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Controlled growth of Cu3Se2 nanosheets array counter
electrode for quantum dots sensitized solar cell
through ion exchange
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ABSTRACT  Copper selenide (CuxSe) has great potential
as counter electrode for quantum dots sensitized solar cell
(QDSSC) due to its excellent electrocatalytic activity and
lower charge transfer resistance. A novel ion exchange
method has been utilized to fabricate Cu3Se2 nanosheets
array counter electrode. CdS layer was first deposited by
sputtering and used as a template to grow compact and uni-
form Cu3Se2 film in a typical chemical bath. The morphology
and thickness of the Cu3Se2 nanosheets were controlled by
the deposition time. The final products (2h-Cu3Se2) showed
significantly improved electrochemical catalytic activity
and carrier transport property, leading to a much increased
power conversion efficiency (4.01%) when compared with
the CuS counter electrode CdS/CdSe QDSSC (3.21%).

Keywords:  Cu3Se2, counter electrode, quantum dots sensitized
solar cell, ion exchange

INTRODUCTION
Quantum dots sensitized solar cells (QDSSCs), a promising
family of third-generation solar cells, possess significant
advantages on long-term photo-stability [1], large molar
extinction coefficients [2], easy tunable bandgap and the
potential multiple-exciton generation [3]. With the afore-
mentioned advantages, the theoretical maximum power
conversion efficiency (PCE) could reach 44%, exceeding
the Shockley-Queisser limit (33.4%) of single junction solar
cells [4]. Typically, QDSSC is assembled by a transparent
conductive substrate, a quantum dots loaded photoanode
film, polysulfide electrolyte and a counter electrode (CE)
[5]. As an important part of the photovoltaic device, CE
plays a critical role in the electrons transport and oxidation
of reduced ions [6], and thus is intensively investigated

in recent years. In principle, high electro-catalytic and
expected electrical conductivity activity are both required
for an excellent CE [7].

Three categories of materials are promising counter elec-
trode for QDSSCs, including noble metals [8], metal sul-
fides [9–11], and porous carbon materials [12,13]. Pt has
been widely used in dye-sensitized solar cells owing to its
stability and high catalytic activity for the reduction of I3

−

[14]. However, the cooperation of Pt and polysulfide elec-
trolyte in QDSSCs is less ideal, leading to a higher overpo-
tential and the inefficient interface catalytic activity [15].
Given that metal sulfides have excellent catalytic activity
when contacting with polysulfide electrolyte, the electrode
with suchmaterials are reported to achieve the highest con-
version efficiency, such asCuS, CoS andPbS [16–20]. How-
ever, since CuS can react with polysulfide electrolyte, con-
tamination of the electrolyte and photoanode would affect
the PCE and the stability of the devices [21].

Copper selenide (CuxSe) shows great potential in fab-
ricating high efficiency CE for QDSSCs, due to its excel-
lent electrocatalytic activity and lower charge transfer re-
sistance [22,23]. Copper selenide is a family of semicon-
ductive metal chalcogenides with different stoichiometric
compositions and several crystal structures [24], such as
CuSe, CuSe2, Cu2Se, Cu3Se2. To synthesize copper selenides
with chemically stable crystal structures, several strategies
have been studied, including vacuum evaporation, elec-
trodeposition, successive ionic layer adsorption and reac-
tion (SILAR) and chemical bath deposition (CBD) [25,26].
Although many efforts have been made on this material,
the overall performance of solar cells are still unsatisfactory
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[27].
Wang et al. [28] reported a hot-injection method for syn-

thesizing ultrathin Cu2−xSe nanosheet by cation exchange
(at 220–250°C). Besides, in our previous work [29], CuS
layer prepared by chemical deposition method was used
as seeds for the Cu3Se2 crystal nucleation. However, due
to the nonuniformity of CuS substrate prepared by SILAR
method, the substrate was not well covered by Cu3Se2

nanorods, which further limited the catalytic ability of the
CE. Here, CuxSe nanosheets array CE was synthesized via
a novel ion exchange strategy. By controlling the process-
ing time of chemical bath, the morphology of the CuxSe
nanosheets was accurately regulated. X-ray diffractometry
(XRD) and energy-dispersive X-ray spectroscopy (EDS)
were used to reveal the crystal structure and chemical
composition. When the CuxSe nanosheets array was used
as a CE in CdS/CdSe DQSSC, the PCE was significantly
improved as compared with CuS CE based solar cells, ow-
ing to much increased catalytic activity, prolonged carriers’
lifetime and reduced interface recombination.

EXPERIMENTAL SECTION

Materials
Cupric acetate anhydrous (Cu(CH3COO)2, Aladdin,
≥98%), selenium powder (Alfa Aesar, 99+%), cad-
mium nitrate tetrahydrate (Cd(NO3)2·4H2O, Alfa Ae-
sar, 98.5%), sodium bisulfite (Na2SO3, Alfa, 99.99%),
nitrilotriacetic acid trisodium salt monohydrate
(N(CH2CO2Na)3·H2O, Alfa Aesar, 98%), cadmium ac-
etate dihydrate ((CH3COO)2Cd·2H2O, Aladdin, 99.99%),
sodium sulfide nonahydrate (Na2S·9H2O, Aladdin,
≥98.0%), sublimed sulfur (S, Guoyao China, ≥99.5%),
TiO2 (Degussa P25), zinc nitrate hexahydrate (treatment
Zn(NO3)2·6H2O, Aladdin, 99%) and all the chemical
reagents were used as received.

Preparation of quantum dots sensitized photoanode
A layer of TiO2 nanoparticles (P25) was covered on the
clean fluorine-doped tin oxide (FTO) substrate by a doctor
blade method, while the thickness was controlled at 15–20
μm. Then, the as-prepared TiO2 films were sintered in the
air at the temperature of 500°C for 30 min. For the inter-
facial sensitization process of CdS/CdSe quantum dots on
TiO2 photoanode films, a SILAR method was used. Specif-
ically, TiO2 films were firstly vertically immersed into 0.1
mol L−1 Cd(NO3)2 methanol solution for 1 min and rinsed
with methanol, followed by vertically immersion in 0.1
mol L−1 Na2S methanol solution for 1 min. The former step
was repeated for 5 times. Then, a CBD method was used to

prepare CdSe QDs. The TiO2/CdS electrodes were dipped
into a solution containing 0.1 mol L−1 Cu(CH3COO)2, 0.1
mol L−1 Na2SeSO3 and 0.15 mol L−1 nitrilotriacetic acid
trisodium salt (NAT). Finally, the ZnS passivation layer
was preparaed by SILAR method, with TiO2/CdS/CdSe
samples alternately vertically immersed into 0.1 mol L−1

Zn(NO3)2 and 0.1 mol L−1 Na2S solutions for 1 min. This
process was repeated twice. The polysulfide electrolyte was
prepared as reported in our previous publication [30].

Fabrication of the Cu3Se2/CuS CEs based solar cells
A compact CdS layer was deposited onto the FTO glass
substrate by magnetron sputtering. The sputtering power
was controlled at 100 W for only 1 min. For the fabrica-
tion of the Cu3Se2 thin films, 0.1 mol L−1 of the as-prepared
Na2SeSO3 aqueous solution, 0.1mol L−1 Cu(CH3COO)2 and
0.2 mol L−1 nitrilotriacetic acid trisodium salt (NAT) solu-
tion were mixed with a volume ratio of 1:1:1. Then, the
CdS seeds-coated FTO glasses were vertically immersed
into the mixed solution at room temperature for different
times. For CuS CE, a SILAR method was used. Briefly, the
FTO with CdS films were first vertically immersed into 0.1
mol L−1 Cu(CH3COO)2 methanol solution for 1 min and
rinsed with methanol, then immersed vertically into 0.1
mol L−1 Na2S methanol (DI-water/methanol volume ratio
1:1) solution for 1 min. The former step was repeated for
15 times to fabricate an efficient CuS CE. At last, the quan-
tum dots sensitized photoanode and Cu3Se2/CuS CEs were
stacked together with the polysulfide electrolyte inserted
between the two electrodes.

Characterizations
Scheme 1 shows the structure of the device, consisting
of CdS/CdSe co-sensitized TiO2 photoanode, polysulfide
electrolyte and CE. The crystal structure analysis was mea-
sured by X’Pert PROS (Philips Co.) using Cu Kα radiation
(1.54060 Å). The top-view and cross-section morphology
of the samples were characterized by a scanning electron
microscope (SEM, SU8020) and a transmission electron
microscope (TEM, Tecnai F20). The current-voltage (J-V)
curves of the devices were recorded under the illumination
of 3A grade solar simulator (7-Star Optical Instruments
Co., Ltd). Tafel polarization curves were conducted in
a symmetrical dummy cell with two identical CEs using
CHI660E electrochemical workstation. The active area of
the QDSSCs was 0.1256 cm2.

RESULTS AND DISCUSSION
Fig. 1 is a schematic diagram of the growing process of
CuxSe nanosheets array.  Due to the poor affinity  between
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Scheme 1   Structure of the QDSSC.

Cu3Se2 and the surface chemical groups of FTO, it was dif-
ficult to deposit CuxSe nanosheets directly on the FTO sub-
strate through a simple CBD method. However, with a
thin CdS layer deposited by magnetron sputtering, the sur-
face chemical property was significantly changed, leading
to much increased adhesion sites for Cu3Se2. The as-pre-
pared CdS/FTO substrate was then immersed in the Cux

2+

and Se2− containing precursor solution. Since the surface
energy of CuxSe was much lower than that of CdS, CdS was
believed to be dissolved by Cu2+ containing solution [31].
Thus, a compact CuxSe seeds layer was formed on the sub-
strate after the ion exchange process. In order to make the

CdS layer fully consumed, the sputtering time was strictly
controlled to ensure a layer of 3–5 nm. As a result, CuxSe
nanosheets array was grown on the substrate based on the
seeds layer after a sequential CBD process.

To intuitively understand the growing process of CuxSe
nanostructure, the surface morphology of the CEs was
characterized by SEM. As shown in Fig. 2a, a compact
CdS layer was deposited onto the FTO substrate. The
thickness of the CdS film was 3–5 nm, which provided a
uniform substrate for the formation of CuxSe and reduced
the possibility of residual CdS. Since carrier concentration
in CdS was much lower than that in CuxSe, the remained
CdS may increase the series resistance in the CE [32].
With a typical CBD method, the Cux

2+ and Se2−/S2− in the
as-prepared solution would react with the deposited CdS
and replace the crystal structure and component. The CuS
film prepared with the same conditions is irregular, while
many small nanosheets stacked together disorderly (Fig.
2b).

Unlike CuS nanosheets film, CuxSe films fabricated from
the above precursor solution were well-ordered and com-
pletely covered on FTO. Themorphology of the CuxSe films
with different deposition time are exhibited in Fig. 2c–f.
The vertical growth of nanosheets are conducive to the sta-
bility of CuxSe films and enlarges the active area of cat-
alytic reaction on the interface of CuxSe films and elec-
trolyte [33]. With such nanostructure, the possibility that
CuxSe detached from the substrate is significantly reduced.
The enlarged surface area provides more reaction sites for
the reduction reaction of Sx

2−. The average size and surface

Figure 1   Schematic illustrating the growing process of CuxSe nanosheets array with an ion exchange.
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Figure 2   SEM images of different materials on FTO substrate: (a) CdS thin film, (b) CuS nanostructure, CuxSe nanosheets array under different grown
time, (c) 0.5 h, (d) 1 h, (e) 2 h, and (f) 3 h; (g) the cross-section image of 2h-CuxSe film. (h) and (i) TEM images of 2h-CuxSe nanosheets, and the inset
of (i) shows the selected area electron diffraction (SAED) pattern of CuxSe.

area of the CuxSe nanosheets is increased with the pro-
longed processing time, thus accelerating the depletion
of CuxSe precursors. Since the growth rate of materials is
proportional to the solute concentration [34], the dramat-
ically declined concentration of CuxSe precursors (over
2 h) further limits the nanosheets growth process. The
final products exhibit an average size around 300 nm. Fig.
2g shows the cross-section image of CuxSe film obtained
from a 2 h solution reaction. The thickness of the CuxSe
nanosheets layer is about 400 nm, while the CdS film
was almost invisible revealing the occurrence of the ion
exchange reaction.

Fig. 2h demonstrates the TEM image of the CuxSe
nanosheets. The CuxSe nanosheets peeled from the CE
are stacking in a layer or coating structure. According to
the SEM image of the 2h-CuxSe, the average size of the
nanosheets was ~300 nm and the thickness was 10–50 nm.
As shown in Fig. 2i, the lattice distance is observed at 0.321

nm, corresponding to the most preferred direction of crys-
tal orientation. However, the component of the CuxSe is
still unclear, thus more crystallographic characterizations
are needed.

CuxSe films were characterized by means of XRD and
EDS. Fig. 3a demonstrates the XRD patterns of the CuxSe
films with different duration of ion exchange. The XRD
patterns were identical to the typical pattern of hexagonal
Cu3Se2 (JCPDS No. 01-071-0045). The characteristic peak
of (200) plane was observed at 27.9°, which corresponded
to the plane with a 0.321 nm lattice distance in Fig. 2i.
With increased ion exchange time, the intensity of diffrac-
tion peaks of theCu3Se2 increased accordingly, while the in-
tensity of FTO diffraction peaks decreased. Fig. 3b shows
the selective ranges for (200) plane, and it can be seen that
the full width at half maximum (FWHM) decreased grad-
ually with the prolonged processing time.

Fig. 3c is the  X-ray  photoelectron  spectroscopy  (XPS)
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Figure 3   XRD patterns of the samples prepared from different deposition times: (a) the panorama curve from 21° to 59°, (b) selected ranges containing
particular characteristics. (c) The XPS of the 2h-Cu3Se2 film for Cu, Se and Cd element, the blank lines are background lines. The EDS of the top-view
2h-Cu3Se2 film: (d) element component analysis. (e) The corresponding SEM image. The elements distribution maps: (f) cross-section SEM image, (g)
Cu and (h) Se.

showing the characteristic peaks corresponding to the el-
ements Cu, Se and Cd. The peak area ratio of Cu and Se
is 17.8:12.3, nearly 3:2, which is consistent with the XRD
results. Besides, there is no detectable signal of Cd ele-
ment, confirming the complete phase transformation and
the depletion of CdS. The EDS was also measured for fur-
ther study on the reaction mechanism. The element com-
ponent analysis is shown in Fig. 3d and the elements map-
ping of Cu3Se2 film is shown in Fig. 3e–g, revealing uniform
and homogeneous distribution of Cu and Se.

Fig. 4a presented the photocurrent-voltage (J-V) curves
of CdS/CdSe QDSSCs with various CEs, including Cu3Se2

and CuS films. The corresponding photovoltaic parame-
ters, such as short-circuit current density (Jsc), open-circuit
voltage (Voc), fill factor (FF) and PCE were also summa-
rized in Table 1. With the 2h-Cu3Se2 CE , the best perfor-
mance of solar cells were achieved. The improved overall
performance mainly originated from the increased active
area, which introduced more contacting sites and electron
transmission pathways [35–37]. However, the increasing
of the active area might cause a serious interface charge re-
combination, thus in-depth declined the charge collection
efficiency [38]. With the deposition time exceeding 2 h, the
variation on nanosheets morphology has been a minor fac-
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Figure 4    (a) J-V curves obtained from the CdS/CdSe QDSSCs based on Cu3Se2 CEs with different processing time and CuS CE; (b) the IPCE and
integral current density of the solar cells with different CEs (Cu3Se2-2h and CuS); (c) Tafel polarization of the symmetrical dummy cells based on the
two electrodes; (d) the impedance spectrums of the solar cells in the dark conditions.

tor when compared with the reduced charge collection ef-
ficiency. The stacking of the nanoparticles leads to the dif-
ficulty of the charge transport. Thus, the performance of
solar cells based on 20 cycles CuS CE (Fig. S1) was much
lower than that of the Cu3Se2 CE. This results indicate that
the Cu3Se2 nanosheets array is promised to be a better elec-
trode in CdS/CdSe QDSSCs.

Fig. 4b shows that the internal photo-to-current effi-
ciency spectrum (IPCE) of the solar cells investigated the
changes in Jsc. The IPCE value of Cu3Se2 based solar cell was
increased on the full light harvesting ranges of CdS/CdSe
quantum dots [39], from 300 to 687 nm. The integral cur-
rent densitywas improved from9.02 to 10.21 mA cm−2 [40],
which was basically matched with the Jsc. Due to the limita-
tion of our facility, the IPCE was not zero for photon ener-
gies below bandgap, while the integral current density was
slightly lower than the Jsc.

Tafel polarization curves were also measured to demon-
strate the influence of CE material on the interface prop-
erties (Fig. 4c). From the curves, the information of in-

terfacial charge-transfer in the S2−/Sn
2− oxidation/reduction

process is revealed. The exchange current density (J0) of
Cu3Se2 CE calculated from the Tafel polarization curves is
greater than that of CuS CE. A higher J0 represents a lower
activation energy that is needed by the reduction process of
S2−/Sn

2−, which immediately determines the electrocatalytic
activity of the CEs [41]. Thus, the charge transfer property
and electrocatalytic activity of Cu3Se2 are better than that
of CuS prepared under the same condition.

Electrochemical impedance spectroscopy (EIS) was an-
other method that can be employed to monitor the varia-
tions on the CE/electrolyte interface [38]. As shown in Fig.
4d, the impedance spectrum can be simulated into three
components: series resistance (RS), charge transfer resis-
tance (RCT) and constant phase element (CPE) [42]. RS is re-
lated to the resistance of the electrode and external circuit,
while RCT is assigned to the Nernst diffusion impedance
within the electrolyte [43]. TheRCT values of the Cu3Se2 and
CuS based solar cells were 22.92 and 68.59 Ω, respectively.
The reduced RCT of  Cu3Se2 often resulted in high catalytic
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Table 1 Photovoltaic parameters calculated from the J-V curves of the CdS/CdSe QDSSCs based on Cu3Se2 and CuS CEs (the data are the average
values)

Samples Jsc (mA cm−2) Voc (V) FF η (%)

Cu3Se2-0.5 h 11.21 0.503 0.527 2.81±0.26

Cu3Se2-1 h 11.05 0.521 0.596 3.41±0.04

Cu3Se2-2 h 11.52 0.560 0.621 3.99±0.02

Cu3Se2-3 h 11.18 0.570 0.620 3.89±0.04

CuS 11.05 0.521 0.558 3.18±0.01

ability, which was beneficial to the Voc, FF and Jsc.

CONCLUSIONS
A novel ion exchange method was used to fabricate com-
pact and uniform Cu3Se2 nanosheets array CE for quan-
tum dots solar cells. With the processing of CBD, the CdS
layer was dissolved in the Cu3Se2 precursor solution grad-
ually, while Cu2+ and Se2− were deposited onto the surface
of the substrate. The morphology of the Cu3Se2nanosheets
could be controlled by the deposition time. With a 2 h
solution processing, the best catalytic performance of the
CE was obtained. Compared with CuS electrode, Cu3Se2

nanosheets CE possessed lower electrocatalytic active en-
ergy, less recombination sites and longer carriers’ lifetime.
The CdS/CdSe QDSSCs based on Cu3Se2 nanosheets array
CE exhibited a 4.01%PCE, better than that of theCuS based
solar cells (3.21%).
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离子交换法调控生长的用作量子点太阳电池对电极的Cu3Se2纳米片阵列
白慧文1, 沈婷1, 王世勋1, 李波1, 曹国忠2*, 田建军1*

摘要   硒化铜(CuxSe)凭借优良的电催化活性和较低的电荷转移电阻,在量子点敏化太阳电池(QDSSC)对电极方面表现出了巨大的潜力. 本
研究采用一种新的离子交换方法制备了Cu3Se2纳米片阵列. 通过溅射沉积CdS层作为模板,在化学浴中生长出均匀和高覆盖度的Cu3Se2薄
膜, Cu3Se2纳米片的形貌和厚度由沉积时间控制,最终产物(2h-Cu3Se2)显著改善了电化学催化活性和载流子传输性能,相比较于CuS为对电
极的CdS / CdSe量子点敏化太阳能电池, 其光伏性能由3.21%提升至4.01%.
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