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The transition metal chalcogenide crystalline films, FeSe,, CusgS, and CuSe have been deposited from
solution by drop casting their dissolved inks onto a conductive substrate, followed by a mild thermal
treatment. We demonstrate the resulting chalcogenide films exhibit excellent catalytic activity and
function as highly efficient counter electrode (CE) for dye- and quantum dot-sensitized solar cells
(DSCs, QDSCs). In particular, FeSe, and CuSe films produced herein with novel morphologies show
better catalytic activity than that of the conventional Pt coated CE used in DSCs and CuzS in QDSCs,
respectively. Ensuing devices present an improved photovoltaic performance with maximum values of
9.10% for DSCs and 4.94% for QDSCs, comparable to those based on Pt and Cu,S CEs. The efficient
CE materials developed from such a facile and scalable route here offer strong potential for a broader

solar cell application that requires low-cost and large-scale production.

Keywords: chalcogenide films; solution processing technology; efficient counter electrode;
dye-sensitized solar cell; quantum dot-sensitized solar cell

1. INTRODUCTION

Dye- and quantum dot-sensitized solar cells (DSCs, QDSCs) are a new class of thin-film solar cells
that have seen rapid advances in recent years and have attracted considerable attention in both

scientific research and commercial applications.®: 2 The challenge remains, however, especially under
1
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the context of the rapidly developed perovskite solar cells.>*> The renaissance of the sensitized solar
cells requires their component materials to be highly efficient and cost-effective.® 7 Counter electrode
(CE) constitutes one of the most important components in both DSCs and QDSCs. Yet the noble metal
platinum (Pt), which has long served as the catalyst of choice for triiodide reduction in DSCs increases
the cost of the solar cells. Hence, further development of CEs with alternatives being less expensive
and more efficient compared to Pt is warranted to boost their photovoltaic performance and to reduce
the cost of production. Instead of the cost issues that are encountered by DSCs, CE materials used in
QDSCs mainly suffer from mechanical instability problems observed with polysulfide redox system
caused by a continual corrosion in the electrolyte, especially for those CEs built on a metal foil
substrate.® ® Thus, there is still an urgent need to develop more stable and efficient CEs for QDSCs.

A considerable number of inorganic materials, for instance, WC,1° VC-MC,'* TiN-C,? NiO,®
Mo(C0)Sz,** 15 Nio.g5(C00.85)Se,'® 17 CuzS,® 18 CuS/CoS 2 1922 PpS 8 2324 NijS,25 26 Ni3S,,%" Bi,Ss,?®
NiTez,2 Ni(Co)M0S4,3® CZTS(Se),313% CuSySeix,3® carbon-, polymer- and graphene-based
materials®®-42 have shown their excellent catalytic activity toward the reduction of the oxidized species
in either or both of the two above-mentioned electrolytes based either on iodide or sulfide redox
electrolytes. These studies undoubtedly provided new insights into the development of Pt-free
alternatives in both DSCs and QDSCs. However, most of these inorganic metal compounds may still
be plagued by a time and energy-consuming fabrication process hindering their further use for a
large-scale application. By contrast, the inexpensive solution processing techniques, including
sol-gel-based coating,** chemical/electrochemical deposition,?”> 4 spray pyrolysis,® 4 and
electroplating® have shown their remarkable potential for enabling those semiconductors of great
electrical or photoelectrical interest to become more widely adopted in photoelectrochemical solar
cells that require high performance and low cost.

In this study, we developed solution-processable transition metal chalcogenide crystalline films,
environmental friendly FeSe;, Cu1sS, and CuSe films comprised of earth-abundant elements having
extremely high catalytic activity. These CE materials were readily prepared on a conductive substrate

via an extremely facile solution-phase deposition process by using their dissolved precursor inks,
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followed by a mild thermal treatment, thereby being processable in large-scale production. The
precursor inks were prepared by dissolving the parent chalcogenides (FeSe, Cui.¢S, Cu.Se) in a binary
solvent mixture comprised of ethanedithiol and ethylenediamine, which was introduced by Brutchey’s
group.“® Solid materials of these compositions are recovered from the heat treatment of the above
solutions. We demonstrate that the resulting films (FeSez, CuisS, and CuSe) can serve as highly
efficient CEs for DSCs and QDSCs.

In the following, we shall first show the amazing solubility of these three investigated materials in
the binary solvent mixture, and then characterize the crystalline quality as well as the surface
morphology of the obtained films by means of X-ray powder diffraction (XRD) and scanning electron
microscopy (SEM). The catalytic activity of the chalcogenide films as CE catalytes in DSCs and
QDSCs was rigorously examined by several electrochemical methods, i.e. cyclic voltammetry,
impendance spectra, and Tafel polarization. It is noteworthy that the so prepared FeSe; and CuSe films
with novel morphologies exhibited an excellent ability to catalyze electron exchange between the
TCO glass and the redox electrolyte in DSCs and QDSCs, respectively, comparable to those based on
Pt and Cu,S CEs, yielding robust and high-performance solar cells.

2. EXPERIMENTAL DETAILS

2.1 Materials. FeSe (99.99%), Cu1.sS (99.5%), and CuzSe (99.5%) powders were purchased from
Alfa Aesar. 1,2-ethanedithiol was purchased from J&K Chemical (Beijing, China) and
1,2-ethylenediamine was purchased from Sinopharm Chemical Reagent (Shanghai, China). All of the
reagents were used as received.

2.2 Preparation of Counter Electrodes. Cui.¢S, FeSe, and Cu,Se precursor solutions used here with
a maximum soluble concentration of 0.4 M, 0.3 M, 0.4 M respectively were prepared by directly
dissolving the as-bought powders into a solution composed of 5 mL 1,2-ethylenediamine and 0.5 mL
1,2-ethanedithiol in a sealed bottle at 60 <C assisted by sonication for ca. 5 h. Cu1sS, FeSe,, and CuSe
CEs were obtained by drop-casting 50 uL of the above dissolved precursor solutions onto a
fluorine-doped tin oxide (FTO) glass substrate (1.5 cm <2 cm), followed by an annealing process to

recover the solids. The annealing conditions were guided by the TGA results (Supporting Information,
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Figure S1). In an evacuated fused silica tube under flowing nitrogen, solutions were firstly heated to
110<C to dry for 10 min, then ramped (10<C/min) to a final temperature 330<C, where they were kept
for another 10 min. The samples were subsequently allowed to naturally cool down to room
temperature. Brass-based Cu,S CE was prepared according to Hodes et al.’s method.® Typically, the
polished brass foils were immersed in HCI (37%) solution at 70 <C for 5 min and subsequently
washed with water, then followed by sulfidation in polysulfide solution (1 M S, 1 M Na,S in water).
2.3 Fabrication of Liquid Junction QDSCs and DSCs. TiO, mesoporous films (18 um thick)
composed of a transparent (12 xm) and superimposed light-scattering layer (6 «m) were prepared for
both QDSCs and DSCs according as previously reported.*” CdSe QD-sensitized TiO. photoanodes
were prepared via a typical SILAR method according to Lee et al..*® Briefly, the mesoporous TiO-
films were dipped alternatively into solutions of 0.3 M Cd(NO3). and 0.3 M Na,Se in a nitrogen-filled
glove box. The dipping cycle was repeated 5 times and 6 min was used for each dipping.
Dye-sensitized photoelectrodes for DSCs were prepared by soaking the TiO. films in a 0.3 mM
Na-Ru(4,1’-bis(5-hexylthiophen-2-yl)-2,2’-bipyridine)(4-carboxylic-acid-4’-carboxylate-2,2’-bip-yrid
ine) (thiocyanate), (C101 dye, which was kindly provided by Prof. Peng Wang) solution in acetonitrile
overnight at room temperature. The polysulfide electrolyte was prepared by dissolving sulfur powder
in an aqueous Na2S and KCI solution (1 M S, 1 M NaS, and 0.1 M KCI) under vigorous stirring. The
electrolyte used for DSCs contained 0.03 M 1, 0.06 M Lil, 0.5 M tert-butylpyridine, 0.6 M
1-butyl-3-methylimidazolium iodide, and 0.1 M guanidinium thiocyanate in anhydrous acetonitrile.
The sandwich-type solar cells were fabricated by placing counter electrode on a sensitized TiO;
photoanode using a thermal adhesive film (Surlyn, 60 um, Dupont). The electrolyte solution was then
injected by vacuum backfilling followed by a sealing procedure with a Surlyn film and a cover glass
under heat. The active surface area of the mask-covered solar cells was measured to be 0.25 cm?.

2.4 Characterizations.

Thermo-gravimetric analysis (TGA) was carried out on a TGA Q5000IR equipment (TA Instruments,
USA). XRD spectra were obtained on an X-ray diffraction analysis instrument with Cu Ko irradiation

(4 =10.154 nm) (TTR-III, Rigaku Corp., Japan). The surface morphology of the CE films was observed
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by field emission scanning electron microscopy (FESEM, FEI, Quanta 200FEG). The cyclic
voltammetry (CV) measurement was performed with a three-electrode system at a scan rate of 20 mV
st using an argon-purged electrolyte solution for CuisS and CuSe CV measurements, ultrapure
aqueous solutions of 1 M S and 1 M NaS were prepared as the electrolyte, a Pt mesh used as the
counter electrode, a saturated calomel electrode (SCE) as the reference electrode and the
chalcogenides coated FTO glass as the working electrode. For FeSe,, the CV electrolyte contains 0.1
M LiClO4, 10 mM Lil, and 1 mM I, in acetonitrile, an Ag/Ag* electrode serving as the reference
electrode. Electrochemical impedance spectroscopy (EIS) was carried out on a symmetrical dummy
cell at an applied bias of 0 V the modulation frequency ranging from 0.1 Hz to 500 kHz, with a 5 mV
ac amplitude. Tafel polarization curves were also measured on the dummy cells with a scan rate of 50
mV s1. The latter were prepared by sandwiching two identical electrodes with the same redox
electrolyte as used in the solar cells filled in-between. The geometric surface area of the symmetrical
cells was 0.56 cm?. The BET specific surface area of the CE films was measured with a nitrogen
adsorption-desorption apparatus (Tristar 3020, Micromeritics). All the electrochemical measurements
were conducted on an electrochemical workstation (Autolab 302N, Metrohm, Switzerland). J-V
characteristics of the solar cells were derived with a Keithley 2420 digital source meter (Keithley,
USA) under a 450W xenon lamp (Oriel Sol3A Solar Simulator 94043, Newport Stratford Inc., USA).
3. RESULTS and DISCUSSION

3.1 Characterizations of the Metal Chalcogenide Films by XRD and SEM. Figure 1 shows the
photographs of solutions of FeSe, CuieS, and Cu,Se. The coloration is red, light brown and dark
brown for FeSe, Cu1S and CuySe, respectively. It is noted that chalcogenide solutions can be stored
under ambient condition, yet they should be used within one week for FeSe and two weeks for Cu,Se
and CuseS. The crystallographic phases of the obtained chalcogenides were investigated by XRD
measurement. XRD patterns of the as-bought materials and the powders recovered from solutions
were shown in Figure 2-4. It was observed that the main diffraction peaks of the as-bought powders
are in identical positions of the standard XRD database, i.e. monoclinic phase CuisS (PDF no.

34-0660); tetragonal phase FeSe (PDF no. 85-0735); monoclinic phase Cu,Se (PDF no. 27-1131).
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However, the XRD patterns of the solution-recovered samples differed from those of the as-bought
materials, i.e. Cu1sS (hexagonal phase, PDF no. 23-0962), FeSe, (orthorhombic phase, PDF no.
74-0247), and CuSe (hexagonal phase, PDF no. 27-0185) of high-crystallinity and pure-phase were
identified for the resulting materials, indicating phase as well as stoichiometry change during the
recovering process. The observed phenomenon related to the material transition from the parent to the
annealed material is quite different from that of Brutchey et al.’s study in which the same phase and
same stoichiometry are recovered after annealing.*®:*° In fact, heat treatment only, without dissolving
in the binary solvent, causes neither phase nor stoichiometry change, for example, on the as-bought
Cu19S powder, as was shown in Figure 2c. We consider the possible reason for this compositional
change in our case can be due to the partial oxidation of the materials during their dissolution in the
solvent, for example, Cu* being oxidized to Cu?*, Fe?* being oxidized to Fe®*. The other consideration,
is that the partial evaporation with loss of metallic elements (Cu, Fe) during the sintering process. The
first explanation seems like to be more plausible since in our study the dissolution of these materials in
the mixed solvent was carried out in open air under ambient conditions and all prepared precursor
solutions were stored in air before use, while in Brutchey et al.’s study, the whole procedure, from the
preparation of the precursor solutions until the recovery of the films, was conducted under nitrogen.*®:

49 Yet we can not state with certainty the cause of such a change in the absence of more complete data.

! !
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Figure 1. Photographs of precursor solutions of FeSe, Cu1S, and Cu.Se in the solvent mixture.
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Figure 2. XRD patterns of (a) the as-bought Cu;¢S powder and (b) the powder recovered from
solution by a heat treatment at 330C. (c) XRD patterns of the as-bought CuieS powder that

underwent the same procedure of heat treatment for sample (b).
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Figure 3. XRD patterns of (a) the as-bought FeSe powder and (b) the powder recovered from solution
by a heat treatment at 330C. Peaks of small amounts of impurities like hexagonal phase FeSe (PDF

no. 75-0608) and Se (PDF no. 06-0362) were identified in the as-bought material.
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Figure 4. XRD patterns of (a) the as-bought Cu,Se powder and (b) the powder recovered from
solution by a heat treatment at 330 <C.

The morphology of the three chalcogenide films solution-cast on FTO glass was investigated using
SEM. Cross-sectional SEM images (Figure S2, Supporting Information) reveal a ~25 um film
thickness for FeSes, while a thicker film thickness of CuygS and CuSe was obtained with uniform
chalcogenide layer composed of large grains fully covers the surface of FTO substrate. No major
microscopic cracks or pinholes were observed for the resulting films. It is important to note that these
chalcogenide films were strongly bound to the FTO substrates, and sonication in electrolyte solution
for 1 h was not able to peel them off, suggesting the good mechanical stability of prepared CEs.
Higher-resolution top-view images revealed a similar porous microstructure for the obtained films
whilst distinct morphology features appear for each film. Micrometer-sized clusters comprised of
loosely arranged disk-like sheets (irregular shape of 250 nm~300 nm size) were observed for the
resulting FeSe; (Figure 5a, b) and CuisS (Figure 5c, d) products with FeSe; exhibiting somewhat
thicker and larger particles than Cu1gS; while in the case of CuSe (Figure 5e, f), smaller sheets (size
~100 nm) were found to form densely packed clusters. We note that although there are a few
differences in shapes obtained for these three different materials, yet they are not so big. We consider
the main reason for this interesting observation is that the different materials were prepared through an
identical solution-phase preparation procedure and we believe both of the morphology and shape of
the resulting films should be closely related to the preparation approach that employed. Specifically,
solid parent materials were dissolved in the same solvent and thin film products were obtained by the
same heat treatment of the dissolved inks. More importantly, preliminary investigation on the
composition and nature of the dissolved metal chalcogenides implied that these different materials
share the same dissolution and stabilization mechanism, forming similar formula and molecular
structure in the ethanedithiol and ethylenediamine solvent system.* It has been demonstrated that
apart from the intrinsic catalytic property of the material, the difference in electrode morphology
should also be responsible for the variation in catalytic activity.>® The highly porous microstructure of

the resulting films yields electrodes with large specific surface area (average values of 22.5, 29.3, 24.0
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m? g for FeSe,, CuSe, and Cuy sS, respectively) and thus undoubtedly helps to provide more catalytic
active sites for the redox process. Specifically, theoretical studies have suggested a great dependence
of the catalytic property on the morphology of a given electrode,® and in fact a higher catalytic
activity was observed in thicker and more porous electrodes by Aksay et al..® Solution processing
technologies offer a distinct advantage such as the direct and easy control of the thickness of the films.
Here the film thickness of the chalcogenides can be easily controlled by varying either the solution
concentration or the number of coating (data not shown). Although the optimization of the
chalcogenide cathodes (e.g., thickness) is beyond the scope of this present work, we note that, in
guarantee under the premise of the good adhesion between the loaded films and the substrate, higher
surface coverage and thicker coating thickness of the chalcogenide films on FTO glass are both

helpful for obtaining CEs of high performance.
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Figure 5. Top-view images of (a, b) FeSey, (c, d) Cu1sS, and (e, f) CuSe films.

3.2 Investigations of the Catalytic Activities of the Chalcogenides (FeSe,, CuSe, Cu,sS) Loaded
CEs by CV, EIS, and Tafel Polarization Tests. The redox processes at the electrode/electrolyte
interface were probed by means of cyclic voltammetry measurement. Figure 6a presents the cyclic
voltammograms of iodide/triiodide redox species for the FeSe; and Pt electrodes. The cycling was
performed 10 times at a scan rate of 20 mV s and no significant changes were observed in both curve
shape and peak current density, suggesting a good electrochemical stability of FeSe, CEs during the
redox process. It is seen that both of the electrodes exhibit two pairs of oxidation-reduction peaks

(Ox’/Red’, Ox”/Red”, as labeled in Figure 6a). The left and right pairs are assigned to the redox

10
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reaction of I/l3” and I./l57, which can be described by egn (1) and (2), respectively. Since the CE is

responsible for catalyzing the reduction of Is to I, the characteristics of peaks Ox’and Red’ are the

focus of our analysis. It is observed that the cathodic and anodic peak currents with FeSe, CE are

slightly higher than that of Pt, indicating that the FeSe, material has better electrocatalytic activity

than Pt. In addition, the peak to peak separation value (AEp) as labeled in Figure 6a, which correlates

with the standard electrochemical rate constant of the redox reaction, is smaller in the case of FeSe;

(average value of 258 mV, compared with the Pt value of 337 mV), signifying its higher catalytic

activity toward the reduction of triiodide. In fact, the good catalytic performance of the FeSe;-based

CEs has been demonstrated in our previous study where FeSe; particles were in-situ grown on a FTO

glass and they exhibited a completely distinct morphology from these solution-deposited CE films.5?
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Figure 6. (a) CV curves of iodide/triiodide redox species for FeSe, and Pt electrodes. (b) Nyquist
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plots of EIS for FeSe, and Pt thin-layer symmetrical cells. The inset shows the equivalent circuit used
to fit the EIS spectra. (c) Tafel polarization curves of the symmetrical cells, measured at 20<C. (d) J-V
curve characteristics of DSCs with FeSe and Pt CEs.

Table 1. Photovoltaic Performance of the DSCs with Different CEs and the Fitted EIS

Parameters Extracted from the Corresponding Symmetric Cells?

CE Voo/mV | Jso/mA cm2 FF PCE/% Ry/Q cm? Re/Q cm? | Zn/Qcem? | AEp/mV
FeSez | 753H 16.0640.05 | 0.74#0.01 | 9.0140.09 | 12.1540.65 | 0.1840.01 | 0.25#0.02 | 258420
Pt 7512 15.5840.20 | 0.72#0.01 | 8.4240.13 | 11.8240.80 | 0.7240.01 | 0.4020.01 337

&The data shown are the average values obtained from 4 devices with standard deviation. See Table S1
(Supporting Information) for individual solar cell characterization in each set.

EIS measurement was further carried out to scrutinize the catalytic activity of the FeSe, loaded
electrodes. Figure 6b shows the Nyquist plots obtained from the FeSe; and Pt symmetrical thin-layer
cells. The electrochemical parameters of the symmetrical cells extracted by fitting the EIS spectra are
summarized in Table 1. It was found that the charge transfer resistance (Rc) for FeSe, CE at the
electrode/electrolyte interface was less than that of Pt CE, showing a better catalytic performance of
FeSe,. In addition, the Nernst diffusion-limited impendence (Zn), which can be calculated by egn (3),
exhibits a smaller value for the one with FeSe, CE, implying a larger diffusion coefficient in the case
of FeSe; CE and, thus, a higher catalytic activity since the diffusion rate of the iodide species has a
positive correlation with the reduction rate of the triiodide on the surface of the catalyst. The
photovoltaic performance (Figure 6d, summarized in Table 1) of two representative integrated solar
cells comprised of dye-sensitized photoanodes and Pt or FeSe, CEs in iodide electrolyte is consistent
with that predicted from electrochemical measurements. In addition, to demonstrate the durability and
reproducibility of the prepared FeSe, CEs, we present the photovoltaic device characteristics
measured for solar cells assembled with photoanodes from different batches and a reused FeSe; CE in
Table S2 (Supporting Information). We found that solar cells fabricated with reused CE exhibited
near-identical efficiencies, indicating high reproducibility and stability of the FeSe; CE in

iodine-based electrolyte.

12

Page 12 of 21



Page 13 of 21

Journal of Materials Chemistry A

;Ia)
Z t h o 3
N n e cA\/ an ( J )

where k is the Boltzmann constant, T the temperature, n the electron number involved in the reaction,
eo the elementary charge, c the concentration of triiodide, A the effective electrode area, w the angular
frequency, D the diffusion coefficient of triiodide and ¢ is the thickness of the diffusion layer.

To reconfirm the excellent electrochemical characteristics of the FeSe, films in iodide-based
electrolyte, Tafel polarization curves on symmetrical cells were also measured. Figure 6¢ shows the
current density as a function of voltage for the iodide electrolyte in FeSe; symmetrical cells, a Pt
assembled symmetrical cell was also measured for comparison. Both systems behave reversibly. The
anodic and cathodic branches of the Tafel curve of the FeSe; loaded electrode show larger slopes than
those obtained with Pt, revealing a higher exchange current density (Jo) on the electrode. Jo can be
expressed by eqn (4), one can see that Jo varies inversely with Re.. The variation of Jo derived from the
Tafel curve is in fair agreement with the above EIS results concerning the R value, reconfirming the
smaller charge transfer resistance on the FeSe, deposited electrode. In addition, the limiting current
density (Jiim) of the symmetrical cells, which is determined by diffusion velocity of the ionic carriers
(mainly triiodide) between the two electrodes and the catalytic properties of the CE materials, can be
also derived from the Tafel polarization measurement. Jiim is given by eqgn (5) and it can be seen that
the case with FeSe; electrode gives a higher Jiim value as compared to the one with Pt, suggesting a
larger diffusion coefficient of the triiodide, which is also consistent with the results on D value that

revealed by EIS spectra.

RT
J, = 4
° nFR, )
2ncFD
‘]Iim = | (5)

where R is the gas constant, F the Faraday’s constant, and R is the charge transfer resistance, | is the
spacer thickness, T, D, ¢ and n retain their established meanings.

So far, we have shown the excellent catalytic activity of the solution-processed FeSe; films in the
iodide/triiodide-based electrolyte for DSCs. Next, we shall show the deposited Cu1S films on FTO

13
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glass and demonstrate their superior catalytic activity toward the reduction of polysulfide in QDSCs.
In addition, the catalytic activity and the electrochemical stability of the newly developed CuSe CE

materials in polysulfide-based electrolyte were also investigated.
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Figure 7. () Cyclic voltammograms for the CuigS, CuSe, and Pt electrodes. (b) Tafel polarization
curves of the symmetric cells. (c) EIS of the symmetric cells. (d) EIS of a complete solar cell,
measured in the dark under a forward bias of -0.55 V. The frequency ranged from 0.07 Hz to 100 KHz
and the ac modulation amplitude was a 5 mV.

Figure 7a shows the results of the CV test on Pt, CuysS, and CuSe electrodes. We note that, in
QDSCs, similar CV behavior of CEs in polysulfide redox system was observed in other reports.% %2
Ten consecutive cycles were performed on CuysS and CuSe electrodes and there was negligible
change in both curve shape and current density, suggesting the good electrochemical stability and
reproducible cycling behavior of CuigS and CuSe films in the electrolyte. However, the current
density of the Pt electrode rapidly decayed upon repeated cycling to approximately half of its initial
value after 10 cycles. This is caused by the fact that sulfur compounds can chemisorb on platinum

14
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surface and induce poisoning effects toward electrode activity.>® It is observed that at the reduction
zone CuSe displays current densities that are 8 to 10 times greater than that of Pt electrode and even
higher than Cu1gS films, demonstrating its superior catalytic activity toward the reduction of
polysulfide. It is interesting to note that both of the Cuy.sS and CuSe films yield the current density at
all potentials comparable to that of the graphene oxide-Cu,S composite, an outstanding CE material
introduced by Kamat et al. for the reduction of polysulfide.® The advantage of CuSe films as catalytic
CE can also be demonstrated by Tafel polarization measurement. As shown in Figure 7b, a larger
slope in the anodic or cathodic branch was observed in the case of CuSe, indicating a higher Jo on the
electrode, and thus revealing a smaller Rt value for the CuSe CE according to egn (4). To elucidate
the results more accurately, EIS measurement on the symmetric cells was carried out. The resulting
Nyquist plots of symmetric cells based on the three CEs are shown in Figure 7c. The high frequency
arcs of the three CEs are clearly visible (the inset depicts the enlarged Rt part of the Nyquist plot of
Cua8S and CuSe) and Rt values of CEs can be extracted by fitting the spectra to the same equivalent
circuit as was shown in Figure 6b. The average Rc: values for Cuy S and CuSe were 0.9 Q €m? and 0.7
Q-cm?, respectively, while a quite large average value of 420.2 Q-cm? was obtained for Pt CE,
confirming the superb catalytic activity for both Cuy S and CuSe films. Impedance measurement was
further performed on an integrated cell device to reconfirm the superior catalytic activity of the CuSe
films. As was shown in Figure 7d, the radius of the semicircle in the higher frequency region which
represents the Rt value at the CE/electrolyte interface increased in the order CuSe < CuygS < Pt,
attesting to the inverse order of the electrocatalytic activity that revealed by the above CV, Tafel
polarization and impedance analyses on the symmetric cells. A further comparison was made with Rt
value obtained from the brass-Cu,S CE, a commonly used electrocatalyst for highly efficient QDSCs.
While EIS spectra (Figure S3, Supporting Information) reveal a smaller R¢t value for the CuSe CE,
which is indicative of its superior catalytic performance to Cu,S CE. The results of the above
electrochemical measurements thus further explain the observed differences in photovoltaic
performance of four representative QDSCs based on the different CEs as summarized in Figure 8 and

Table 2. Additionally, to show the good reproducibility and stability of Cu;sS and CuSe CEs, we have
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also presented the photovoltaic performance measured for QDSCs assembled with photoanodes from

different batches and a reused CE in Table S4 (Supporting Information).
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Figure 8. J-V curve characteristics of the CdSe-QDSCs with different CEs.

Table 2. Catalytic and Photovoltaic Performance of the CdSe-QDSCs with Different CEsP

CE Vod/mV Jse/mA cm2 FF PCE/% Ry/Q cm? | Re/Q cm?
Pt 54543 13.0140.30 | 0.3540.03 | 2.4840.17 8.840.1 420.245.9
Cu1sS 55042 14.8240.24 | 0.5340.01 | 4.3140.11 8.840.1 1.240.1

Brass-Cu2S 55743 15.3140.12 | 0.5440.01 | 4.6040.12 9.140.1 0.940.1

CuSe 561+ 15.6340.11 | 0.5640.01 | 4.8940.06 8.940.2 0.740.1

The data shown are the average values obtained from 3 devices with standard deviation. See Table S3
(Supporting Information) for individual solar cell characterization in each set.
4. CONCLUSIONS

In conclusion, three kinds of novel transition metal chalcogenide crystalline films, FeSe;, CuysS,
and CuSe have been deposited on FTO glass via an extremely facile solution-based method, being
processable in large-scale production. Further, we have demonstrated that the resulting chalcogenide
films on FTO glass function as highly efficient catalytic CEs for QDSCs and DSCs. Particularly,
FeSe; and CuSe films prepared herein with novel morphologies exhibited better catalytic activity than
that of the commonly used Pt and CuS cathodes toward the reduction of the oxidized species in
iodide-based and polysulfide-based electrolyte, respectively. Ensuing QDSCs and DSCs based on

these highly efficient CE materials produced an improved photovoltaic efficiency with maximum
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values of 9.10% for DSCs and 4.94% for QDSCs, comparable to those based on Pt and Cu,S CEs. Our
findings presented here open up a new vista of opportunity for metal chalcogenides to serve as
low-cost, earth-abundant, and high-performance catalysts in photo-electrochemical solar cells. Still, it
is noteworthy that, though relatively good short-term stability in the electrolyte has been confirmed
(e.g., by conducting 10 complete cycles CV measurement and reproducibility measurement) for these
proposed CEs, the long-term stability is still needed to be further assessed as this should be of great
significance for their practical applications and we will continue to work on this issue.
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