is not suitable for liquid iodide electrolyte
based DSCs because it is easily dissolved by iodide electrolytes,
Ag is a common CE in ssDSCs. Ag CE can be fabricated via a
thermal evaporation method®® or by spray solution containing
Ag nanoparticles on top of the device.®® All of these electrodes
require an annealing step to optimize the conductivity, which
process causes rapid ssDSCs degradation. It is therefore of
great interest to find a method for fabricating Ag film with low
sheet resistances and high transmission without annealing.
The McGehee group fabricated Ag nanowire (Ag NWs, Fig. 9a)
mesh on a separate substrate and then transferred it using
proper pressure on the top of sprio-OMeTAD, thereby
achieving comparable device performance with standard
thermally deposited Ag electrodes.”* The laminated Ag NWs
are limited due to the pressing procedure, whereby each wire
may come into contact with the soft hole conductor to be
transferred, and are too thick to be completely transferred to
another substrate. A new process, completely in solution, was
then developed for Ag NW/PEDOT: PSS composite electrodes
at room temperature, and the device showed a PCE of 3.7%.%

non-
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Obviously, the fact that these CEs use high cost metals is still
an issue for HTM based ssDSCs in wide scale applications.
Carbon, on the other hand, is an abundantly available and low
cost material that can be deposited through a simple process
such as screen printing or spray coating. Cb and graphite are
the most common carbon materials that have been used in
ssDSCs.

Fig. 9 (a) SEM image of Ag NWs;®* (b) TEM image of ITO nanoparticles.®

In 2002, the O’Regan group reported ssDSCs using CuSCN
as HTM, TiO, as the electron conductor, N3 dye and graphite
as the CE. The device showed a J,. of 8 mA/cmz, V,. of 600 mV,
and PCE of 2% at 1 sun, similar to the results of CuSCN based
ssDSCs with an evaporated Au CE.%® The Sakamoto group
prepared large surface area CEs blending nano size Cb in the
PEDOT: PSS dispersion, after which the CE with the larger
number of NCS groups was covered with a solution containing
guanidine thiocyanate. The resulting ssDSCs exhibited a
dramatically higher PCE of 7.4%. The EIS results revealed that
adding nano-size carbon decreased the CE/HTM interface
resistance, while the lower electrical resistance of PEDOT: PSS
with carbon also contributed to the higher cell performance.64
The Han group have developed highly efficient P3HT based
ssDSCs with low cost carbon CEs. Compared to blank graphite
CE based devices, those with graphite and Cb CEs show a PCE
of 3.1%. The EIS results further indicated that Cb enhanced
electron injection from the CE to P3HT, leading to a decreased
recombination rate between injected electrons and holes.®
Recently, the same group further optimized the ratio of Cb in
the graphite CE, whereby a considerable efficiency of 4.03%
was obtained combined with spiro-OMeTAD and the organic
dye D102.%

To broaden the selected scope of electrode materials in
ssDSCs, metal oxides have been studied because those with
high work functions satisfy certain basic requirements for CEs

10 | J. Name., 2012, 00, 1-3

in ssDSCs. In 2010, the Xia group used V,0s/Al as a novel CE in
ssDSCs with spiro-OMeTAD as the HTM.® They observed that
the performance of these ssDSCs depended on the thickness of
the V,0s film. If it is too thin to cover the sprio-OMeTAD layer,
it can cause a short-circuit, whereas if the film is too thick, it
can result in bad conductivity. The ssDSCs with a 10 nm thick
V,0s/Al CE reached a PCE of 2.0% after optimization,
approaching the performance of ssDSCs using Ag CE. The Chen
group reported bifacial transparent ssDSCs based on an indium
tin oxide (ITO)/Au CE made through sputtering technology and
obtained an efficiency of 1.96% through photoanode side
illumination and 1.50% through ITO CE side illumination.®® In
the pursuit of non-sputtered and non-noble metal CEs, the
Han group recently reported a fully printable transparent
ssDSCs with a mesoscopic ITO CE. Fig. 9b is the TEM image of
the ITO nanoparticles.nghe ssDSCs with D102 dye and spiro-
OMeTAD HTM presented a PCE of 1.73% when irradiated from
the front side and 1.06% when irradiated from the rear side.
The experimental conditions and results of the hole transport
material (HTM) based DSCs using different counter electrode
catalysts are summarized in Table S7.

Fabricating highly efficient and low cost ssDSCs is one
major challenge in this area. Most studies currently focus on
developing small organic molecule HTMs and add various
dopants to improve the conductivity of the HTM and its pore-
filling property. However, studies on non-metal CEs in ssDSCs
are also important to improve the fabrication process and to
reduce the cost of the ssDSCs.

3. Counter electrode in quantum dots-sensitized
solar cells (QDSCs)

Quantum dots (QDs) is an attractive photo-absorber
because of the advantages of large absorption coefficients and
tunable absorption onset in the visible region by regulating the
particle size and composition. Based on the DSCs’ structure,
QD is introduced into DSCs as an alternative to the dye, and
the produced devices are called QDs-sensitized solar cells
(QDSCs).70 Although the redox couples in DSCs can be
transferred into QSCs system, the SZ_/S,,Z_ (polysulfide) redox
couple has proven the most effective one so far because of its
optimal redox potential, efficient hole extraction from the
QDs, and ability to chemically stabilize QDs such as CdS, PbS,
and Ag,S. The CE catalysts must be able to recycle the
electrolyte to complete the circuit. The common CE catalyst
used for evaluating QDSCs is Pt and Au. However, the noble
metals are quickly poisoned by the polysulfide electrolyte,
resulting in significant drops in current. Thus, the Pt and Au CE
are unsuitable for long term use in QDSCs. Moreover, Pt and
Au are rare and expensive, and replace them with an
inexpensive, earth-abundant material is an ideal solution.

The metal sulfides such as Cu,S, PbS, and CoS are highly
active in polysulfide reduction, although early studies have
shown that they may be not stable under normal operating
conditions. Specifically, the PbS device dropped to 10% of its
initial current density after two weeks.”! Consequently,
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choosing a suitable CE catalyst is important to create highly
efficient and stable QDSCs. In this section, we will discuss the
various CE catalysts, including metals, metal sulfides, carbides,
nitrides, carbon materials, polymers, and multiple compounds,
and note the advantages and disadvantages of each.

Although Pt and Au are not the best choice for CE catalysts
in QDSCs due to the poison effect, there are a few reports on
them. Choi et al. synthesized AuPt bimetallic nanoparticles
(AuPt-BNPs) with a dry plasma reduction (DPR) technique and
introduced them in QDSCs as a transparent CE which exhibited
a high catalytic activity. The device employing the AuPt-BNP CE
reached a PCE of 2.4% under front side illumination and 2.2%
under rear side illumination.”* Although the performance of
AuPt-BNPs is higher than both Pt and Au CEs, they are still not
the ideal CE for QDSCs. In the polysulfide redox couple system,
sulfur atoms are adsorbed on the Pt surface, suppressing the
surface activity and conductivity. To overcome this issue, a thin
passivating layer of CuS was deposited on the Pt surface to
prevent the corrosion from the polysulfide redox couple. The
QDSCs with a CuS-modified Pt CE gave a PCE of 2.27%, much
higher than Pt based QDSCs.”® Another solution is to replace
the $°/S.> redox couple with a non-corrosive redox
electrolyte. Sun et al. introduced the organic redox couple of
TMTU/TM FDS** (Fig. 5).72c This device produced a PCE of 0.86%
with a high FF of 0.58 due to the reduced impedance between
the electrolyte and the Pt CE. The performance of the
TMTU/TMFDS2+ based device reached an efficiency three
times higher than that of the device based on common S*7/S,%
electrolyte (0.27%). They also applied another organic redox
couple, McMT_/BMT.mI Combined with a Pt CE, the device
yielded a PCE of 0.6%, much higher than the conventional
Szf/szf redox couple based device (0.3%). The EIS results
showed that the charge recombination in the McMT /BMT
based QDSCs was much lower than that in the polysulfide
based QDSCs. In addition to the organic redox couple, metal
complex redox couples were also tested. Morris et al.
compared Mn*”3" and Co®"** complexes as promising redox
couple alternatives in QDSCs.”* High V,. values of
approximately 1 V were achieved in a liquid-junction solar cell
(a three-electrode arrangement employing a quantum dot-
sensitized photoanode as the working electrode, a Pt CE, and a
Ag/AgCl reference electrode). The low solubility of the Mn2*3*
electrolyte prevented the redox mediators from sustaining
high photocurrent due to mass transport limits. Although the
FF was up to 0.6, a low PCE of 0.33% was achieved under 0.2
Sun. Compared to Co*”**, Mn*’** showed more positive
reduction potentials and recombination rates.
Improving solubility is one of the key issues for metal complex
redox couples in QDSC systems.

The most commonly used CE materials are metal sulfides,
among which copper sulfides are the most widely used
because of their superior catalytic activity toward polysulfide
electrolyte redox couples.73 Specifically, Cu,S deposited on
brass foil is the most commonly used CE in high efficiency
QDSCs. However, the corrosion caused by polysulfide poses an
obstacle for the brass substrate. To resolve this problem, the

slower

brass substrate is commonly replaced by FTO glass. Zhong et al.
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deposited a Cu,S film on FTO glass by electrodeposition of a
copper film via a multipotential step technique followed by
dipping it into polysulfide methanol solution. As shown in Fig.
10a, the Cu,S film takes on an interconnected nanoflake
shape.m1 A CdSe based device with an optimized Cu,S/FTO CE
exhibited a PCE of 5.21%, comparable to that of the commonly
used Cu,S/brass CE (5.41%), while the Cu,S/FTO CE showed
good stability at the working conditions over 10 h, showing no
decrease in PCE, which was a severe challenge for the
Cu,S/brass CE.

o
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Fig. 10 SEM images of sulfide catalysts: (a) Cu,S;”* (b) NiS;””® (c) m-Fe2S;”® (d)
Bi253.7%

The Zhao group prepared CuS nanosheet film on FTO glass
with a facile and low temperature hydrothermal method to
prepare CEs for QDSCs.”*® The thickness of the CuS film was
controlled by the precursor Cu film with thicknesses of 0.1, 0.2,
0.5, 1.0, and 2.0 um. Under front side illumination, the QDSCs
using the CuS CE prepared with 1.0 um Cu yielded the highest
PCE of 3.65%. Most importantly, all CuS CEs behaved better
than Pt CE. Interestingly, a thinner CuS CE prepared with a ~0.2
pum thick Cu film showed excellent transparency. A bifacial
QDSC was achieved using this transparent CE, and a similar
PCE was achieved under both front and rear illumination.
Wang et al. prepared a Cu,S CE by ion exchange of zZnS films
deposited on mesoporous ITO electrodes with a Cu” containing
electrolyte solution. This device with Cu,S CE exhibited a high
PCE of 4.78%, matching the performance of a Cu,S/brass-
based device. The ion exchange technique is a promising route
to fabricate other sulfide CEs, such as PbS, CoS, etc.’* Meng
used a mesh structured Cu,S CE in tandem QDSCs which
produced a PCE of 3.65%.7* A Cu,S nanorod CE was also
applied and a PCE of 4.12% was achieved.”*® The Lee group
synthesized Cu, gS microspheres with a diameter of 500 nm as
CE catalysts and the device produced a PCE of 3.65%.”%% Koo et
al. developed a simple hydrothermal method to synthesize a
Cu, gS/CuS film on FTO glass as an efficient CE for QDpSCs.”™®
Under the illumination of one sun (100 mW cm_z), a device
using the prepared Cu;gS/CuS CE gave a PCE of 1.66% with
Jsc=5.46 mA cm_z, Voo = 0.539 V, and FF= 0.564. A compact (c-
Cu,S) and a porous (p-Cu,S) film on FTO glass were obtained
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through a chemical bath deposition (CBD) technique and used
as CEs in QDSCs.”** Compared to the c-Cu,S film, the p-Cu,S
film exhibited an enhanced catalytic activity and the QDSCs
yielded a PCE of 3.17%. The number of redox active reaction
sites in the p-Cu,S film is 57.9% higher than those available in
the c-Cu,S film, resulting in the improved performance of p-
Cu,S CE based QDSCs.

The Zaban group prepared a PbS CE on Pb metal, and the
device yielded a PCE of 3.01%, much higher than the Pt CE
based device (0.8%).76a EIS reveal that the high performance of
the PbS CE is the result of the improved charge transfer at the
CE/electrolyte interface, causing a change in the
concentration in the solution by reducing the recombination
rates at the working electrode/electrolyte interface and
strongly impacting both the J,. and the FF. Kim et al. studied
the impact of Mn?* doping on the catalytic activity of PbS
CEs.”®® The QDSCs with a Mn** doped PbS CE showed a PCE of
3.61%, which was ~40% higher than that of the device with
the bare PbS CE (2.59%). The catalytic ability of the PbS CE was
improved significantly by Mn®* doping, which can be attributed
to the following two reasons: intentional impurities impact the
structure of the host material, increasing the surface
roughness, and the Mn** dopant creates new energy states
which can delay the exciton recombination time and allow
charge separation to be activated. Interestingly, Mn** doped
PbS QDs also behave as additional photoelectron donors under
illumination, resulting in vigorous redox reactions in the
polysulfide electrolyte. The Gopi group prepared NiS CE with a
facile and low temperature CBD method under different
temperatures of 80, 90, and 100 °C.”” The NiS (Fig. 10c) CE
prepared at 90 °C showed the highest catalytic activity toward
the polysulfide redox couple, and the device gave a PCE of
3.30%, higher than the Pt CE based device (1.89%). lon sulfides
have also been used as CEs in QDSCs.”® Mesoporous
honeycomb-like FeS, microspheres (m-FeS,, Fig. 10c) with
diameters of 500800 nm and pore sizes of 25-30 nm along
with solid FeS, microspheres (s-FeS,) with diameters of
approximately 2 um have been synthesized with a simple
solvothermal method.”®® Both types of FeS, microspheres
present more effective catalytic activity in QDSCs than Pt,
while the m-FeS, behaved better than s-FeS,. As a
consequence, using a ZnO/ZnSe/CdSe photoanode, the QDSCs
with m-FeS, CE yielded a PCE of 3.90%, higher than the
performance of the s-FeS, CE based device (3.50%). Liu and Li
et al. prepared FeS and FeS/Fe;S,/Fe,S CEs on carbon steel
substrate. The FeS device produced a PCE of 3.34% with a high
Joc of 20.40 mA cm™, much higher than the FeS/Fe;S,/Fe,S CE
based device (1.76%).78b’°MoSZ, Bi,Ss (Fig. 10d), and CoS have
also been used as CEs in QDSCs, presenting decent catalytic
activity.”**© With the SILAR method, Li deposited CuS, CoS, NiS,
and PbS on ITO porous films for use as CEs in QDsCs.” They
found that CuS CEs with 12 SILAR cycles exhibited the highest
catalytic activity, followed by the CoS CE, and that NiS and PbS
CEs showed similar catalytic activity, significantly lower than
that of a Pt CE.

We fabricated lew-eest QDSCs based on the earth
abundant element SnS quantum dot with Szf/szf, T /T, and

ion
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I"/l;7 redox couples, comparing the performance of CE
catalysts of Pt, TiC and SnS.2% The results indicated that Pt and
TiC showed similar catalytic selectivity toward I'/l;~ and SnS
was not an ideal catalyst for I'/l; . However, TiC behaved
better than Pt for T /T,. With a TiC CE and T /T, redox couple,
the SnS based QDSCs yielded a PCE of 1.03%, much higher than
the device using the Szf/szf redox couple (0.16%). These
results indicate the great potential of transition metal carbide
catalysts in organic redox couple based QDSCs. In addition to
TiC, TiN was also applied in QDSCs as a CE, which produced an
unsatisfactory PCE of 0.8%.5%° Loading the TiN on graphene or
CNTs may greatly improve the catalytic activity.

As in DSCs, carbon materials are also competitive CEs for
QDSCs. In 2010, an ordered multimodal porous carbon (OMPC,
Fig. 11a) was developed as a CE for QDSCs. The corresponding
QDSCs employing the OMPC CE present a PCE of 4.36%,
significantly higher than those of Pt and Ca CE based devices
(2.29%, Pt and 3.30%, Ca).81a The unigue mesoporous structure
endows the OMPC with a large surface area and a well
developed 3D interconnected ordered macropore framework
with open mesopores embedded in the macropore walls. This
allows the electrode to have fast mass transfer kinetics toward
the polysulfide electrolytes, which is the major reason behind
the high catalytic activity of OMPC over Ca and Pt. Yu et al.
compared hollow core mesoporous shell carbon (HCMSC) with
Pt in QDSCs using I'/l3” and polysulfide redox couples.Slb For
the expensive Pt CE, the Szf/szf redox couple showed better
matching ability than the I'/l;” redox couple, and the QDSCs
using 527/5,(27 and the Pt CE gave a PCE of 1.05%. The Szf/szf
based device using an HCMSC CE demonstrated a PCE of 1.08%,
much higher than devices using mesoporous carbon, CMK. The
higher catalytic activity of HCMSC can be attributed to its
unique structural characteristics, such as large specific surface
area, high mesoporous volume, and a 3D interconnected well-
developed hierarchical porosity network, all of which facilitate
fast mass transfer with less resistance of the polysulfide
electrolyte.

Lee et al. prepared a mesocellular carbon foam with a high
surface area of 911 m? g'1 and a large pore size of 25 nm. The
CdS/CdSe/TiO, QDSCs using this carbon foam CE show a PCE of
1.75%, much higher than those of the devices employing Pt CE
(1.22%) or carbon CE (0.94%).81c The large surface area of the
carbon foam provides more effective catalytic sites for szf
reduction while the ~25 nm mesochannels with an
interconnected pore structure facilitate electrolyte diffusion.
As a result, the carbon foam CE shows much improved
catalytic activity in comparison to the conventional Pt and
carbon CEs. Furthermore, they introduced the carbon foam CE
to a ZnO nanowire array photoelectrode based QDsCs.®* The
cell with the carbon foam CE yielded a higher PCE of 3.60%,
which was much higher than that of the TiO, photoanode
based QDSCs, because the ZnO nanowire structure provided
efficient photoelectron collection and light harvesting.
Similarly, the carbon foam CE exhibits a low R, between the
CE/electrolyte interface due to the extremely high surface area
and facile diffusion of the redox couple compared to
conventional Pt and Au CEs. Furthermore, the carbon foam
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electrode is much more durable in the polysulfide electrolyte
than Au and Pt electrodes. Carbon nanofiber (CNF) has been
used as a CE in SnO, photoanode based QDpsCs.2* The device
using CNF CE showed a PCE of 2.5%, surpassing the Pt CE
based device (2.1%). Zhu et al. inspected the impact of N-
doping on the performance of hollow carbon nanoparticle
(HCNP) CEs in QDSC systems. The QDSCs using this N-doped
carbon CE achieved a PCE of 2.67%, higher than HCNP, CNTs
and Pt CE based devices. The EIS results revealed that the R
of the N-HCNP CE toward the polysulfide redox couple greatly
decreased compared to that of HCNP, CNT and Pt CEs. In
addition, the N-HCNP electrode showed better
electrochemical stability and tolerance to sulfur poisoning in
the polysulfide electrolyte. The better performance of the N-
HCNP electrode is primarily attributed to the fact that N-
doping may introduce more active catalytic sites in the porous
structure, although this conclusion needs further validation.

Fig. 11 (a) TEM image of OMPC;**® SEM images of (b) PEDOT;*? (c) CuSnSs;”>®
(d)Cus/ct.®

Ho et al. introduced conducting polymers of polythiophene
(PT), PPy, and PEDOT (Fig. 11b) as CEs into QDSCs.®*® The
QDSCs with a PEDOT CE exhibited the highest PCE of 1.35%,
much higher than those of the devices using Pt CE (0.09%) or
PPy CE (0.41%). EIS results showed that the PEDOT CE had
higher electrocatalytic activity and lower R, at the
CE/electrolyte interface than either PT or PPy. The SEM images
depicted a regular porous structure in PEDOT with net-like
fibers of various dimensions, while the others did not exhibit
any special matrix structure, explaining why PEDOT possesses
the highest catalytic activity toward the polysulfide redox
couple among the three polymers. Shu et al. compared
different CE catalysts with the organic redox couples of T /T,
and C;HsN,S/CiaH1oNgS, (AT/BAT) in QDSC systems.®?® The
AT /BAT redox couple showed better matching ability than the
conventional polysulfide redox couple with the Pt, CoS or
PEDOT CEs, and the PEDOT CE exhibited higher catalytic
activity than Pt and CoS. A PCE of 1.53% was achieved for the
QDSCs using PEDOT CE combined with the AT /BAT redox
couple. Moreover, with the PEDOT CE, it was found that the
QDSCs based on AT /BAT redox couple outperformed the
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QDSCs based on the T /T, redox couple due to the suppressed
charge recombination.

The above mentioned metal sulfides and carbide belong to
binary inorganic compounds (comprising two elements),
whereas multiple compounds comprising three or more
elements have also been introduced into QDSCs as CE catalysts.
In a previous study,7‘r’a1 Lee et al. prepared CuSnS; (Fig. 11c) to
catalyze the redox reaction of $*7/S,>” in QDSC systems and the
device gave a PCE of 4.06%, higher than the conventional
copper sulfide CE. The Wang group synthesized porous
Cu,ZnSnS, and Cu,ZnSnSe, with a simple spray method to be
used as CEs in QDSCs.2** With the CdSe quantum dot based
photoanode, the devices using Cu,ZnSnS,and Cu,ZnSnSe, CEs
achieved PCEs of 2.19 and 4.35%. The higher performance of
Cu,ZnSnSe, over Cu,ZnSnS, can be attributed to the intrinsic
nature of Cu,ZnSnSe, as well as the porous structure of the
catalytic film formed under the high sinter temperatures,
confirmed by SEM and EIS measurements. Using a pyrolysis
procedure, Shi et al. prepared a porous structured Cu,ZnSnS,
thin film with pore sizes of 100-200 nm for CEs in QDSCs. After
optimization, the device yielded a PCE of 2.56%.%" Lee et al.
prepared a class of Cu,ZnSn(S;.,Se,), nanocrystals with
different S/Se ratios (x = 0, 0.2, 0.5, 0.85, and 1) and
investigated the impact of those ratios on catalytic activity.83c
Firstly, all of the Cu,ZnSn(S;_,Se,), samples exhibited higher
catalytic activity than Pt toward the regeneration of Szf/szf.
Secondly, the ratios of S/Se were found to play a crucial role in
determining the catalytic activities for the redox reaction of
Szf/szf, confirmed by linear sweep voltammetry (LSV) and EIS,
which revealed that the electron transfer kinetics and diffusion
resistance of the electrolyte were related to the S/Se ratios. As
a result, the device with Cu,ZnSn(S;_,Se,)s where x = 0.5 as the
CE achieved the highest PCE of 3.01%, much higher than the
devices using other S/Se ratios. Xiao et al. compared the
performance of a hollow NiCo,S, single crystalline nanorod
array and amorphous NiCo,S, toward the $°/S,%” redox couple
in QDSCs.®*? The EIS experiments showed that the R, of the
hollow NiCo,S, CE was 11.9 Q, lower than the amorphous
NiCo,S,, indicating that the hollow NiCo,S, CE exhibited better
catalytic activity while the QDSCs yielded a PCE of 4.22%. The
excellent behavior of hollow NiCo,S, can be ascribed to the
large catalytic active area, facilitated electrolyte transport, and
the single crystalline 1D nanostructure which promotes fast
electron transport, as evidenced by the different capacitance
values in EIS and by the SEM images.

Au deposited on reduced graphene (RG) generated a
composite Au/RG CE catalyst for QDSCs. The RG/Au composite
CE showed a higher catalytic behavior than conventional Au or
Pt CEs due to the ideal combination of the high catalytic
activity of Au and the conductivity of the RG network structure.
This device showed a PCE of 1.36%.%* Song et al. deposited
Cu,S nanocrystals on the surface of ITO nanowire to form a
Cu,S/ITO composite as a CE for QDSCs.®>® The QDSCs with this
ITO/Cu,S composite CE demonstrated a PCE of 4.06%, much
higher than the plain Cu,S CE based device. The improved
catalytic activity caused by the reduced sheet resistance of the
CE facilitated electron transfer from the ITO to the Cu,S
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because of the high quality tunnel junctions with short carrier
transport paths (less than 100 nm) between them. In addition,
the 3D structure of the nanowire array provided more active
catalytic sites and easy accessibility for the polysulfide redox
couple, which led to a decreased R, contributing to the high
catalytic activity. Meanwhile, CuS nanoparticles were grown in
a controlled fashion on carbon nanofibers (CuS/Cf, Fig. 11d) by
combining the versatility of the electrospinning technique and
a hydrothermal process.85b The combination of the high
catalytic activity CuS nanoparticles and the good charge
transport provided by the 3D nanofiber framework generated
a very high catalytic activity. The QDSCs using this composite
CE produced a PCE of 3.86%, much higher the traditional bare
CuS CE based device. In the catalytic process, the CuS behaves
as the main catalyst in the reduction of the oxidized
polysulfide, while the carbon nanofibers provide the 3D
framework, facilitating the charge transport.

The Meng group prepared a PbS/Cb composite CE with
different PbS/Cb weight ratios.2®® In these composite CE, PbS
provided a large area of catalytic sites and Cb worked as an
excellent electrical tunnel for fast electron transport from the
external circuit to PbS surface. When the weight ratio of
PbS/Cb was 10:1, the PbS/Cb composite showed the best
catalytic activity and the QDSCs achieved a PCE of 3.91%.
Furthermore, a durability test over 1000 h proved that the
PbS/Cb composite CE was highly stable under the working
conditions. PbS nanoparticles were also loaded on graphene
sheets that had been pre-deposited on FTO glass, resulting in a
graphene/PbS composite CE for CdS/CdSe QDSCs.®® Under
standard conditions, the device showed a PCE of 2.63%,
remarkably higher than those using PbS (1.28%) or graphene
(0.23%) CEs.

Wang et al. fabricated a composite CE by combining PbS
nanoparticles with ZnO nanorod arrays.86c Compared with
planar CEs, the ZnO nanorod array framework presented a
larger surface area able to load more PbS catalysts and
resulting in easy accessibility of the electrolyte. Moreover, the
3D structure of the ZnO nanorod arrays provides an excellent
electron pathway for shuttling electrons to PbS catalytic sites.
As a result, the ZnO/PbS composite CEs exhibited much higher
catalytic activity for polysulfide and the QDSCs yielded a PCE of
3.06%. Yuan et al. fabricated a CoS/graphene composite and
found that the graphene played a crucial role in forming the
nanostructure of the electrode, endowing it with a high
specific surface area and further excellent catalytic activity
toward the polysulfide redox couple. Consequently, the QDSCs
using the CoS/graphene composite CE showed a PCE of
2.90%.57 Using CoS nanorod arrays on graphite paper (GP) as
a composite CE, combined with a flexible ZnO photoanode,
Pan et al. assembled a flexible QDSC.5”® The CoS/GP composite
CE showed high catalytic activity and exchange current density
and lower R, toward the polysulfide redox couple with a PCE
of 2.70%, higher than those of QDSCs using Pt (0.52%) and GP
(0.71%) CEs. This work also provides a feasible path to
fabricate flexible electrodes for DSCs.

Using the CBD technique, Lin et al. prepared a fiber shaped
CogSg/Cf CE which showed much higher catalytic ability toward
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the reduction of szf than the conventional Pt CE.®’®

Using this
fiber shaped composite CE, the researchers assembled fiber
shaped QDSCs, obtaining a PCE of 3.79%. As previously
mentioned, CoS and NiS CEs showed decent catalytic activity
toward the polysulfide redox couple. Gopi et al. prepared
FTO/CoS/NiS and FTO/NiS/CoS composite CEs.B™® Interestingly,
the QDSCs with the FTO/CoS/NiS CE exhibited a PCE of 3.40%,
much higher than the device using FTO/NiS/CoS (2.53%). The
photovoltaic difference is caused by the different values of R,
the electron transport resistance, the mass transport
resistance and the R, at the composite CEs. The Meng group
introduced a ternary compound of CulnS, to QDSCs as a CE,88a
resulting in a PCE of 3.63%. After adding an appropriate
amount of Ca/Cb mixture to the CulnS, electrode, they
achieved a CulnS,/Ca/Cb composite with improved catalytic
activity and stability. After fixing the weight ratio of
CulnS,/Ca+Cb at 1:1, this device showed a high PCE of 4.32%.
In addition, a long term stability test indicated that the
CulnS,/Ca/Cb composite CE exhibited good stability under the
working conditions for 1000 h.

Using water soluble MWCNTs and Cu,ZnSnSe,(CZTSe)
nanoparticles, the Chen group obtained CZTSe/MWCNT
composites with different weight ratios.®®® When the weight
ratio of MWCNT/CZTSe was 0.1, the composite CE achieved
optimal behavior and the device produced a PCE of 4.60%.
Based on the assumption that the MWCNTs provide a fast
electron transfer channel in combination with fast interfacial
electron exchange through the catalytic active surface of the
CZTSe, they proposed a “composite charge transmission”
model to explain the differences in the catalytic activity of the
composite CEs with various weight ratios. This study revealed
potential low cost and high efficiency QDSCs. Shu et al.
fabricated a PEDOT/TiO, composite CE by an electro-
polymerization method with different deposition charge
capacities of 40, 80, 120, 160 mC cm 2.5 The QDSCs with the
composite CE prepared at 120 mC ecm™? achieved a PCE of
1.56%. The higher catalytic activity was mainly due to the
increased active surface area without the formation of large
pores and aggregation under middle deposition charge
capacities. The experimental conditions and results of the
QDSCs using different electrode catalysts are
summarized in Table S8.

The redox couples in QDSCs are not developing as fast as
those in DSC systems and the most widely used redox couple is
still polysulfide. The developments in CE materials are more
dramatic and include carbon materials, transition metal
carbides, nitrides, sulfides, oxides, multiple compounds, and
composites.

counter

4. Conclusions and Perspectives

In summary, DSCs have made remarkable strides with
novel Pt-free CE catalysts accompanied by iodide-free redox
couples, overcoming the challenges of high prices, limited Pt
reserves, and the absorption of short wavelength light and
strong corrosion of the iodide redox couple. We have reviewed
a number of Pt-free CE catalysts for various iodide-free redox
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couples including inorganic, organic, and metal complex
materials, among others. The Pt-free CE catalysts contain
carbon materials, polymers, metal compounds, multiple
compounds, and composite materials.

Among the Pt-free catalysts, carbon materials, such Ca, Cb,
CNTs, and graphene, have the merits of low cost, mature
preparation processes, high catalytic activities and
considerable stability. We believe that carbon CEs are the most
promising candidates in the commercial production of DSCs.
Organic polymers are the
because they have the advantages of transparency, low cost,
availability, and high catalytic activity. Nevertheless, there
some problems to be the
development of a gentle method to prepare flexible polymer

ideal transparent flexible CEs

remain resolved, such as
CEs at low temperature, the exploration of new polymers,
improved stability, and so forth. To date, metal carbides,
nitrides, oxides, sulfides, phosphides, selenides, and tellurides
have been proposed as CE catalysts in DSCs, with most of them
showing high catalytic activity. The main problem with this
type of catalyst is that the synthesis procedures generally
consume large amounts of energy. Thus, the exploration of
new synthesis routes with lower consumption is necessary for
metal compound CEs. Multiple compound CEs are newcomers,
and their long-term stability must be evaluated under harsh
conditions. We believe that an increasing number of multiple
compound CEs will be introduced into DSCs. Composites are
the main force in Pt-free CE catalysts, and all of the composite
catalysts work better than their individual components. The
fundamental reasons for the higher catalytic activity of
composites and the role of each component should be further
investigated.

It has been proven that a matching issue exists between CE
catalysts and redox couples. Therefore, design lew-eest Pt and
TCO-free CE, such as integrated carbon sheet, is a promising
path to pursuit low cost DSCs with high efficiency. In this
process, the researchers should note that every part of a DSCs
correlates with each other and a slight variation in one part
may affect the overall status. The
industrialization of DSCs requires our
consideration of each component of DSCs.

In QDSC systems, a metal CE cannot be suitable for the widely
used polysulfide redox couple. The commonly used CEs are
transition sulfides, such as Cu,S, CuS, FeS, NiS, CoS, etc. Carbon
materials, polymers, multiple compounds and composite materials
are used only sporadically. Redox couples in QDSCs show slow
development and there are few reports about polysulfide-free
redox couples compared to the iodide-free redox couples in DSC
systems. Improving the PCE of QDSCs is the main task of current
research in that area.
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