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� The spray deposition approach was used 
to fabricate efficient and stable Cu2S/CP 
CE. 
� Cu2S/CP CEs offer low series resistance 

and high catalytic activity. 
� QDSC based on Cu2S/CP CEs yield a 

28% higher PCE than the brass CEs. 
� A PCE of 5.89% can be obtained upon 

the optimization of the photoanode 
structure.  
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A B S T R A C T

The counter electrode (CE) plays a significant role in determining the overall performance and long-term stability 
of quantum dots (QDs) sensitized solar cells (QDSCs) by collecting the electrons from the external circuit and 
catalyzing the regeneration of the oxidized electrolyte. In this work, we report a simple, low cost and large area 
scalable spray deposition approach to fabricate nanostructured Cu2S CE on a carbon fiber paper (CP). The QDSCs 
were assembled with optimized spray assisted nanostructured Cu2S/CP CEs, and yield a photoconversion effi-
ciency (PCE) of 5.06%, which is 28% higher than QDSCs based on Cu2S/Brass CEs. The PCE can be further 
boosted to 5.89% upon optimization of the photoanode structure. In addition, QDSCs with Cu2S/CP CEs exhibit 
better long-term stability than QDSCs with Cu2S/Brass CE. This excellent performance and satisfactory long-term 
stability of QDSCs with Cu2S/CP CEs is mainly attributed to the synergistic effect of excellent conductivity of CP 
and high and stable catalytic activity of nanostructured Cu2S, which is confirmed by cyclic voltammetry and 
electrochemical impedance spectroscopy. Thus, our results define a cost-effective and large area scalable 
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approach to fabricate highly efficient and stable CEs, which is an important step toward the fabrication of solar 
driven optoelectronic devices.   

1. Introduction

Quantum dot sensitized solar cells (QDSCs) [1] belong to the
third-generation photovoltaic devices and are considered as a promising 
alternative to commercially available silicon solar cells. QDSCs possess 
the possibility to boost the photoconversion efficiency (PCE) beyond the 
Shockley–Queisser limit of 32.7% [2,3] due to the appealing optoelec-
tronic properties of QDs such as size/composition-tunable absorption 
[4], high absorption coefficient [5], large intrinsic dipole moments [6], 
the possibility of multiple exciton generation (MEG) [7] and hot electron 
extraction before thermalization [8]. In the past few years, the record 
PCE of liquid-junction QDSCs improved significantly from 3% to 12.07% 
by exploiting engineered colloidal QDs as sensitizer [9–11], suitable 
electrolyte composition [12,13] and new counter electrode (CE) mate-
rials such as Ti-mesh supported mesoporous carbon [14], 
nitrogen-doped mesoporous carbon (N-MC) [15] and graphene hydrogel 
based nanostructures [16]. The CE is an important component of QDSCs 
and plays a critical role in determining the performance as well as the 
long-term stability of QDSCs by collecting the electrons from the 
external circuit and regeneration of the oxidized polysulfide electrolyte 
at the CE/electrolyte interface [17]. Thus, an efficient and fast regen-
eration of the oxidized polysulfide electrolyte reduces the back-electron 
transfer rate at the photoanode and speeds up the oxidized QDs regen-
eration. Hence the structure and composition of the CE strongly affects 
the overall functional performance of QDSCs [18]. The ideal CE should 
have high electrical conductivity, high specific surface area with high 
catalytic activity and chemical stability surrounding polysulfide elec-
trolyte medium [19–21]. 

Over the past few years, considerable efforts have been devoted to 
fabricating CEs with the above-mentioned characteristics. Hodes et al. 
[22], demonstrated that metal sulfides (Cu, Co, Ni and Pb) materials 
possess excellent characteristics to be applied as efficient cathodes for 
the polysulfide electrolyte to replace conventional noble metal-based 
CEs [23–25]. Among such systems, copper sulfide (Cu2S or CuS) with 
band gap of 1.1–1.4 eV, exhibits superior catalytic activity and stability 
in polysulfide electrolyte and are widely studied as efficient CE materials 
in QDSCs compared to the other materials [9–12,26]. Brass foil and 
fluorine doped tin oxide (FTO) glass are the most commonly used sub-
strates to fabricate CEs for QDSCs [27–29]. The Cu2S CEs based on HCl 
treated brass foil substrate suffers from chemical stability issues, due to 
the corrosion on the brass surface by polysulfide electrolyte during 
long-term use, which limits long-term application [26,29,30]. The CEs 
deposited on FTO glass substrates such as spray assisted Cu2S [29], PbS 
[31], Cu3Se2 [32], etc. exhibit poor performance due to low conductivity 
(high series resistance), which reduces the fill factor (FF) and the open 
circuit voltage (Voc) and hence the overall PCE of the QDSCs [33]. 
During the last few years, low dimensional carbonaceous materials 
(carbon nanotubes, graphene, carbon black, mesoporous carbon) 
[34–37] and their composites with chalcogenide metal sulfides [38–41] 
have been widely used to fabricate efficient electrode for solar energy 
conversion and energy storage devices. 

More recently, a mesoporous carbon supported by Ti-mesh substrate 
has been used as CE for QDSCs. These devices exhibited a certified PCE 
of 11.16% by using CdSeTe QDs as light harvester [14], which was 
further boosted to 12.07% by using Zn-Cu-In-Se QDs sensitized photo-
anodes and N-MC carbon as CE [15]. However, the methodologies 
adopted in these works to fabricate the CEs are quite complicated and 
time-consuming and difficult to scale up. Therefore, there is an urgent 
need to seek an alternative simple, fast and large area scalable approach 
to fabricate CEs with low cost, high catalytic activity and long-term 
stable features for the construction of efficient and stable QDSCs. In 

this context, spray pyrolysis is a simple, low cost and versatile technique, 
suitable for preparing large area CEs under ambient conditions, which is 
crucial for the industrial scale production of QDSCs [29,42]. In addition, 
the size and morphology of as synthesized nanostructures can be effi-
ciently controlled by spray pyrolysis parameters such as flow rate, 
substrate-to-nozzle distance, carrier gas pressure, substrate temperature 
and concentration of solutions [43]. 

Herein, we report a simple, low cost and large area scalable two-step 
spray deposition approach to fabricate Cu2S CEs on carbon fiber paper 
(CP), see Scheme 1. The CP is used as substrate and is composed of 
interconnected carbon fibers, which provides a three-dimensional (3D) 
network for fast electron transfer to catalytic active Cu2S nanostructured 
generated over the carbon fiber. In addition, CP offers lower sheet 
resistance due to high conductivity and superior chemical stability in a 
polysulfide electrolyte. QDSCs fabricated by using spray assisted nano-
structured Cu2S/CP as CE with CdS/CdSe cascade QDs as light absorbers 
yield a high PCE of 5.09%, which is 28% higher than the PCE of QDSCs 
fabricated with Cu2S/Brass CEs. This higher value of the PCE is mainly 
attributed to a low series resistance and high electrocatalytic activity of 
spray assisted nanostructured Cu2S/CP CE as compared to Cu2S/Brass 
CE. 

2. Experimental section

2.1. Chemicals 

Copper nitrate trihydrate (�98%), cadmium acetate dihydrate 
(�99%), sodium sulfide nonahydrate (�99.9%), sodium borohydride 
(�96%), ethanol (�99.8%) and methanol (�99.9%) were purchased 
from Sigma Aldrich. Thiourea (Assay ¼ 99.0%) and zinc acetate dihy-
drate (99.999%) were purchased from Fluka. All chemicals were used as 
received without further purification. 

Scheme 1. Schematic diagram and SEM images of the preparation of nano-
structured Cu2S based CE: (i) Carbon fiber paper (CP); (ii) Spray deposited Cu2S 
film on CP; (iii) Polysulfide treated nanostructured Cu2S on CP. 
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2.2. Cathode preparation 

2.2.1. Spray assisted Cu2S 
The spray deposition technique was used to prepare Cu2S/CP CEs. 

The mixture of aqueous solutions of 0.1 M Cu(NO3)2 � 3H2O and 0.05 M 
CS(NH2)2, was sprayed on ultrasonically cleaned CP maintained at 
315 �C; the nozzle-to-substrate distance was set at 30 cm; pressure of gas 
carrier (N2) was 10 psi. The spray duration was 10  s, with a 10  s pause 
in between two successive spray cycles. A series of Cu2S/CP CEs were 
prepared with different number of spray cycles to uncover the best 
performing conditions. 

2.2.2. Cu2S/brass 
Cu2S/Brass CEs were prepared by treating the brass sheet into HCl 

(13 M) at 70 
�

C for 10–15 min to active the surface. The change in color 
from yellow to light pink confirms the complete treatment of brass. Cu2S 
nanostructured CEs were generated by treating the HCl treated brass 
with polysulfide electrolyte for 10 min (see Fig. 1S). The surface color 
changes from light pink to black due to the formation of Cu2S active 
species. 

2.2.3. Platinum/FTO 
Platinum/FTO CEs with thickness of 5 nm were prepared on FTO 

substrates under argon atmosphere by RF magnetron sputtering (Kurt J. 
Lesker, CM818). 

2.3. Anode preparation 

A thin and compact TiO2 blocking layer was deposited on ultrason-
ically cleaned FTO glass substrates by hydrolysis of 0.50 mM TiCl4 so-
lution at 70 �C for 30 min. It was then annealed at 500 �C for 30 min 
under ambient atmosphere and left to cool down to room temperature. 
Double layer mesoporous TiO2 anodes were prepared by doctor blading 
the transparent TiO2 paste composed of small 20 nm in diameter (18 NR- 
T from Dyesol) on top of the compact TiO2 layer. A drying process was 
followed for 15 min  at ambient conditions, then placed on a hot plate for 
6 min  at 120 �C. Subsequently, a scattering layer of anatase TiO2 
nanoparticles (150-250 nm-sized, WER2-O) was then deposited on the 
above prepared transparent layer under the same conditions [27]. All 
the photoanodes were then annealed at 500 �C for 30 min under ambient 
conditions. The thickness of all photoanodes was measured by profil-
ometer and an average value of 12μm was found for all the photoanodes. 

2.4. QDs deposition 

QDs were directly grown over the TiO2 mesoporous films by a suc-
cessive ionic layer absorption and reaction (SILAR) and chemical bath 
deposition (CBD). For CdS QDs, a 0.05 M ethanolic solution of Cd 
(CH2COO)2⋅2H2O was used as Cd2þ source and 0.05 M solution of 
Na2S⋅9H2O in methanol/water (50:50 V:V) was used as S2� source. For 
one SILAR cycle, 1 min dipping of photoanodes in metallic cation pre-
cursor (Cd2þ) followed by washing in the corresponding solvent to 
remove the chemical residuals from the surface followed by drying with 
N2, followed by 1 min dipping in sulfur precursor (S2� ) and finally 
washed in the corresponding solvent to remove the chemical residuals 
from the surface and then dried with N2. After CdS QDs deposition, a ZnS 
capping layer was formed through four SILAR cycles under the same 
conditions as for CdS QDs. For ZnS deposition, Zn2þ ions were deposited 
from 0.1 M methanolic solution of Zn(CH3COO)2⋅2H2O, whereas the S2�

ions were deposited from 0.1 M mixed solution (1:1 methanol: water) of 
Na2S⋅9H2O. For CdSe QDs, the CBD solution was prepared by using 
0.1 M Na2SeSO3, 0.1 M Cd(CH3COO)2, and 0.2 M  N(CH2COONa)3 with 
a volume ratio of 1:1:1 [44]. The CdS QDs (5 SILAR cycles) sensitized 
TiO2 mesoporous film was immersed in the solution for 3 h under dark 
conditions at room temperature and washed with ethanol to remove 
unabsorbed precursors. Finally, a ZnSe capping layer was deposited on 

CdS/CdSe cascade QDs sensitized TiO2 mesoporous film by three SILAR 
cycles. For ZnSe capping layer deposition, first the photoanodes were 
immersed in 0.1 M Zn (CH3COO)2 and then washed with methanol and 
dry with N2. Then Se2� ions were deposited from the mixed solution of 
0.03 M ethanolic solution of Se and a 0.06 M NaBH4 under N2 and 
washed with ethanol. To further boost the performance of QDSCs, one 
batch of samples were prepared by deposition of additional ZnSe layer 
prior to QDs deposition through two SILAR cycles of ZnSe, without 
altering the cascade structure of CdS/CdSe QDs [45]. 

2.5. Device fabrication 

QDSCs were fabricated by sandwiching the QD sensitized TiO2 
photoanode and the spray assisted nanostructured Cu2S/CP CE between 
25 μm plastic spacers. Prior to device fabrication, the Cu2S/CP CEs were 
treated with the polysulfide electrolyte for 10 min, so as to generate 
Cu2S active species. Polysulfide in H2O/methanol (1/1 v/v) (1 M Na2S, 
1 M S and 0.1 M NaOH) was used as an electrolyte. The CP, Cu2S/Brass 
and Platinum/FTO were also used as CEs for the reference. 

2.6. Characterization 

Scanning electron microscopy (SEM, JEOL JSM-6900 F) was used to 
study the morphology of the as-prepared Cu2S/CP and polysulfide 
electrolyte treated Cu2S/CP CE at different magnifications. Chemical 
composition mapping of as prepared Cu2S/CP and polysulfide treated 
Cu2S/CP CE was carried out by energy dispersive X-ray spectroscopy 
(EDS). The XPS spectra of as-prepared Cu2S/CP and polysulfide treated 
Cu2S/CP CEs were measured in a VG Escalab 220i-XL equipped with a 
hemispherical analyzer, applying a Twin Anode X-Ray Source. The C 1s 
peak (BE ¼ 284.8 eV) was used as an internal reference to rule out 
charging effects. The fine structure of the spectra was treated using Casa 
XPS software (2.3.15Version). TEM measurements were carried out by 
using a JEOL 2100F TEM coupled with selected area electron diffraction 
(SAED). Cyclic voltammetry (CV) was conducted in a Solartron SI 1287 
potentiostat/galvanostat, using a three-electrode cell, using the Cu2S/ 
CP, Cu2S/Brass, CP or Platinum/FTO as the working electrode saturated, 
a Platinum Plate as counter electrode and a Ag/AgCl reference electrode 
and polysulfide electrolyte (10 times diluted) using a 20 mV s� 1 scan 
rate. The current-voltage (I-V) and transient photovoltage decay mea-
surements were carried out using a compact solar simulator class AAA 
(Sciencetech SLB-300A) under one sun simulated sunlight (1 sun ¼AM 
1.5G, 100 mWcm� 2), calibrated with a silicon reference cell. 

Electrochemical impedance spectroscopy (EIS) was carried under 
dark conditions by using a SOLARTRON 1260 A Impedance/Gain-Phase 
Analyzer with zero bias voltage. All impedance measurements were 
analysed using an appropriate equivalent circuit model with Z-View 
software (v3.5, Scribner Associate, Inc.). 

3. Results and discussion

3.1. Structural and chemical surface characterizations 

Fig. 1 (a)-(f) displays the SEM images of as-prepared CE and after 
polysulfide treatment at different magnifications. The results demon-
strated that the CP is homogeneously covered after three spray cycles 
(10s spray with 10 s pauses in between two successive spray cycles) 
[Fig. 1 (a)]. At higher magnification, each carbon fiber of CP is covered 
with one dimensional (1D) nanostructure with length in the range of 2–3 
μm [Fig. 1 (b)] and each 1D branch is composed of small sized nano-
particles [Fig. 1 (c)]. After the treatment of as-prepared CE with 2 M 
polysulfide for 10 min, CE undergoes morphological and chemical 
changes due to the reaction between Cu2SO4 nanostructure and poly-
sulfide. Hybrid nanostructures are formed, which are composed of self- 
assembled nanosheets with lateral dimensions in the range of 
100–200nm [Fig. 1 (e)-(f)]. This self-assembled hierarchical structure 
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offers high specific surface area and highly active catalytic sites, which 
are required for better catalytic action of the CEs [29]. 

The surface of as received brass is smooth with slight scratches 
[Fig. 1S (a)-(c)]. After the HCl treatment, there are slight morphological 
changes [Fig. 1S (d)-(f)]. The hierarchical structures of Cu2S are formed 
on the surface of brass subsequent to 10min polysulfide treatment, 
which are mainly composed of self-assembled sheets with lateral size of 

100–200 nm [Fig. 1S (g)-(i)]. Fig. 2S displays the SEM images of the 
Platinum/FTO CEs before [Fig. 2S (a)-(c)] and after the treatment with 
polysulfide [Fig. 2S (d)-(f)]. However, it is difficult to visualize the 
poisoning effect of the polysulfide electrolyte on Platinum/FTO due to 
very thin layer of Pt film (~5 nm). 

XPS spectra were acquired to determine the chemical composition of 
the as-prepared CE and after the treatment with polysulfide. Fig. 1 (g)-(i) 
shows the comparison of the composition of the as-prepared CE and after 
treatment with polysulfide. The XPS spectra of as-prepared CEs shows 
peaks at 933.1 eV and 953.1 eV, corresponding to Cu 2p3/2 and 2p1/2, 
respectively and additional shake-up peaks observed at 943.7 eV and 
963.4 eV in the spectral region of Cu 2p, which confirm the presence of 
Cu(II) in CuSO4 [Fig. 1 (g)] [24]. The S 2p spectrum shows a main peak 
at 162.4 eV and a small peak at 168.4 eV, which confirms the presence of 
S� 2 [Fig. 1 (h)]. Furthermore, the Cu LMM auger peak at 569.5 confirms 
that the Cu (II) is the main ion present [46]. Similarly, after the treat-
ment with polysulfide CE shows morphological (as discussed above) and 
chemical changes. The polysulfide electrolyte treated CEs, shows the Cu 
2p3/2 and 2p1/2 peaks at 931.9 eV and 951.6 eV respectively without 
shake-up contributions [Fig. 1 (g)] with slight changes in the Cu LMM 
peak position at 568.6 eV [ Fig. 1 (i)], which confirms the presence of Cu 
(I) in polysulfide treated CEs. The analysis of S 2p shows two peaks at 
161.8 eV and 167.8 eV confirming the formation of Cu2S [Fig. 1 (h)] 
[47]. Thus, the polysulfide treatment of the as-prepared CE confirms the 
formation of Cu2S having hierarchical nanostructure. 

Fig. 2 (a) displays the XRD pattern of CP and polysulfide treated 
spray deposited Cu2S/CP CE. The CP shows two sharp peaks at 27� and 
55�, corresponding to (002) and (004) planes respectively [48] and a 
small broader peak at 43�. The XRD pattern of polysulfide treated spray 
deposited Cu2S/CP CE exhibits new diffraction peaks centered at 27.1�, 
37.4�, 45.2� and 54.1� corresponding to (002) (102) and (110) planes, 
respectively, which confirm the hexagonal structure of Cu2S [17]. There 
are some additional peaks also observed at 14.3�, 16.1�, 19.5�, 28.8� and 
31.6� corresponding to (004), (121), (212), (135) and (044) planes 
respectively, which are attributed to the face centered orthorhombic 
phase of non-reacted sulfur in the polysulfide electrolyte treated 
Cu2S/CP CE. 

To further investigate the crystal structure of the Cu2S/CP CEs, high 
resolution TEM (HR-TEM) images and SAED patterns were recorded. 

Fig. 1. SEM images of spray deposited Cu2S film on CP at different magnifi-
cations: (a)–(c) As-prepared; (d)–(f) polysulfide treated Cu2S film. Comparison 
of high resolution XPS of analysis of as-prepared Cu2S film (Orange line) and 
after 10 min polysulfide treated (Cyan line) with fitting (blue line): (g) Cu 2p; 
(h) S 2p; (i) Cu LMM Auger peak. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. (a) XRD of CP (black line) and polysulfide treated Cu2S/CP CE (red line) and (b)–(c) magnified scale to highlight the peaks of Cu2S nanostructure. Polysulfide 
treated Cu2S film on CP: (d) High resolution TEM analysis; (e) SAED image; (f) EDS; (g) Elemental mapping by EDS spectroscopy; (h) carbon; (i) cupper; (j) sulfur. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2 (d) displays an HR-TEM image, which clearly reveals the lattice 
fringes with inter-planar spacing of 1.94 Å, 3.34 Å and 1.65 Å corre-
sponding to the (110), (002) and (201) planes of the hexagonal phase of 
Cu2S (JCPDS 026–1116) respectively. The SAED patterns of the corre-
sponding sample displayed in Fig. 2 (e). The calculated lattice parame-
ters tabulated as (002), (110) and (201) planes of hexagonal phase of 
Cu2S (JCPDS 026–1116). These findings are consistent with HR-TEM 
and XRD results. EDS analysis of the corresponding sample is shown 
in Fig. 2 (f), which confirms the presence of Cu and S as the main con-
tent. The XRD patterns of reference CEs: Platinum/FTO and Cu2S/Brass 
are shown in Fig. 4S. The Platinum/FTO pattern shows peaks centered at 
39.7�, 46.2�, 67.4� and 81.2�, corresponding to (111), (200) (220) and 
(311) planes respectively, confirming the face-centered cubic phase of 
Platinum/FTO (JCPDS 00-004-0802). Similarly, the Cu2S/Brass pattern 
shows peaks at 27.7�, 32.1�,39.6�, 46.1� and 54.6�, corresponding to 
(111), (200), (211), (220) and (311) planes respectively, confirming the 
cubic phase of Cu2S/Brass (JCPDS 00-053-0522). 

The EDS elemental mapping of the selected rectangular area (green 
rectangle) in Fig. 2 (g) of polysulfide treated Cu2S/CP CE is displayed in 
Fig. 2 (h)-(j). This confirms the homogeneous coverage of each carbon 
fiber of CP by Cu2S nanostructures composed of Cu and S elements. This 
is consistent with the elemental analysis of Cu2S/CP CE by TEM mea-
surements [Fig. 2 (f)]. For the comparative study, we also performed 
elemental mapping of bare CP and spray assisted Cu2S/CP before the 
polysulfide treatment (see Fig. 5S). 

3.2. Photovoltaic performance of QDSCs with different CEs 

To investigate the effect of spray deposition conditions on the per-
formance of the Cu2S CEs, a series of Cu2S CEs were prepared by 
changing the number to spray cycles, while maintaining the other pa-
rameters of spray deposition constant such as carrier gas pressure, dis-
tance between the substrate and spray nozzle, substrate temperature and 
spray and pause time duration. QDSCs were fabricated using five SILAR 
cycles CdS QDs sensitized TiO2 mesoporous photoanodes as a bench-
mark with Cu2S CEs of one cycle, two, three and four cycles of spray 
deposition. Fig. 3 (a) shows the current density vs. voltage curves of 
QDSCs assembled with different types of Cu2S/CP CEs. The functional 

Fig. 3. (a) Current density vs voltage curves of QDSCs under one sun illumi-
nation based on spray deposited Cu2S CEs prepared by different spray condi-
tions. (b) CV analysis of corresponding Cu2S CEs. Variation of functional 
parameters of QDSCs based on different Cu2S CEs: (c) Jsc (mA.cm� 2) (black 
square) and PCE (%) (red square).; (d) Voc (V) (black square) and FF (red 
square). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 4. (a) Current density vs voltage curves of QDSCs under one sun illumi-
nation based on different types of CEs: black line (Platinum/FTO); violet line 
(CP); green line (Cu2S/Brass) and red line (spray deposited Cu2S/CP, 3 cycles). 
(b) CV analysis of corresponding counter electrodes with scan rate 50 mV/s. 
Stability of counter electrodes vs number of CV cycles with scan rate 20 mV/s: 
(c) spray deposited Cu2S/CP; (d) Cu2S/Brass. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 5. Nyquist plots of symmetric cells: (a) Platinum/FTO (black square) and 
CP (violet square); (b) Platinum/FTO (black square), Cu2S/Brass (green 
square), Cu2S/CP (red square) and CP CEs (violet square). Tafel polarization 
curves using three-electrode configuration normalized with active areas of the 
CEs: (c) Platinum/FTO (black line) and CP (violet line); (d) Platinum/FTO 
(black line), Cu2S/Brass (green line) and Cu2S/CP (red line) CEs. (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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parameters including short circuit current density [Jsc (mA cm� 2)]; Voc 
(V); FF and PEC (%) are reported in Table 1. QDSC with Cu2S/CP CE 
with one spray cycle shows PCE of 1.73% with Jsc of 8.16 mA cm� 2; Voc 
of 0.514 V; FF of 0.41 under one sun illumination. The performance of 
QDSCs escalates with the increase of the number spray deposition cycles 
of Cu2S/CP CE and then decreases with further increase of spray cycles 
[Fig. 3 (c)- (d)]. 

Three spray deposition cycles Cu2S/CP CE is the best performing CE 
and yields a PCE of 2.85%, which is 65% and 36% higher than the PCE of 
QDSCs with one and two spray cycles Cu2S/CP CE respectively. How-
ever, QDSC based on four spray deposition cycles Cu2S/CP CE shows 
lower performance as compared to three spray cycles Cu2S/CP CE. This 
difference in the functional performance of QDSCs with different types 
of Cu2S/CP CEs is mainly due to the different catalytic activity of the 
respective Cu2S/CP CEs analysed by CV measurement. 

We used CV to investigate the catalytic activity behaviour of the 
Cu2S/CP CEs with different spray deposition conditions in relation to the 
obtained photovoltaic performance of QDSCs. Fig. 3 (a) displays a sys-
tematic comparison of CV of Cu2S/CP CEs prepared by using different 
spray conditions. The calculated cathodic and anodic peaks current 
densities of Cu2S/CP CEs with 3-cycles is highest as compared to Cu2S/ 
CP CEs with 4-cycles, 2-cycles and 1-cycle, indicating that 3-cycles of 
spray deposition for Cu2S/CP CEs preparation yielding better catalytic 
activity, which is consistent with the obtained photovoltaic performance 
of QDSCs based on respective Cu2S/CP CEs. In addition, another 
important parameter to evaluate the catalytic activity of different CEs, is 
the peak-to-peak separation (EPP), that can be estimated from the CV 
measurements. The Epp is inversely related to the standard electro-
chemical rate constant of a redox reaction [49]. The lowest value of Epp 
of 0.450 mV for Cu2S/CP CEs with 3-cycles is obtained as compared to 
Cu2S/CP CEs with 4-cycles (Epp ¼ 0.524 mV), 2-cycles (Epp ¼ 0.470 mV) 
and 1-cycle (Epp ¼ 0.570 mV), which confirms the high catalytic activity 
of 3-cycles Cu2S/CP CEs. The PV performance of Cu2S/CP 
(PCE ¼ 2.65%) CEs with 4-spray cycles is better than that of 2-spray 
cycles (PCE ¼ 2.10%) although the Epp of 4- spray cycles CE 
(Epp ¼ 0.524 mV) is higher than that of 2-spray cycles CEs 
(Epp ¼ 0.470 mV). This is may be due to difference in the amount of 
materials as well as the structural morphology of 2-spray cycles CEs 
compared to 4-spray cycles CEs (See Table 1S and Fig. 3S). This signif-
icant amount of Cu2S materials grown through 4-spray cycles CEs yields 
a higher PCE than that of 2-spray cycles CEs. However, compared to the 
best performing 3-spray cycles Cu2S/CP CEs, the formation of crack in 
the 4-spray cycles Cu2S/CP CEs decreases performance [see Fig. 3S]. 

In addition, we used three electrode EIS measurements to evaluate 
the catalytic activities of Cu2S/CP CEs under different spray deposition 
conditions. Tafel polarization curves of Cu2S/CP CEs with different 
spray deposition conditions are shown in Fig. 6S. The exchange current 
density of CEs is directly related to the catalytic activity of CEs, which 
can be calculated from the intercepts of the extrapolated linear zone of 
the Tafel curves in the cathodic and anodic branches [50]. The calcu-
lated exchange current density of Cu2S/CP CEs with different spray 
deposition conditions follows the trend 3-cycles > 4-cycles > 2-cycles >
1-cycle, which is consistent with the obtained photovoltaic performance 
of QDSCs based on respective CEs. This is also consistent with results 
obtained from CV measurements. Thus, 3-spray deposition cycles are the 

optimized conditions for best performing Cu2S/CP CE. 
After the optimization of spray deposition conditions, we performed 

a systematic comparison of the best performing 3-spray cycles Cu2S/CP 
CEs with most commonly used Cu2S/Brass [26,51–53] and Plati-
num/FTO [54,55] CEs for QDSCs. In addition, QDSCs were also fabri-
cated by using CP CEs to highlight the specific contribution of CP and 
Cu2S. Fig. 4 (a) displays the current density versus voltage curves of 
QDSCs fabricated by using five SILAR cycles CdS QDs sensitized TiO2 
anode with Cu2S/CP, Cu2S/Brass, Platinum/FTO and CP CEs. The 
calculated photovoltaics parameters of the respective QDSCs are re-
ported in Table 2. The spray assisted Cu2S/CP CE (3-cycles) yielding the 
highest PCE of 2.85% with Voc ¼ 0.606 V, Jsc ¼ 10.52 mA cm� 2 and 
FF ¼ 0.46, whereas Cu2S/Brass CEs, yielding the PCE of 1.91% with 
Voc ¼ 0.563 V, Jsc ¼ 8.14 mA cm� 2 and FF ¼ 0.41. The QDSCs based on 
Platinum/FTO CE yielding the PCE of 0.73% with Voc ¼ 0.511 V, 
Jsc ¼ 6.25 mA cm� 2 and FF ¼ 0.23. QDSCs based on CP CEs yield the 
lowest PCE of 0.63% with Voc ¼ 0.503 V, Jsc ¼ 4.51 mA cm� 2 and 
FF ¼ 0.28. This significant difference in performance of QDSCs is mainly 
attributed to the catalytic behaviour difference of 3-spray cycles 
Cu2S/CP CEs with Cu2S/Brass, Platinum/FTO and CP CEs. In addition, 
to highlight the effect of the CP substrate, a systematic comparison of the 
photovoltaic performance of QDSCs based spray assisted 3-cycles Cu2S 
CEs deposited on CP and FTO is shown in Fig. 8S and corresponding 
photovoltaic parameters is reported in Table 2S. QDSC with 3-cycles 
Cu2S/CP CE is yielding the PEC of 2.85%, which is 26% higher than 
QDSC with Cu2S/FTO CE [Fig. 8S (a)]. This is mainly attributed to better 
conductivity of CP substrate composed of a 3D network of carbon fibers 
as compared to the FTO. 

The CV measurement of 3-cycles Cu2S/CP, Cu2S/Brass, Platinum/ 
FTO and CP CEs are shown in Fig. 4 (b). The current densities of both 
anodic and cathodic peaks of 3-cycles Cu2S/CP, Cu2S/Brass, Platinum/ 
FTO and CP CEs follow the trends: 3-cycles Cu2S/CP > Cu2S/ 
Brass > Platinum/FTO > CP, demonstrate that Cu2S/CP CE shows better 
catalytic activity than Cu2S/Brass, Platinum/FTO and CP CEs. Similarly, 
the calculated Epp values follow the trend 3-cycles Cu2S/CP 
(Epp ¼ 0.450 mV) < Cu2S/Brass (Epp ¼ 0.540 mV) < Platinum/FTO 
(Epp ¼ 0.718 mV) < CP (Epp ¼ 0.725 mV) CEs, confirming the higher 
catalytic activity of 3-cycles Cu2S/CP CEs and is consistent with the 
obtained functional properties of QDSCs with these four types of CEs. 

The stable electrocatalytic activity of the CEs is also an important 
factor to fabricate long-term stable QDSCs. The systematic comparison 
of electrocatalytic stability of Cu2S/CP and the most commonly used 
Cu2S/Brass CEs was assessed by measuring the 90 and 20 cycles of CV 
respectively, under similar experimental conditions (scan rate: 20 mV/ 
s). The best performing Cu2S/CP (3 cycles spray) CE shows a smaller 
drop in the oxidation (7.5%) and the reduction current density peaks 
(33.3%) after 90 cycles of CV [Fig. 4 (c)] compared to the oxidation 
(60%) and the reduction current density peaks (79%) of Cu2S/Brass CE 
after only 20 cycles of CV [Fig. 4 (d)], which confirms that the Cu2S/CP 
CE is more stable than the Cu2S/Brass CE. The comparison of the 
oxidation and the reduction peaks of first and 90th CV cycles for Cu2S/CP 
CE and first and 20th CV cycles for Cu2S/Brass CE is shown in Fig. 7S. Du 
et al. reported the comparison of electrolytic catalytic stability of Cu2S/ 
FTO, activated carbon/Ti and mesoporous carbon/Ti CEs and demon-
strated that the Cu2S/FTO CEs show a significant decrease (51%) in the 

Table 1 
Comparison of photovoltaic parameters calculated from J-V curves of CdS QDs 
sensitized QDSCs with Cu2S/CP CEs prepared under different spray deposition 
conditions.  

Types of CEs Jsc (mA.cm� 2) Voc (V) FF PEC (%) 

One spray cycle 8.16 0.514 0.41 1.73 
Two spray cycles 9.33 0.530 0.42 2.10 
Three spray cycles 10.52 0.606 0.46 2.85 
Four spray cycles 9.85 0.591 0.46 2.65  

Table 2 
Comparison of photovoltaic parameters of CdS QDs sensitized QDSCs with 
different types of CEs: Platinum/FTO; Cu2S/Brass; CP and Cu2S/CP (3-cycles) 
CEs.  

Types of CEs Jsc (mA.cm� 2) Voc (V) FF PEC (%) 

Platinum/FTO 6.25 0.511 0.23 0.73 
Cu2S/Brass 8.14 0.563 0.41 1.91 
CP 4.51 0.503 0.28 0.63 
Cu2S/CP 10.52 0.606 0.46 2.85  
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current densities only after 5 cycles of consecutive measurements [56]. 
However, due to differences in the measurement conditions, in partic-
ular electrolyte concentration and scan rate significantly affect the 
variation in the current densities with the number of CV cycles. In 
addition, the long-term stable electrocatalytic activity of Cu2S/CP is also 
confirmed by the comparison of long-term stability of QDSCs assembled 
by using different types of CEs: Cu2S/CP and Cu2S/Brass [Fig. 7]. 

3.3. Electrochemical impedance spectroscopy measurements 

To further shed light on the catalytic activity of the different types of 
CEs and quantify the charge transfer resistance (RCT) at the CE/elec-
trolyte interface, EIS plots were recorded in a symmetric cell configu-
ration, to eliminate the contribution of the TiO2 photoanode [see Fig. 9S 
(a)]. In the symmetric configuration, two identical CEs (with the same 
active area of 0.25 cm2) separated by a 25 μm spacer were filled with the 
same electrolyte used for all the solar cells. The RCT in the electrolyte/ 
catalyst is related to the reaction rate on the CEs, which is driven by its 
surface electro-catalytic activity. The Nyquist plots are reported in Fig. 5 
(a)-(b), while the extrapolated parameters from the fitting of the data are 
reported in Table 3. 

As previously observed, different equivalent circuits must be used to 
correctly describe the physical-chemical phenomena occurring at the CE 
with noble metals (e.g. platinum) [see Fig. 9S (b)] and semiconductors 
such as Cu2S or Cu2S/Brass [see Fig. 9S (c)] [47]. In particular, the main 
difference is the presence of the Nernst diffusion impedance element, 
ZW1 in the model for the semiconducting CEs. As visible in the Nyquist 
plots [Fig. 5 (a)-(b)] and in Table 3, the Platinum/FTO and simple 
CP-based CEs have the highest series resistance (Rs) and RCT, confirming 
that platinum and simple CP are not suitable catalysts for QDSCs based 
on polysulfide electrolytes, as also observed in previous studies [47,57]. 
However, Rs of CP CE is lower than that of platinum/FTO CE. This may 
be due to the higher conductivity of the 3D network of the carbon fibers 
of the CP. In addition, the absence of a diffusion pattern confirms slow 
kinetics of the polysulfide reaction on the metal surface. Instead, the use 
of Cu2S/Brass or Cu2S as catalytic element for the CE increases drasti-
cally the reaction rate with a dramatic reduction of the RCT compared to 
platinum-based CEs. These results are comparable to previous values 
reported in the literature [47,57]. 

In particular, the Cu2S/Brass still outperforms all the other Cu2S- 
based CEs. As previously observed, this can be related to the presence of 
metallic zinc on its surface [30,47]. Overall, these results would suggest 
that Cu2S/Brass is a better choice than Cu2S/CP due to the lower RCT. 
However, the performance of the full device with Cu2S/Brass CEs is not 
as good as that of those made with the spray assisted nanostructured 
Cu2S/CP CEs. This highlights that the difference in morphology of the 
hierarchical structured Cu2S/CP and Cu2S/Brass CEs is a more dominant 
factor over the RCT for the fast regeneration of the electrolyte during the 
device operation. Another possible explanation can be found by 
analyzing the values of the Nernst diffusion impedance element (ZW1). 
By fitting the data of the high frequency arc it is possible to obtain the 
value of ZW1: for the two cells, it increases in the order 
Cu2S/CP < Cu2S/Brass. This means that the diffusion coefficient (D) of 
S2� ion for the different cells varies in the inverse order. In fact, ZW1 can 
be calculated by using the following equation [58–60]: 

ZW1 ¼
kT

n2e2
0cA

ffiffiffiffiffiffiffiffiffi
iωD
p tanh� 1

 ffiffiffiffiffi
iω
D

r

δ

!

where k is Boltzmann’s constant, T is the absolute temperature, n is the 
number of electrons involved in the electrochemical reduction of S2� at 
the electrode, e is the elementary charge, c is the concentration of S2� , A 
is the electrode area, ω is the angular frequency of applied AC current 
and δ is the thickness of the diffusion layer. This result indicates that D 
increases with increasing electrocatalytic activity of the CE, confirming 
that the Cu2S/CP CE with 3 cycles has the highest catalytic activity. The 
highest value of chemical capacitance (Cμ) is obtained for Cu2S/CP CE 
with 3 cycles as compared to Cu2S/Brass, Platinum/FTO and CP CEs (see 
Table 3). This is mainly attributed to the higher active surface area and 
larger amount of material loaded in Cu2S/CP CE as compared to Cu2S/ 
Brass, Platinum/FTO and CP CEs. 

The difference in catalytic activity of Platinum/FTO, Cu2S/Brass and 
spray assisted Cu2S/CP CEs can also be verified by the comparison of the 
exchange current density calculated from the Tafel polarization curves. 
Fig. 5 (c) and (d) show the Tafel polarization curves of Platinum/FTO, 
CP Cu2S/Brass and spray assisted Cu2S/CP CEs. The calculated exchange 
current density follows the trend Cu2S/CP > Cu2S/Brass > Platinum/ 
FTO > CP CEs, which is consistent with the obtained photovoltaic per-
formance of QDSCs based on the respective CEs. Thus, EIS measure-
ments also confirmed the superior catalytic properties of spray assisted 
nanostructured Cu2S/CP CEs (3-cycles) than Cu2S/Brass, Platinum/FTO 
and CP CEs. 

3.4. Superior photovoltaic performance of QDSCs based on cascade CdS/ 
CdSe QDs 

To further boost the performance of QDSCs, a well-known cascade 
CdS/CdSe QDs [61] co-sensitized TiO2 mesoporous film is applied as 
photoanode due to broader absorption spectra as well as superior carrier 
dynamics properties with best performing Cu2S/CP as CE. For this 
CdS/CdSe cascade QDs sensitization of the TiO2 mesoporous film, 
initially five SILAR cycles of CdS were applied to TiO2 mesoporous film 
and then 3 h CBD for CdSe growth and finally three SILAR cycles of ZnSe 
[45] (see more details in Experimental section). As a reference, QDSCs 
with similar photoanode configuration were also fabricated by using 
Cu2S/Brass as CE. 

Fig. 6 (a) shows the systematic comparison of current density versus 
voltage curves under one sun irradiation (AM 1.5 G, 100 mW cm� 2) for 
the QDSCs based on Cu2S/CP and Cu2S/Brass as CEs. The photovoltaic 
functional parameters of the corresponding devices are summarized in 
Table 4. The QDSC assembled with Cu2S/CP CE attains a PCE of 5.06% 
(Voc ¼ 0.501 V, Jsc ¼ 18.67 mA cm� 2, FF ¼ 0.54), which is 28% higher 
than values for QDSCs based on Cu2S/Brass CE (PCE ¼ 3.98%, 
Voc ¼ 0.480 V, Jsc ¼ 15.58 mA cm� 2, FF ¼ 0.53) and is also higher than 
the PEC values reported in the literature for CdS/CdSe QDs co-sensitized 
QDSCs with different types of CEs (see Table 3S). This significant 
enhancement in the photovoltaic performance of QDSCs with Cu2S/CP 
CEs compared to Cu2S/Brass CEs is mainly ascribed to the superior 
electrocatalytic activity of Cu2S/CP CE than its counterpart CE, as 
confirmed by CV and EIS measurements. The improved electrocatalytic 
activity of Cu2S/CP CE enhances the rate of reduction of the oxidized 
electrolyte, which in turn speeds up QDs regeneration and hence the 
overall performance of QDSCs with Cu2S/CP CE. These results are 
further supported by transient photovoltage decay measurements, dis-
cussed below. The QDSCs with cascade CdS/CdSe QDs co-sensitized 
TiO2 mesoporous film photoanodes yield significantly higher PCE 
compared to CdS QDs sensitized TiO2 mesoporous film photoanodes 
with both types of CEs (Cu2S/CP and Cu2S/Brass) due to broad ab-
sorption spectrum and effective carrier dynamics of cascade CdS/CdSe 
QDs as reported in the literature [26,62]. 

Transient photovoltage decay measurements were applied to gain 

Table 3 
Comparison of Rs (Ω), RCT (Ω), Zw1 (Ω) and C (F.cm� 2) calculated from EIS 
measurements of symmetric cell configuration of Platinum/FTO, Cu2S/Brass, CP 
and spray assisted Cu2S/CP CEs.  

Types of CEs Rs (Ω) RCT (Ω) Zw1 (Ω) Cμ (F.cm� 2) β 

Platinum/FTO 4.39 1651 – 6.95 � 10� 05 0.89 
Cu2S/Brass 0.59 0.261 7.93 1.69 � 10� 04 0.47 
CP 0.93 1734 – 8.54 � 10� 06 0.80 
Cu2S/CP 0.31 3.76 1.25 1.14 � 10� 02 0.69  
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insights into the carrier dynamics of the QDSCs with Cu2S/CP and Cu2S/ 
Brass CEs. First, the QDSCs were illuminated under one sun simulated 
sunlight (AM 1.5, 100 mW cm� 2) until a steady state voltage was 
attained, which is the Voc of the QDSCs. Then the simulator shutter was 
closed and the decay of Voc with time was recorded under dark condi-
tions. Fig. 6 (b) displays the comparison of the Voc decay with time for 

the QDSCs with Cu2S/CP and Cu2S/Brass CEs. The rate of the Voc decay 
is slower for the QDSCs with Cu2S/CP CEs than the QDSCs with Cu2S/ 
Brass CEs [Fig. 6 (b)]. The calculated electron lifetime (τ) from the 
transient photovoltage decay measurements can be obtained by using 
the following equation [63,64]: 

τ¼ �
�

kBT
e

��
dVoc

dt

�� 1

where kB is Boltzmann’s constant, T is the absolute temperature, and e is 
the electronic charge. 

Fig. 6 (c) displays the τ variation versus Voc. The QDSC with Cu2S/CP 
CE shows a longer value of τ as compared to QDSC with Cu2S/Brass CE. 
At a particular Voc (~0.400 V), the τ value is 0.142 s for QDSC with 
Cu2S/Brass CE and 0.929 s for QDSC with Cu2S/CP CE. This difference in 
the τ values is mainly attributed to lower carrier recombination in the 
QDSCs with Cu2S/CP CE than QDSC with Cu2S/Brass CE and is consis-
tent with the obtained photovoltaic performance of the corresponding 
QDSCs [Fig. 6 (a)]. The long τ in QDSC with Cu2S/CP CE confirms the 
increased collection of electrons and reduced carrier recombination. The 
latter leads to fast QDs regeneration by injecting electrons from the 
polysulfide redox couple electrolyte, which is reduced at the electrolyte/ 
CE interface. The polysulfide redox couple electrolyte reduction rate is 
faster for Cu2S/CP than Cu2S/Brass CE as confirmed by the electro-
catalytic activity obtained through CV and EIS measurements. 

To further improve the performance of QDSCs based cascade CdS/ 
CdSe co-sensitized TiO2 mesoporous film with spray assisted Cu2S/CP 
CE, we grew additional ZnSe layers prior to CdS/CdSe QDs deposition, 
while using the same device architecture as above. Fig. 7 displays the 
current density versus voltage curves of QDSCs based on TiO2/ZnSe/ 
CdS/CdSe/ZnSe photoanodes and spray assisted Cu2S/CP CE. 

All the photovoltaic parameters improve significantly with the 
addition of two ZnSe inner layers, while maintaining all other compo-
nents the same. Briefly, with the addition of two ZnSe inner layers, Jsc 
increases from 18.67 to 20.82 mA cm� 2, Voc increases from 0.501 to 
0.550 V, and the PCE increases from 5.06 to 5.89%. This improvement is 
mainly attributed to the presence of the additional ZnSe inner layer, 

Fig. 6. (a) Current density vs voltage curves of QDSCs under one sun illumination based on different types of counter electrodes: red line (spray deposited Cu2S/CP, 3 
cycles) and green line (Cu2S/Brass). Transient photovoltage decay measurements of corresponding QDSCs: (b) Normalized Voc versus time (s); (c) calculated electron 
lifetime [τ (s)] versus Voc. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Current density vs voltage curve of QDSC under one sun illumination 
based on TiO2/ZnSe/CdS/CdSe/ZnSe photoanode and spray assisted Cu2S/ 
CP CE. 

Table 4 
Photovoltaic parameters of cascade CdS/CdSe co-sensitized QDSCs using spray 
assisted Cu2S/CP (3-cycles) CEs and Cu2S/Brass CEs as a reference.  

Types of CEs Jsc (mA.cm� 2) Voc (V) FF PEC (%) 

Cu2S/CP 18.67 0.501 0.54 5.06 
Cu2S/Brass 15.58 0.480 0.53 3.98  
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which enhances the CdS/CdSe QDs loading on the TiO2 mesoporous film 
consistent with the results reported by G. Cao et al. [65]. This high PCE 
of QDSCs with spray assisted Cu2S/CP CEs highlights the potential 
application of Cu2S/CP as an excellent CE. 

3.5. Long-term stability measurements 

The long-term stability is another important feature of the CEs, 
which plays a significant role in the overall stability of the QDSCs. Fig. 8 
displays the systematic comparison of the QDSCs with Cu2S/CP and with 
Cu2S/Brass as CEs in terms of current density versus voltage curves 
[Fig. 8 (a)-(b)] and variation of the photovoltaic functional parameters 
versus time [Fig. 8 (c)-(f)]. Both QDSCs were characterized under one 
sun simulated sunlight (AM 1.5, 100 mW cm� 2) at room temperature 
and stored under ambient dark conditions after each measurement. 

The QDSC with Cu2S/CP CE shows better stability than the QDSC 
with Cu2S/Brass CE tested for 490 min. Briefly, for the QDSC with Cu2S/ 
CP CE, Jsc increases from 11.68 to 12.33 mA cm� 2 [Fig. 8 (e)], Voc in-
creases from 0.492 to 0.507 V [Fig. 8 (d)], FF increases from 0.44 to 0.48 
[Fig. 8 (f)] and the PCE from 2.55 to 3.00% [Fig. 8 (c)] after 50 min since 
fabrication, due to better penetration of the electrolyte inside the TiO2 
mesoporous film. Similarly, for QDSC with Cu2S/Brass CE, Jsc slightly 
increases from 9.84 to 9.96 mA cm� 2 [Fig. 8 (e)], Voc increases from 
0.492 to 0.529 V [Fig. 8 (d)], and the PCE increases from 2.36 to 2.43% 
[Fig. 8 (c)], whereas FF decreases from 0.48 to 0.46 [Fig. 8 (f)] 50 min 
after fabrication. All the photovoltaic parameters of QDSCs based Cu2S/ 
CP and Cu2S/Brass CEs decrease after 490 min of device fabrication. The 
rate of decrease in all photovoltaic functional parameters is higher for 
QDSCs with Cu2S/Brass than QDSCs with Cu2S/CP CE. After 490 min 
since fabrication, for QDSC with Cu2S/Brass CE, the PCE decreases from 
2.36 to 0.68% with significant decline of 71.18% [Fig. 8 (c)], whereas 
for QDSC with Cu2S/CP, the PCE decreases only slightly from 2.55 to 
2.48% with negligible decline of 2.71% [Fig. 8 (c)]. Similarly, after 
490 min since fabrication, other photovoltaic parameters such as Voc 
decreases from 0.492 to 0.402 V [Fig. 8 (d)], Jsc decreases from 9.84 to 
3.67 mA cm� 2 [Fig. 8 (e)], and FF decreases from 0.48 to 0.45 [Fig. 8 (f)] 
for QDSCs with Cu2S/Brass CE, whereas for QDSC with Cu2S/CP CE, Voc 

slightly increases from 0.492 to 0.504 V [Fig. 8 (d)], Jsc decreases from 
11.68 to 9.89 mA cm� 2 [Fig. 8 (e)], and FF increases from 0.44 to 0.50 
[Fig. 8 (f)]. This significant difference in long-term stability of QDSCs 
based on Cu2S/CP and Cu2S/Brass CEs is mainly attributed to better and 
stable electrocatalytic activity of Cu2S/CP CE as compared to Cu2S/Brass 
CE, which is confirmed by CV and EIS measurements. Also, the Cu2S/ 
Brass CE undergoes adverse corrosion effects on the brass substrate with 
polysulfide electrolyte [26,66,67], which reduces the long-term stability 
of the QDSCs. This corrosion issue of Cu2S/Brass CE affects the photo-
anodes, as confirmed from the photograph of photoanodes (see Fig. 10S) 
with Cu2S/Brass and Cu2S/CP CEs 1440 min after fabrication. Thus, our 
spray deposited Cu2S/CP CE shows remarkable electrocatalytic activity 
and long-term stability yielding highly efficient and stable QDSCs when 
compared with well-known Cu2S/Brass CE. 

4. Conclusion and perspectives

In summary, we have developed a simple, low cost and large area
scalable spray deposition approach for the fabrication of nanostructured 
Cu2S/CP CEs. CV and EIS measurements demonstrated that spray 
assisted Cu2S/CP CEs posses better conductivity, stable catalytic activity 
and lower sheet resistance than that of conventional Cu2S CEs prepared 
by treating brass with HCl. The QDSCs assembled with spray assisted 
nanostructured Cu2S/CP CEs yield a PCE of 5.06%, which is 28% higher 
than QDSCs based Cu2S/Brass as CEs and was further boosted to 5.89% 
upon optimization of the photoanode structure. In addition, QDSCs with 
spray assisted nanostructured Cu2S/CP CEs shows better long-term sta-
bility than the QDSCs with Cu2S/Brass CE. Thus, this excellent perfor-
mance and satisfactory long-term stability for QDSCs with Cu2S/CP CEs 
is mainly attributed to the synergistic effect of good conductivity of CP 
composed of a 3 D network of carbon fibers and high catalytic activity of 
nanostructured Cu2S deposited on the CP. The results of this work offer a 
cost-effective and large area scalable approach to fabricate highly effi-
cient and stable CEs, which is an important step toward the fabrication of 
solar driven opto-electric devices. Future directions will focus on the 
incorporation of carbonaceous materials in nanostructured Cu2S/CP CEs 
to further boost the performance of the photoelectrochemical devices. 

Fig. 8. Comparison of current density vs voltage curves of QDSCs at 0 min and after 490 min: (a) with spray assisted Cu2S/CP CEs; (b) Cu2S/Brass CEs. Variation of 
photovoltaic parameters of QDSCs based on spray assisted Cu2S/CP (red square) and Cu2S/Brass (green circle) CEs with time: (c) PCE (%); (d) Voc (V); (e) Jsc (mA. 
cm� 2); (f) FF. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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