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CuS and Cu1.8S nanosheet arrays
as efficient counter electrodes for quantum dot-
sensitized solar cells†

Meidan Ye,a Xiaoru Wen,b Nan Zhang,b Wenxi Guo,a Xiangyang Liua

and Changjian Lin*ab

Vertical CuS nanosheet arrays were synthesized in situ for the first time on transparent conducting fluorine-

doped tin oxide (FTO) substrates via a facile solvothermal process of seeded FTO glasses in the presence of

ethanol solvent only containing thiourea and Cu(NO3)2 as a precursor. While choosing CuCl instead of

Cu(NO3)2 as the copper precursor in the same solvothermal process, porous Cu1.8S nanosheets, for the

first time, were also vertically grown on FTO substrates, suggesting that such a synthesis process is a

general approach for the preparation of copper sulfide nanosheet arrays. When used as low-cost

counter electrode materials in quantum dot-sensitized solar cells (QDSSCs), CuS (3.95%) and Cu1.8S

(3.30%) nanosheet films exhibited enhanced power conversion efficiencies in comparison with the

conventional Pt film (1.99%), which was primarily due to the excellent electrocatalytic activity of copper

sulfides for the reduction of the polysulfide electrolyte used in CdSe/CdS QDSSCs. Significantly, the in

situ growth strategy largely simplified the fabrication procedure of copper sulfide counter electrodes

and, meanwhile, enhanced the adhesion between films and substrates.
1. Introduction

In the past years, semiconductor metal suldes, especially
CdS, PbS, ZnS, CuS and CoS, have attracted extensive attention
because of their attractive physical and chemical properties
for potential applications in many elds.1–4 In particular,
copper suldes (CuxS, x ¼ 1–2) have aroused considerable
interest due to their variations in stoichiometric composition,
valence states, complex structures, and different unique
properties.5–7 Copper suldes have different stoichiometric
forms, including at least ve stable phases at room tempera-
ture: covellite (CuS) at the copper-decient side, anilite
(Cu1.75S), digenite (Cu1.8S), djurleite (Cu1.97S), and chalcocite
(Cu2S) at the copper-rich side.8–11 Copper suldes with
different stoichiometries show prospective applications in
solar cells, photocatalysis, photo-thermal conversion, sensors,
lithium rechargeable batteries, etc.12–16 Signicantly, copper
suldes, owing to their low cost, environmental friendliness
and various band-gap energies in a range of 1.2–2.0 eV, are
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considered as one of the most promising materials for the
future sustainable energy supply.17,18

Recently, the ne control of nanomaterials with versatile
chemical composition, crystal structure, size, shape and surface
chemistry has attracted increasing attention, mainly due to
their ability to modulate the optical, electronic and catalytic
response of materials, and then show important technological
applications as advanced materials with unique properties.19–21

Copper suldes with various morphologies, such as nano-
plates,20 nanosheets,22 hollow spheres,3 nanoparticles,23–25

nanowires,21,26,27 tubular structures,28 ower-like,29,30 hierar-
chical nanostructures,8,31,32 etc., have been obtained via many
synthesis routes, including the successive ionic layer adsorption
and reaction (SILAR) method,2 wet chemical bath,13 sol–gel
method,9,19 hydrothermal or solvothermal process,33,34

mechanical alloying and spark plasma sintering technique,14

chemical vapor deposition,35,36 atomic layer deposition,37

microemulsion approach,11 and an in situ template-controlled
method.38 For example, Kim et al. used single-crystalline wurtzite
CdS nanowires that underwent gas-phase substitution to form
unique superlattice cubic Cu1.8S and hexagonal Cu2S nanowires
through thermal evaporation of CuCl2 at 500–600 �C.26

Feldmann et al. prepared CuS, Cu1.8S and Cu2S hollow spheres
via a microemulsion route by adjusting the experimental
conditions.11 Xu et al. chose Cu2O crystals with various well-
dened morphologies, such as cubic, octahedral and star-like
shapes, as the sacricial templates to prepare copper sulde
materials, which could be tuned from Cu2S to Cu1.75S by
J. Mater. Chem. A, 2015, 3, 9595–9600 | 9595
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controlling the reaction conditions from N2 to air atmospheres,
respectively.38 However, there are few reports about the synthesis
of copper sulde nanostructures directly grown on conductive
substrates to simplify the preparation process of electrodes.

In this regard, uorine-doped tin oxide (FTO) glasses were
deposited with CuS seeds by the spin coating method and
subsequently set in Teon-lined autoclaves only containing
thiourea and Cu(NO3)2 ethanol solution as the precursor to
grow CuS nanosheet arrays on the pre-treated FTO substrates.
When using CuCl as the copper source, rough Cu1.8S nanosheet
lms were successfully developed from the seeded FTO
substrates. Since copper suldes are regarded as one of the
most efficient counter electrode materials in QDSSCs, it was
found that the as-prepared CuS and Cu1.8S nanosheets had
superior electrocatalytic activity for the reduction of the poly-
sulde electrolyte compared to the conventional Pt lms, which
in turn reected enhanced power conversion efficiencies of
QDSSCs.
2. Experimental section
2.1 Fabrication of CuS and Cu1.8S nanosheet arrays

The FTO substrate (F : SnO2, 0.5 cm � 1.2 cm) was ultrasoni-
cally cleaned for 15 min in a mixed solution of acetone and
ethanol (v/v, 1 : 1), followed by deionized water rinsing for
15 min. CuS seeds were planted on the cleaned FTO substrate
via spin coating by alternating 0.01 M Cu(NO3)2 and 0.01 M
Na2S aqueous solution three times. The seeded FTO substrate
was placed in a Teon-lined stainless steel autoclave (50 mL)
containing 40 mL ethanol with 0.05 M Cu(NO3)2 and 0.1 M
thiourea. The solvothermal reaction was performed at 150 �C
for 24 h in an oven. When the autoclave was cooled to room
temperature, the FTO substrate was taken out, rinsed with
ethanol, and dried in air. Then, CuS nanosheet arrays grown on
the FTO substrate were obtained. For the Cu1.8S nanosheet lm,
CuCl was alternatively employed as the copper source in a
similar solvothermal reaction.
2.2 Preparation of CdS/CdSe QDSSCs

For QDSSCs, hierarchical TiO2 spheres reported in our previous
work were used as the photoanode material.39 The photoanode
lms with a thickness of about 20 mm were obtained by coating
the hierarchical TiO2 sphere paste on FTO glasses using the
doctor blade method. Aer a calcination process at 450 �C for
30 min to remove the organic substances, the TiO2 lms were
soaked in 0.2 M TiCl4 aqueous solution at 70 �C for 40 min
followed by calcination at 450 �C for 30 min.

To fabricate CdS/CdSe QDSSCs, deposition of CdS and CdSe
QDs onto the TiO2 photoanodes was realized by the chemical
bath deposition (CBD) technique in a refrigerator with
temperature at 10 �C.40 CdS QDs were deposited in an aqueous
solution containing 20 mM CdCl2, 66 mM NH4Cl, 140 mM
thiourea, and 230 mM ammonia (pH ¼ 9.5) for 80 min. The
deposition of CdSe QDs was subsequently carried out in a
mixture of Na2SeSO3 solution and 0.08 M Cd(NO3)2 solution
with a volume ratio of 1 : 1 for 30 h. The Na2SeSO3 aqueous
9596 | J. Mater. Chem. A, 2015, 3, 9595–9600
solution used was prepared by dissolving Se (0.1 M) in an
aqueous solution of Na2SO3 (0.18 M) at 70 �C for about 7 h when
the black Se powder was almost reacted. Aer cooling to room
temperature, the obtained Na2SeSO3 aqueous solution was
ltered to remove the unreacted Se powder.

CdS/CdSe sensitized TiO2 lms with an active area of about
0.20 cm2 were assembled together with the above-prepared CEs
by applying a 60 mm thick hot-melt sealed lm as the spacer
(SX1170-25; Solaronix Co.). The polysulde electrolyte used here
consists of 3.5 mL DI water and 1.5 mL methanol with 0.5 M
Na2S, 0.125 M S and 0.2 M KCl. The electrolyte was injected
between two electrodes and driven by the capillary force
through the hole on the hot-melt sealed lm.16,41
2.3 Characterization

The morphology of the samples was observed by eld emission
scanning electron microscopy (FESEM, HITACHI S-4800) and
transmission electron microscopy (TEM, JEOL JEM-2100) with
an acceleration voltage of 200 kV. Phase identication of
materials was carried out by X-ray diffraction (XRD, Panalytical
X'pert PRO). The X-ray photoelectron spectroscopy (XPS) anal-
ysis was carried out with a Quantum 2000 Scanning ESCA
Microprobe spectrometer using focused monochromatized Al
Ka radiation (1486.6 eV). The performance of the as-prepared
DSSCs was determined by measuring photocurrent density–
photovoltage (J–V) curves under AM 1.5G simulated solar light
(Oriel 300 W Xe lamp and Newport AM-1.5G lter). The inci-
dent-photon-to-current efficiency (IPCE) spectra as a function of
wavelength (l ¼ 300 to 800 nm) were recorded using a mono-
chromator (Oriel, Model: 74125). The cyclic voltammogram (CV)
was obtained on an Autolab electrochemical workstation in a
three-electrode system with counter electrodes as the working
electrodes, a Pt foil as the counter electrode, and an SCE as the
reference electrode at a scan rate of 50 mV s�1. The electrolyte
was 70 mL DI water and 30 mL methanol with 0.5 M Na2S,
0.125 M S and 0.2 M KCl. The charge transfer resistance was
determined by electrochemical impedance spectroscopy (EIS),
performed on the symmetric cells using an Autolab electro-
chemical workstation under an open circuit voltage (0 V) over a
frequency range of 105 to 10�1 Hz with an AC voltage magnitude
of 10 mV. The impedance data were analyzed using Autolab
electrochemical EIS tting soware. The electrochemical
workstation was also employed to measure the Tafel-polariza-
tion curves of the symmetric cells at a scan rate of 5 mV s�1.
3. Results and discussion

As shown in Fig. 1a, the XRD pattern revealed that the CuS
(JCPDS no. 06-0464) lm was obtained via solvothermally
treating the seeded FTO substrate in the ethanol containing
0.05 M Cu(NO3)2 and 0.1 M thiourea at 150 �C for 24 h. The
product had XRD diffraction peaks at 2q ¼ 27.1�, 27.6�, 29.2�,
31.7�, 32.8�, 47.9� and 59.3�, corresponding to those of lattice
planes (100), (101), (102), (103), (006), (110) and (116) of the
hexagonal CuS phase. In addition, if the copper source is
changed in the reaction solution from Cu(NO3)2 to CuCl, under
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 XRD patterns of (a) CuS and (b) Cu1.8S nanosheet films prepared
via the solvothermal process.
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the same solvothermal conditions, the resulting product can be
indexed to Cu1.8S (JCPDS no. 24-0061) with diffraction peaks
observed at 2q ¼ 27.7�, 32.1�, 46.1� and 54.6�, associating with
those of the lattice planes (111), (200), (220) and (311) of the
cubic Cu1.8S phase (Fig. 1b). Since the CuS and Cu1.8S lms were
thin (�1 mm), the XRD signals of FTO substrates were strong
(Fig. 1).

Fig. 2 shows SEM images of the CuS and Cu1.8S lms indexed
by XRD patterns in Fig. 1. As shown in Fig. 2a and b, the CuS
lm consisted of well-dened nanosheet arrays, and the vertical
CuS nanosheets randomly intercrossed with each other and well
Fig. 2 SEM images of (a) CuS and (c) Cu1.8S nanosheet films; (b) and (d)
are the magnified images of (a) and (d), respectively.

This journal is © The Royal Society of Chemistry 2015
uniformly grew on the FTO substrate. It was observed that such
CuS nanosheets were smooth with a thickness of about 10 nm
(Fig. 2b). For the Cu1.8S lm, similar nanosheet arrays were
successfully planted on the FTO substrate (Fig. 2c and d).
Compared to CuS nanosheets (Fig. 2b), Cu1.8S nanosheets were
relatively rough with a thickness of around 50 nm (Fig. 2d).
Obviously, the type of copper salt used in the solvothermal
reaction had a great impact on the shape and crystal phase of
the products.

To further study the detailed structures of the products, the
TEM measurement was subsequently performed. The obtained
TEM images also revealed that the CuS nanosheet had a smooth
surface (Fig. 3a), while the Cu1.8S nanosheet was rough (Fig. 3c).
These two types of nanosheets were completely crystalline as
proved by the HRTEM images (Fig. 3b and d). Lattice fringes
with interplanar spacings d102 ¼ 0.304 nm (Fig. 3b) and d200 ¼
0.279 nm (Fig. 3d) can be indexed to the hexagonal CuS phase
and cubic Cu1.8S phase, respectively. The corresponding SAED
patterns (insets of Fig. 3b and d) of the CuS and Cu1.8S nano-
sheets demonstrated that they were single crystals with great
crystallinity. In addition, the corresponding EDX results are
shown in Fig. S1.† The ratios of Cu and S atoms for CuS and
Cu1.8S nanosheets were 1.002 : 1 and 1.787 : 1, respectively,
which were almost the same as 1 : 1 and 1.8 : 1.

XPS analysis was carried out to investigate the chemical
binding states of the as-prepared CuS and Cu1.8S nanosheets.
Fig. 4a shows the XPS spectrum of Cu 2p for CuS nanosheets.
The two main peaks located at 931.9 and 951.9 eV (Fig. 4a) were
assigned to Cu 2p3/2 and Cu 2p1/2, respectively. Moreover, there
were weak shake-up satellite peaks at around 943 eV (rectangle
marked in Fig. 4a), suggesting the presence of the paramagnetic
chemical state of Cu2+.42 The corresponding XPS spectrum of S
2p for CuS nanosheets is shown in Fig. 4b. In the case of the XPS
Fig. 3 TEM and HRTEM images of (a and b) CuS and (c and d) Cu1.8S
nanosheet films, and insets are the corresponding SAED patterns of (b)
and (d), respectively.

J. Mater. Chem. A, 2015, 3, 9595–9600 | 9597
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Fig. 4 The high resolution XPS spectra of Cu 2p and S 2p: (a and b)
CuS and (c and d) Cu1.8S nanosheet films, and the inset in (c) is the
Auger Cu LMM spectrum in the Cu LMM region for the Cu1.8S sample.

Table 1 Performance parameters of the QDSSCs based on Pt, CuS
and Cu1.8S counter electrodes, and results of the EIS fitting using the
electrical equivalent circuit model in Fig. 6b

Sample Jsc (mA cm�2) Voc (V) FF PCE (%) Rs (U) RCT (U)

Pt 13.31 0.50 0.30 1.99 6.21 1836
Cu1.8S 16.07 0.50 0.41 3.30 6.11 44.34
CuS 15.08 0.51 0.51 3.95 6.53 33.36

Fig. 5 (a) J–V curves and (b) IPCE spectra of the QDSSCs based on Pt,
CuS and Cu1.8S counter electrodes.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
01

5.
 D

ow
nl

oa
de

d 
on

 8
/4

/2
02

5 
8:

34
:2

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
spectrum of Cu 2p for Cu1.8S nanosheets, the Cu 2p3/2 and Cu
2p1/2 peaks were observed at 932.1 and 952.1 eV (Fig. 4c),
respectively. Noticeably, the accompanying Auger line (Cu
LMM) at 568.6 eV (inset in Fig. 4c) indicated that the Cu ion was
in the form of the Cu(I) state, implying that the chemical
binding state of Cu1.8S was close to Cu2S.42 Also, Fig. 4d shows
the corresponding XPS spectrum of S 2p for Cu1.8S nanosheets.

In the control experiments, it was found that the CuS seeds
on FTO substrates promoted the successful growth of copper
sulde nanosheet arrays. When the FTO substrate was absent of
seeding treatment, aer the solvothermal reaction in ethanol
containing the same precursor, no lm was formed and only
some microsphere products were dispersed on the FTO
substrate (Fig. S2a†). When employing the drop-cast method to
prepare CuS seeds on the FTO substrate, a CuS nanosheet lm
was obtained aer the same solvothermal reaction (Fig. S2b†).
However, the quality of such a CuS nanosheet lm was poor.
Then, the CuS seeds prepared via spin coating led to the
successful fabrication of vertical copper sulde nanosheet
arrays with high quality as shown in Fig. 2. In addition,
adjusting solvothermal conditions, such as precursor concen-
tration (Fig. S3a†), reaction temperature (Fig. S3b and S4a†) and
growth time (Fig. S4b†), remarkably inuenced the features of
copper sulde nanosheet arrays.

The CuS and Cu1.8S nanosheet arrays grown on FTO
substrates (Fig. 2) were then applied as counter electrodes (CEs)
to assemble CdS/CdSe QDSSCs (Experimental section). Table 1
summarizes the photovoltaic parameters of the resulting
QDSSCs and Fig. 5a shows the corresponding current–voltage
(J–V) characteristics. Using the Pt CE-based QDSSC as a refer-
ence, largely enhanced photovoltaic performance of the
QDSSCs employing CuS and Cu1.8S nanosheets as CEs was
nally obtained (Table 1). In comparison with Pt CEs, CuS and
Cu1.8S nanosheet CEs endowed the cells with a higher short
circuit current density (Jsc; Pt: 13.31 mA cm�2 ns. Cu1.8S: 16.07
mA cm�2 and CuS: 15.08 mA cm�2) and ll factor (FF; Pt: 0.30
ns. Cu1.8S: 0.41 and CuS: 0.51), and thus obviously improved
9598 | J. Mater. Chem. A, 2015, 3, 9595–9600
power conversion efficiency (PCE; Pt: 1.99% ns. Cu1.8S: 3.30%
and CuS: 3.95%) for assembling QDSSCs. Therefore, it was
indicated that these CuS and Cu1.8S nanosheet arrays had better
electrocatalytic ability for the polysulde reduction. In addition,
CuS nanosheet arrays exhibited a higher PCE value than that of
Cu1.8S nanosheet arrays for the corresponding QDSSCs; this was
probably because the crystal phase of CuS nanosheets matched
well with that of CuS seeds, and then the CuS nanosheet lm
with fewer structure defects had better contact with the FTO
substrate. However, the rough Cu1.8S nanosheets had a slightly
higher Jsc value partially since they had larger surface areas to
give more catalytic sites for the polysulde reduction. Further-
more, we also prepared the Cu2S/brass CE and its correspond-
ing QDSSC. As shown in Fig. S5a,† the cell efficiency of Cu2S/
brass CEs can be up to 3.12%, but it quickly decreased to 0.65%
aer 1–2 hours because of the exfoliation of the Cu2S lm from
brass. For other kinds of CEs, aer several tests, CuS and Cu1.8S
CEs showed higher stability as compared to Pt and Cu2S CEs
(Fig. S5†).

Fig. 5b shows the incident photon-to-current efficiency
(IPCE) spectra recorded to scrutinize the different photovoltaic
performances of the QDSSCs based on Pt, Cu1.8S and CuS CEs.
This journal is © The Royal Society of Chemistry 2015
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The IPCE spectra of Cu1.8S and CuS-based QDSSCs were both
higher over almost the tested wavelength region (300–800 nm)
as compared to Pt-based QDSSCs; moreover, the IPCE spectra of
the Cu1.8S-based QDSSCs were slightly higher than those of the
CuS-based QDSSCs. The IPCE results agreed well with the
aforementioned Jsc values of the three QDSSCs (Table 1). The
improved Jsc values of Cu1.8S and CuS-based QDSSCs were
mainly attributed to their greater electrocatalytic ability for the
polysulde reduction, which was further conrmed by the
following electrochemical analysis, namely, cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS) and Tafel
polarization measurements.

The CV analysis was applied to investigate the electro-
chemical electrocatalytic activity of these three electrodes.
Fig. 6 Electrochemical characterization of the three counter elec-
trodes in a three-electrode system with the SCE used as a reference:
(a) cyclic voltammogram of Pt, CuS and Cu1.8S electrodes in a mixture
of methanol and DI water (3/7, v/v) containing 0.5 M Na2S, 0.2 M S, and
0.2 M KCl; the inset is the magnified cyclic voltammogram of the Pt
counter electrode from (a). (b) EIS plots, the top inset is the electrical
equivalent circuit model and the bottom inset is the enlarged Nyquist
plot of the part marked with a green cycle, and (c) Tafel curves of the
symmetric cells based on Pt, CuS and Cu1.8S counter electrodes.

This journal is © The Royal Society of Chemistry 2015
Generally, the negative currents of CV plots represent the
reduction of Sx

2� ions to S2� ions while their positive currents
are related to the oxidation of S2� ions in the polysulde elec-
trolyte. As the CE materials in QDSSCs, the reduction peak
currents of CV plots of the electrodes directly reect the elec-
trocatalytic ability of the CEs for Sx

2� reduction.43 Accordingly,
the Cu1.8S and CuS nanosheet electrodes (Fig. 6a) with consid-
erably higher current densities at the reduction peaks of CV
plots in comparison with the Pt electrode (inset of Fig. 6a) had
superior electrocatalytic ability for Sx

2� reduction. Meanwhile,
CuS electrodes with a better crystal structure exhibited a higher
reduction peak current than that of Cu1.8S electrodes.

Furthermore, Fig. 6b shows the EIS spectra of symmetric
cells organized by Pt, Cu1.8S and CuS CEs, respectively. Aer
tting the experimental data via the equivalent circuit (inset in
Fig. 6b), the resulting Nyquist plots of EIS spectra showed one
semicircle which was associated with the charge-transfer resis-
tance (RCT) and the interfacial capacitance (CPE) at the
CE/electrolyte interface.44 As shown in Table 1, the RCT value of
the Pt CE was very large, conrming its poor electrocatalytic
activity in the polysulde electrolyte. The CuS electrode had a
smaller RCT value than that of the Cu1.8S electrode, which was
mainly because the formed CuS nanosheets had fewer structure
defects and better contact with the FTO substrate.

In addition, Tafel-polarization analysis was performed using
the same symmetric cells in the above EIS measurement. As
shown in Fig. 6c, the Tafel polarization curve is the logarithmic
current density (log J) as a function of the voltage (V). The
exchange current density (Jo) of samples can be evaluated as the
intercept of the extrapolated linear region of anodic and
cathodic branches when the voltage is zero. Moreover, the Jo can
also be calculated by the following equation: Jo ¼ RT/nFRCT.45,46

Therefore, the higher the Jo value, the lower the RCT value. It was
observed that the CuS electrode had the highest Jo value with
the lowest RCT value, suggesting the best electrocatalytic activity,
in good agreement with the CV and EIS results.

4. Conclusion

The seed assisted-solvothermal process has been exploited for
the rst time to develop vertical CuS and Cu1.8S nanosheet arrays
directly grown on FTO substrates. The type of copper salt used in
the solvothermal reaction remarkably inuenced the crystal
phases and features of the resulting products. The obtained CuS
and Cu1.8S nanosheet arrays exhibited enhanced PCEs up to
3.95% and 3.30% when used as CEs in QDSSCs, implying
increases of 98% and 66% as compared to Pt-based QDSSCs,
respectively. Such a synthesis strategy not only simplied the
preparation procedure of CEs, but also achieved efficient QDSSC
devices based on the formed copper sulde CEs.
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