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A B S T R A C T

Currently, most of CuS counter electrodes (CEs) used in quantum dot-sensitized solar cells (QDSSCs) are
provided with a thickness of hundreds of nanometers or even several microns. Considering the CE with
low thickness having many advantages, thin CuS films with thickness ranging from 47 nm below to
115 nm have been synthetized in this paper via chemical bath deposition (CBD) method with different
bath concentrations. A power conversion efficiency (PCE) of 3.25% has been achieved utilizing CuS thin
films a thickness of only 64 nm as CEs in QDSSCs without any structural optimization, which is higher
than the value of the cell employing CuS CE with thickness of 2.8 mm. Electrochemical impedance
spectroscopy, Tafel polarization, and two-point current-voltage measurements are used to investigate
the electrocatalytic and conductive performance of CuS CEs with different thickness. Owing to the
highest electrocatalytic capacity and good conductivity of the 64 nm-thick CuS CE, QDSSC assembled
with this CE has reached relatively high PCE under one sun illumination (100 mW cm�2, AM 1.5). In
addition, cyclic voltammetry measurements indicate that the thin CuS CE has a good stability against the
polysulfide electrolyte.
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1. Introduction

Counter electrode (CE) is a vital part of quantum dot-sensitized
solar cells (QDSSCs) [1,2]. For the efficient and compatible
electrolyte containing Sn2�/S2� redox couples adopted in QDSSC,
Pt CE widely used in dye-sensitized solar cells (DSSCs) has
encountered bottlenecks in QDSSC applications due to the
chemisorption of the sulfur atoms on its surface [3,4]. Therefore,
various alternative materials such as Au [5], carbon [6,7], polymer
[8], CuxS (x = 1 � 2) [9–13], PbS [14], CoS [15], Cu2ZnSnS4 [16], and
some composite materials [17,18] have been reported as potential
CEs. Among which, copper sulfide (CuxS, x = 1 � 2) materials appear
to be a category of very suitable candidates with low cost,
nontoxicity, and superior catalytic activity toward Sn2�/S2� redox
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couples [19,20]. Moreover, it is reported that CuS CEs tend to own
higher conductivity, catalytic performance and be more stable
compared with Cu2S, Cu1.8S, Cu1.75S and Cu1.12S CEs in QDSSCs
[21,22].

Extensive researches about CuS CEs are mainly concentrated on
creating novel structures or ameliorating preparation method. In
general, the thicknesses of CuS films by different synthesis routes
are mostly reported to be hundreds of nanometers or even several
microns, and the corresponding power conversion efficiencies
(PCE) of QDSSCs range from 2% to 5%. The group of Meng
synthesized the CuS films on fluorine-doped tin oxide (FTO) glass
using the chemical bath deposition (CBD) method combined with
TiCl4 treatment, the assembled QDSSCs obtained a PCE of 4.02%
with 900 nm-thick CuS CEs [23]. Zhao et al. had compared the CuS
CEs prepared through hydrothermal method with different
thickness from 100 nm to 2 mm [24], Among them, QDSSC with
1 mm-thick CuS CE got the highest PCE of 3.65%, while the PCE of
QDSSC using 100 nm-thick CuS CE was 1.75%. Little attention has
been devoted to the CuS CE with thickness below or around
100 nm. Nevertheless, CE with small thickness have many
advantages, such as saving materials usage, avoiding hindering
the charge transfer from being too thick [25], and strong
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attachment to the substrate and other materials. Previous research
have revealed that Pt CEs with thickness of only 2 nm are sufficient
to catalyze the electrolyte in DSSC [25]. Therefore, it is important to
study whether CuS CEs with small thickness can also give a high
catalytic performance towards the Sn2�/S2� electrolyte in QDSSCs.

In this paper, CBD method was used to grow CuS thin films due
to its simplicity and good repeatability, different CuS thin films
with thickness from 47 nm below to 115 nm were fabricated on FTO
glass as CEs. The effects of bath concentration on the thickness,
surface morphology, optics, and conductivity properties were
studied in detail. The corresponding photovoltaic performance,
electrochemical catalytic activity, and stability towards Sn2�/S2�

redox couple of CuS CEs were investigated. Among them, QDSSCs
assembled with 64 nm-thick CuS CEs acquired the highest PCE of
3.25%. To the best of our knowledge, it is the highest PCE of QDSSCs
using such thin CuS CEs.

2. Experimental details

2.1. Preparation of copper sulfide thin films

The CuS thin films were prepared by CBD method on FTO (TEC-
8, 8 V sq�1, LOF) substrates. The FTO glasses were ultrasonically
cleaned with distilled water, acetone, and ethanol then dried in N2

atmosphere. The chemical bath used for synthesizing the CuS thin
films was prepared as follows: an aqueous solution of 20 ml of
0.025 M of copper(II) sulfate pentahydrate (CuSO4�5H2O) and a
20 ml of 0.05 M of sodium citrate (C6H5Na3O7) were mixed at first,
the pH of the solution was adjusted to 1.5 with dilute sulfuric acid,
then, 8 ml of 0.025 M of sodium thiosulfate pentahydrate
(Na2S2O3�5H2O) aqueous solution was added in the above solution,
a clear solution was obtained. FTO substrates were dipped into the
above solution, and heated to 75 �C for 60 min, the as-synthesized
CuS film was labeled as CS 1. To investigate the effect of the
precursor solution on synthesized films, CS 2, CS 2.5, CS 3, and CS
3.5 were prepared by multiplying the concentration of precursor
solution components, respectively. The concentration parameters
of bath solution are shown in Table 1. Relatively thick CuS films
prepared by doctor blading (labeled as CS-DB) were used as
reference, the slurry was prepared according to the previous report
[26], specifically, two kinds of ethyl cellulose (EC) powders, i.e., EC
(5–15 mPa s) and EC (30–60 mPa s) were dissolved in ethanol to
obtain 10 wt% solutions, herein, they were labeled as M9 and M70,
respectively. 0.5 g CuS powders scrapped from the as-prepared
films were added into 2.5 g terpineol, 1.2 g M9, and 1.2 g M70, after
stirring for 12 h, the prepared slurry was scraped on FTO substrate,
then they were annealed at 370 �C in air for 30 min in tube furnace.

2.2. Preparation of CdS/CdSe co-sensitized TiO2 films

TiO2 nanoparticle films with optimized thickness of 10 mm
fabricated via screen printing on FTO substrates were used as thewww.sp
Table. 1
Concentration parameters of precursor solution, thickness, RMS parameters of CS 1,
CS 2, CS 2.5, CS 3, and CS 3.5.

Sample name CuSO4

(M)
Na2S2O3

(M)
Sodium citrate
(M)

Thickness
(nm)

RMS
(nm)

CS 1 0.025 0.025 0.05 * 25.4
CS 2 0.05 0.05 0.1 47 � 6 19.8
CS 2.5 0.0625 0.0625 0.125 64 � 3 18.4
CS 3 0.075 0.075 0.15 92 � 5 19.5
CS 3.5 0.0875 0.0875 0.175 115 � 7 29.4

* thickness of CS 1 was too thin for step profiler to be measured.
photoanodes. The matrix of photoanode was prepared simply by
the commercial TiO2 nanoparticles (Degussa P25) without casting
a scattering layer of large TiO2 particles or any other TiO2 structural
optimization. The CdS and CdSe QDs were deposited onto TiO2

photoanode in turn through successive ionic layer absorption and
reaction (SILAR) processes according to our previous work [27,28].
In brief, 7 CdS cycles and 4 CdSe cycles were adopted to co-
sensitize TiO2 photoanode. After CdS/CdSe co-sensitization, the
samples were coated with ZnS passivation layer via dipping
alternately into 0.5 M Zn(NO3)2 ethanol solution and 0.2 M Na2S
methanol solution for 2 min each.

2.3. QDSSCs assembly

The CdS/CdSe co-sensitized TiO2 photoanode with an effective
area of 0.25 cm2 and different CEs (CS 1, CS 2, CS 2.5, CS 3, CS 3.5, CS-
DB, and Pt) were separated by hot-melt Surlyn films then sealed
through hot-pressing. Pt CEs were prepared via scraping H2PtCl6
solution onto FTO substrate and heated in air at 410 �C for 30 min
[29]. The redox electrolyte consisting of 1 M Na2S, 1 M S and 0.2 M
KCl in water/methanol (3:7 by volume) was injected into the
interspace between the photoanode and the CEs from the CEs side
through a predrilled hole.

2.4. Measurements

The crystal structure of prepared films was examined by X-ray
diffraction (XRD) using an X-ray diffractometer (Philips X'pert,
Holland) with CuKa radiation (l = 1.5418 Å). The surface morphol-
ogy of the CuS films were characterized using a field-emission
scanning electron microscope (FE-SEM; FEI Sirion-200, USA), the
chemical composition of synthesized films were determined using
the energy dispersive X-ray spectroscopy (EDX). Surface conditions
and root mean square roughness of films were acquired using
atomic force microscope (AFM, CSPM-5500, China), and the
measured area is 16 mm � 16 mm. The thickness of the films was
determined with a step profiler (XP-2, AMBIOS Technology Inc.,
USA). UV-visible absorption spectra were recorded by a double
beam UV-visible spectrophotometer (U-3900H, Japan) in the
wavelength range from 200 to 900 nm.

The photovoltaic performance of QDSSCs was measured with a
Keithley 2420 digital source meter under irradiation of a solar
simulator (Newport Oriel 94043A, USA, AM1.5, 100 mW cm�2). The
irradiation intensity was calibrated with standard crystalline
silicon solar cell (Oriel, Newport, USA). For cell devices prepared
under each condition, at least 4 cells were prepared and tested in
parallel. The total active area of QDSSCs was 0.25 cm2. The
monochromatic incident photon-to-current conversion efficiency
(IPCE) spectra were measured using 300 W Xe lamp light source
with monochromatic light from 300 to 800 nm.

The current–voltage (I–V) measurements were conducted in
dark, several gold electrodes with thickness of around 50 nm were
evaporated on CuS films, and the measured sample area is
13 mm � 18 mm. Electrochemical impedance spectroscopy (EIS)
was obtained by applying sinusoidal perturbations of �5 mV over
the bias 0.5 V at frequencies from 105Hz to 0.1 Hz on the
electrochemical workstation (CHI660A, CH Instruments, Inc.
Austin, TX), using the symmetrical cells at room temperature in
the dark. The composition of electrolyte used for EIS measurement
was identical to that used in the cell devices. Tafel plots and cyclic
voltammetry (CV) were also measured on the electrochemical
work station using symmetrical cells, the scan rate of Tafel
measurements was 10 mV s�1, and the CV test was cycled 30 times
from �0.65 V to 0.65 V with a scan rate of 0.1 V s�1.
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Fig. 1. The thickness and RMS of prepared films.

Fig. 2. SEM images of (a) CS 1, (b) CS 2, (c) CS 2.5, (d) CS 3, (e) CS
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3. Results and discussion

3.1. Microstructure

The formation mechanism of the film has been described as the
slow release of sulfur ions from Na2S2O3 and then combines with
copper complex ions in an acid solution [11], since the rough
surface of FTO substrate is favorable for the nucleation of CuS, CuS
films are deposited only on the side with FTO-coated layer. During
the whole reaction process, pH value of the reaction solution is
crucial for the growth of CuS thin film. In our experiments, the
prepared films with pH value over 2.0 can be easily peeled off from
the substrate, and they are hard to grow on the FTO substrate when
the pH value is below 1.0. Therefore, the pH value of 1.5 is adopted.

Concentration of precursor solution is another important factor
for films growth, different concentration of precursor solutions is
used to change the thickness of the films. Thickness parameters of
CuS films, acquired by step profiler, are listed in Table 1, and the
thickness of CS 1 is too thin to obtain a valid data. From CS 2 to CS
3.5, the films become thicker with the increase of the

n

 3.5, and (f) FTO. The inset is their corresponding AFM image.
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Fig. 3. (a) XRD patterns of scraped off CuS powders, the inset is the XRD pattern of
the CS 3.5 on FTO and FTO substrate. (b) EDX spectrum of CS 3.5 on FTO substrate,
the inset is the measured area of CuS films under EDX instrument.

Fig. 4. (a) Transmittance spectra of CuS films with different bath concentration, the
inset is the digital photographs of different CuS films; (b) (ahn)2 vs hn plots of the
CuS films.
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concentration of precursor solution and the trend of thickness
growth tends to be linear according to Fig. 1, the maximum
thickness film of CS 3.5 is about 115 nm.

Fig. 2 demonstrates the SEM images of CuS thin films prepared
with different precursor solution. They show the CuS thin films on
the FTO substrate are actually made of many tiny articles, and the
composed particles become smaller and more uniform from CS 1 to
CS 2.5. From CS 2.5 to CS 3.5, the particles grow larger and less
consistent. For comparison, AFM images of each sample are also
exhibited and the corresponding root mean square (RMS)
roughness parameters are shown in Table 1. The RMS value of
CS 1 is 25.4 nm, which is similar to that of FTO substrate (26.1 nm),
inferring that the films is too thin to fully cover the substrate. With
increasing the bath concentration from CS 2 to CS 3.5, the variation
trend of RMS value is depicted in Fig. 1, the RMS value of CS 2.5 is
raised to minimum value (18.4 nm) while that of CS 3.5 is increased
to maximum value (29.4 nm).The same tendency can be also
observed from the AFM images in the insert of Fig. 2. Explicitly,
there are lots of large particles on the surface of CS 3.5, which is
consistent with the SEM images.

By combining the growth mechanism of CBD [30,31], the
variation in RMS value of different films can be explained as
follows: when the bath concentration is low, the CuS particles are
prior to nucleate at the concave parts of FTO surface which have
relatively low nucleation energy [32,33]. As the bath concentration

www.s
increase, the formed CuS particles grow and merge together,
blocking in the concave parts, the RMS value decreases. With
further increasing the precursor solution, the FTO surface is
completely covered by CuS films, the new grown CuS particles
randomly appear on the formed CuS films, and the RMS value
bounces to increase.

3.2. Structural characterization

Phase structure results identified by XRD measurements are
exhibited in Fig. 3 (a). Since the CuS films obtained by CBD are used
without further thermal annealing, the crystallization is poor, even
the XRD diffraction peaks of the CS 3.5 with the highest thickness
are hard to be observed according to the inset of Fig. 3 (a). Powders
scraped off from the film are collected and measured. (101), (102),
(103), (105), (110), (108), and (116) peaks are clearly visible and no
other peaks are found in Fig. 3 (a), which corresponds to the pure
hexagonal CuS phase (JCPDS: 6 � 464). The EDX spectrum of CS
3.5 in Fig. 3 (b) show the presence of Cu (22.86%) and S (21.93%)
elements with atomic ratios close to the stoichiometry of CuS. The
atomic ratios of other samples are also close to 1:1, indicating the
formation of CuS films further..cn



Fig. 5. (a) The J-V curves of QDSSCs employing different CEs. (b) IPCE spectra of
QDSSCs based on different CEs.
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3.3. Optical properties

The transmittance spectra of CuS films with different bath
concentration are shown in Fig. 4 (a), and their digital photographs
are exhibited in the inset. With the increase of bath concentration,
the films become thicker and the color of the films tends to be
darker, which results in the reduction of transmittance. The
decrease in the transmittance at wavelength shorter than 800 nm
is attributed to the intrinsic band gap absorption of CuS, the optical
band gap derived from Tauc’s relation [34]:

ahvð Þ2¼A hv � Eg
� �2 ð1Þwww.s
Table. 2
Photovoltaic parameters of QDSSCs using various CEs and electrochemical parameters 

Samples Voc (mV) Jsc (mA/cm2) FF (%) 

CS 1 491 � 2 9.70 � 0.10 43.2 � 0.5 

CS 2 524 � 1 11.51 � 0.12 43.5 � 0.4 

CS 2.5 549 � 2 11.96 � 0.05 49.2 � � 0.5
CS 3 538 � 3 11.64 � 0.13 47.8 � 0.6 

CS 3.5 532 � 1 10.48 � 0.09 48.6 � 0.2 

CS-DB 528 � 2 11.20 � 0.08 36.3 � 0.3 

Pt 485 � 2 9.64 � 0.14 40.7 � 0.3 
are shown in Fig. 4 (b). Where A is the optical transition dependent
constant, Eg is the optical energy band gap. The deduced optical
band gap values are all close to 2.20 eV, which is similar with the
optical band gap value of CuS thin films reported in the literature
[35,36].

3.4. Photovoltaic performance

Fig. 5 (a) demonstrates the photocurrent density � voltage
(J � V) characteristics of the QDSSCs assembled with different CuS
and Pt CEs, and the photovoltaic parameters derived from the J � V
curves are summarized in Table 2. On the overall point of view, the
QDSSCs with CuS CEs perform better photoelectric properties than
the cells with Pt CEs, which is due to the higher electrocatalytic
capacity towards Sn2�/S2� redox couples of CuS CEs than that of Pt
CEs. Among the solar cells using CuS CEs, most of the thin CuS CEs
based QDSSCs are comparable and even better in the photovoltaic
parameters compared with the thick CS-DB based QDSSCs. In
particular, QDSSCs employing CS 2.5 with thickness of only 64 nm
manifest the highest PCE of 3.25%, corresponding to the highest Voc

(549 mV), Jsc (11.96 mA/cm2), and FF (0.49) as well. To the best of
our knowledge, this is the highest PCE achieved using CuS CE with
such low thickness in QDSSCs. Moreover, even the QDSSCs
assembled with the thinnest CuS CE (CS 1) can obtain a PCE of
2.07%. IPCE measurements of assembled QDSSCs are shown in
Fig. 5 (b), all the spectra demonstrate a similar variation trend from
350 to 750 nm, among them, CS 2.5 based QDSSCs yielded higher
value in the wavelength of 400–550 nm. Moreover, Jsc value of the
cells evaluated on the basis of the IPCE spectra is in well consistent
with the measured values shown in Table 2.

It can be seen from the above analysis that our thin CuS CEs
without any special morphology can show relatively high catalytic
performance in Sn2�/S2� redox electrolyte, which is mainly
contributed to the high intrinsic catalytic ability of CuS towards
the redox couple of Sn2�/S2� [37], resulting from the existence of
the van der waals forces between CuS film and polysulfide
electrolyte that promote the electrochemical interaction of anions
and cations. In other words, CuS CEs with thickness below 100 nm
is almost sufficient to catalyze the Sn2�/S2� redox couples in
QDSSCs. In addition, there are many advantages of using CEs with
low thickness, such as reducing the amount of materials usage,
accelerating the charge transfer process in the CE, high binding
force with the substrate and the possibility to be applied in bifacial
QDSSCs due to high transmittance. For further improving the
catalytic performance of CEs, efforts on optimizing CEs can be
focused on growing these CuS thin films on the surface of other
materials with high conductivity or large surface area like noble
metal, carbon materials, and so on, thus to form composite CEs
which combine both the high catalytic ability of CuS and superior
properties of other materials.
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of EIS measurements based on symmetric cells.

h (%) RS (V) Rct (V)

2.07 � 0.10 13.49 � 0.16 99.34 � 0.31
2.65 � 0.12 13.15 � 0.20 77.04 � 0.25

 3.25 � 0.07 12.82 � 0.12 18.89 � 0.17
2.99 � 0.08 11.40 � 0.16 58.72 � 0.27
2.71 � 0.06 11.11 � 0.18 60.53 � 0.26
2.15 � 0.06 33.78 � 0.25 54.05 � 0.38
1.91 � 0.09 10.75 � 0.13 159.37 � 0.42



Fig. 6. (a) Nyquist plots of symmetrical dummy cells based on CuS and Pt CEs, the
inset is the equivalent circuits of the symmetrical cells. (b) Magnified plots of (a).
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3.5. Electrocatalytic and conductive properties

We make further efforts to investigate the dependence of the
CuS CEs performance with their thickness. It is well known that CE
is where electrons flow back into the electrolyte from external
circuit, and it has a vital influence on the solar cell’s overall
performance [38]. The impact of CE on the performance of QDSSC
is mainly derived from the CE material’s catalytic ability and itsw.sp
Fig. 7. Tafel plots of different CuS CEs and Pt CEs.

ww
conductivity [39,40]. In the following parts, the catalytic ability and
conductivity of CuS CEs with different thickness will be discussed
separately.

The catalytic abilities of the CuS CEs with different thickness are
firstly evaluated by EIS as well as Tafel testing. EIS measurements
are carried on the symmetric cells constructed with two identical
electrodes (CE/electrolyte/CE), the obtained spectra were fitted by
Z-View software using the equivalent circuit shown in the inset of
Fig. 6 (a), and the obtained parameters are exhibited in Table 2. The
charge transfer resistances (Rct) reflected from the semicircle in
Fig. 6 (a) show that the CuS CEs possess a better electrocatalytic
ability that Pt CEs since the Rct of CuS CEs are all smaller than that of
Pt CEs. Among the thin CuS CEs, Rct values follow the trend of
decreasing from CS 1 (99.34 V) to CS 2.5 (18.89 V) then increasing
to CS 3.5 (60.53 V), when the films grow thicker from CS 1 to CS 2.5,
the amount of electrode materials for catalyzing the electrolyte
increase, so the Rct decrease. From CS 2.5 to CS 3.5, Rct bounce to
increase, although the rougher surface of CS 3 and CS 3.5 help to
increase the catalytic surface areas, it can be scrutinized from their
SEM and AFM images that there are many big particles on the
surface, which, from another aspect, reduce the catalytic areas and
weaken the catalytic activity of CEs, thus the Rct values increase.
Compared with thick CuS CEs, most of the thin CuS CEs possesses
higher Rct values than CS-DB (54.05 V), indicating that the CS-DB
owns a relatively high electrochemical catalytic ability. However,
the series resistance of CS-DB is higher than all the thin CuS CE,
shown in Fig. 6(b), which may results from the poor contact of the
CS-DB with substrate, high Rs value has a negative effects on FF
[40,41], this results can be also seen in Table 2, the FF of CS-DBom

.cn
Fig. 8. (a) Schematic image of the device for measuring the resistance of the films.
(b) The I � V measured curves of the films.



Fig. 9. CV measurements of the symmetrical cells of (a) Pt, (b) CS-DB (c) CS 2.5 for
30 cycles.
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assembled QDSSCs is the lowest, thus decreasing the PCE value to a
large extent.

Tafel polarization curves also based on the symmetric cells of
different CEs are shown in Fig. 7, the intercept by extrapolating the
cathodic branches in linear region when the overpotential voltage
is zero refers to the exchange current density (J0), J0 is a typical
parameter to evaluate the electron transfer kinetic and it is also
inversely proportional to Rct value on the basis of following
formula:

J0 ¼ RT
nFRct

ð2Þ

Where R is the gas constant, F is the Faraday constant, T is
temperature, n corresponds to the number of electrons involved in
preparation, and Rct is the charge transfer resistance. Fig. 7 shows
that CuS CEs have larger slope than Pt CEs, implying CuS CEs get a
larger J0 compared to that of Pt CEs, and it also means that CuS CEs
have stronger abilities for catalyzing the reduction of polysulfide
than Pt CEs. Among CuS CEs, the order of J0 values is found to be CS
2.5 > CS-DB > CS 3 > CS 3.5 > CS 2 > CS 1, the result is also in
agreement with the EIS measurement on the whole. The limiting
diffusion current density (Jlim) is another parameter to scale the
catalytic activity of CEs, it can be obtained from the intersection of
cathodic branch and Y-axis, a larger Jlim value suggests the CEs own
a faster diffusion velocity of Sn2�/S2� at the interface of
CE/electrolyte, the order of Jlim value is the same as that of J0,
while CS 2.5 CEs holds the highest Jlim in consistent with the
highest diffusion coefficient towards the redox couple. On the
contrary, the lowest Jlim of Pt CEs corresponds to the poorest
catalytic ability which originated from the catalytic poisoning.

The conductive properties of CEs are investigated as follows,
The CE materials with higher conductivity provide more unhin-
dered electron pathways to complete the circuit, and the
conductivity of the CE is mainly affected by sheet resistance of
the FTO substrate which is the same for all the samples, resistance
of the counter electrode material and the corresponding contact
resistance [38]. Two-point I � V test in the dark was employed to
measure the conductivities of CuS thin films with different
thickness, the schematic of the measurement device is depicted
in Fig. 8 (a), and the obtained I � V curves are shown in Fig. 8 (b).
The characteristics of all the samples are liner, which suggests the
formation of Ohmic contacts between the evaporated gold
electrodes and the CuS films [42]. It can be deduced that all the
resistances of the CuS films are higher than that of Pt films owing to
the naturally high conductivity of Pt materials. The resistance of
the CS-DB is the highest one, this may be ascribed to its weak
adhesion to the substrate. Among the thin CuS films, the
resistances keep falling down from CS 1 to CS 3.5, which result
from the incensement in thickness of CuS film. Secondly, the
contact resistance can be mainly determined by the solar cell’s
series resistance (Rs). From the EIS measurement results shown in
Fig. 6 (b), the Rs value of QDSSCs with different CEs can be obtained
from Table 2. The Rs show a corresponding result with Fig. 8 (b),
explicitly, from CS 1 to CS 3.5, the Rs values keep decreasing from
13.49 V to 11.11 V, besides, the Rs of Pt CEs (10.75 V) are lower than
all the CuS CEs while that of CS-DB is the highest (33.48 V). From
the above electrochemical analysis, the CS 2.5 has the highest
catalytic property and moderate conductivity, which lead to the
enhanced solar cell performance.

3.6. Stability

Stability of CEs is another important issue to be considered,
30 cycles of potential sweeping were loaded on different CEs to test
their stability in polysulfide electrolyte. It can be observed from
Fig. 9 (a) that the CS 2.5 owns a good stability since there is no
apparent decay in current density after scanning for 30 cycles. In
contrast, the Pt CE and CS-DB decay rapidly after continuous
interacting with the electrolyte, inferring their poor stability, this
could be attributed to the adsorption of sulfur atoms for Pt and
poor contact with substrate for CS-DB. Furthermore, the current
density of CS 2.5 is much higher than CS-DB and Pt CEs, which
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infers that the CS 2.5 has a higher diffusion velocity, this also
corresponds well with the Tafel results.

4. Conclusions

In summary, the CuS thin films prepared via a facile CBD
method with thickness around 100 nm have been demonstrated to
perform as the efficient CEs in QDSSCs. The highest PCE of 3.25% is
achieved by the QDSSCs employing CS 2.5 with thickness of only
64 nm, much higher than the value of QDSSCs using thick CS-DB
CEs. Electrochemical analysis also show the 64 nm-thick CE owns a
high electrocatalytic activity, good conductivity, and fine stability,
which infers that CuS CEs with thickness below 100 nm are
sufficient to catalyze the Sn2�/S2� redox couples. Based on the
superiority of thin films, improvements could be focused on
growing thin CuS films on other materials like reduced graphene
oxide, CoS and so on to further enhance the electrocatalytic
performance of CEs and the PCE of QDSSCs.
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