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Electrolyte for quantum dot-sensitized solar cells 
assessed with cyclic voltammetry
Fumin Ren1*, Sujun Li1 and Chenglei He2

An intuitive method was designed to measure the performance 
of various electrolytes for quantum dot-sensitized solar cells 
(QDSSCs). Cyclic voltammetry (CV) measurements were 
used to evaluate the electrolyte performance using a standard 
three-electrode system composed of a working electrode, 
counter electrode, and reference electrode. CV measurements 
were carried out over the potential range of −0.7 to −0.1 V at a 
scan rate of 50 mV s−1 in five different polysulfide electrolytes. 
A higher reduction peak current in the CV curve indicated a 
faster rate of the redox reaction (Sn

2− to S2−) in the electrolyte. 
The QDSSCs were assembled into a sandwich structure consist-
ing of a CdS/CdSe co-sensitized photoanode, a PbSe counter 
electrode, and a polysulfide electrolyte. Photocurrent density 
vs. voltage curves were measured for the assembled cells. The 
resulting energy conversion efficiency measurements were con-
sistent with the CV results. An energy conversion efficiency of 
5.14% was obtained for QDSSCs using an electrolyte containing 
0.05 M 1,2-dimethyl-3-propylimidazolium iodide.

INTRODUCTION
Quantum dot-sensitized solar cells (QDSSCs) show great 
potential for future applications, because of their high ef-
ficiency and low cost [1,2]. As an essential part of the so-
called sandwich structure solar cells, the electrolyte plays 
the important roles of facilitating electron transfer and 
completing the cell’s electronic circuit with the aid of a re-
dox couple [3,4]. Iodide/triiodide (I−/I3−) is the most com-
monly used electrolyte redox couple in dye-sensitized solar 
cells [5]. Unfortunately, the I−/I3− couple is not suitable for 
QDSSCs, because it causes corrosion and photodegrada-
tion of quantum dots (QDs) [6,7]. For this reason, polysul-
fide redox couples (S2−/Sn

2−) are often used in QDSSCs to 
achieve acceptable photon-to-current conversion efficien-
cies without QD degradation [8−10].  Currently,  the photo-
electric conversion efficiency of QDSSCs is still lower than 
that obtained using dye-sensitized solar cells [11]. While 
most efforts to improve QDSSCs have focused on develop-
ing new QD sensitizers and counter electrodes (CEs), stud-
ies on the role of different electrolytes for QDSSCs were 

1 Department of Municipal and Environment Engineering, Beijing Jiaotong University, Beijing 100044, China 
2 School of Materials Science & Engineering, Shaanxi Normal University, Xi’an 710620, China
* Corresponding author (email: renfumin2004@sina.com.cn)

few [9,12].
The limited number of reports on the electrolytes used 

in QDSSCs may be caused by the difficulty of evaluating 
QDSSC performance, which is characterized by several pa-
rameters, such as short circuit current density, open circuit 
voltage, and fill factor (FF). At the same time, the concen-
tration of electrolyte components varies between studies, 
making it difficult to reliably compare the reported effi-
ciencies of different QDSSCs [13−17]. The current  density 
that a solar cell can achieve might also be measured using 
cyclic voltammetry (CV). Accordingly, we developed an in-
structive method to evaluate the performance of QDSSCs 
containing different electrolytes using CV measurements. 
This method was applied to different electrolytes, provid-
ing meaningful results for the comparison of solar cells.

In this work, we analyzed the performance of solar 
cells containing five different electrolytes using CV mea-
surements. Electrolytes that have a higher current in CV 
measurements also produce a higher photocurrent density, 
Jsc, when used in an assembled QDSSC. Electrochemical 
impedance spectroscopy provides further insight into elec-
trolyte performance. When 1,2-dimethyl-3-propylimidaz-
olium iodide (DMPII) is added to the electrolyte, both the 
cell performance and the cathodic peak current measured 
with CV increase. Using an improved electrolyte formula-
tion, a cell efficiency of 5.14% is achieved for CdS/CdSe 
co-sensitized QDSSCs.

EXPERIMENTAL
Preparation of the electrolytes
We prepared five kinds of traditional polysulfide electro-
lytes consisting of Na2S, S and various additives in a metha-
nol/water (7:3, v:v) mixture, as shown in Table 1.

Preparation of CdS/CdSe co-sensitized photoanodes
Fluoride doped tin oxide (FTO) glass (7 Ω) was used as the 
substrate for photoanode preparation. The doctor-blade 
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method was used to coat the FTO glass with a prepared 
TiO2 paste. The active area of the resulting surface was 
about 0.283 cm2. The TiO2-coated FTO was then sintered 
at 450°C for 30 min. Successive ionic layer adsorption and 
reaction (SILAR) and chemical bath deposition (CBD) 
were used to deposit CdS/CdSe QDs on the nanocrys-
talline thin film electrode, as described previously [18]. 
This deposition was performed using a 0.1 M Cd(NO3)2 
methanol solution, a 0.1 M Na2S methanol/water (1:1, v:v) 
solution, and a 0.03 M sodium selenosulfate (Na2SeSO3) 
aqueous solution as the Cd, S, and Se sources, respective-
ly. The Na2SeSO3 solution was prepared by dissolving Se 
powder (0.03 M) in an aqueous solution of Na2SO3 (0.06 
M) at 97°C for 3 h. The photoanode film was immersed in 
Cd(NO3)2 solution for 1 min, rinsed with methanol, and 
dried for 2 min, before being immersed in Na2S solution for 
1 min, rinsed with methanol, and dried for 2 min. This cy-
cle was repeated five times. CdSe QDs were then deposited 
on the CdS-sensitized films by CBD method at 50°C. The 
CdS-sensitized electrode was dipped into the Cd(NO3)2 
solution for 10 min, rinsed with methanol and dried for 
2 min. The resulting electrode was then dipped into the 
Na2SeSO3 solution for 20 min, rinsed with distilled water 
and dried for 2 min. The process was repeated for up to 7 
cycles. Finally, a ZnS passivation layer was formed on the 
sensitized photoanodes by first immersing the electrode in 
a 0.1 M Zn(CH3COO)2 methanol solution and rinsing with 
methanol before immersing the electrode in a 0.1 M Na2S 
aqueous solution for 1 min and rinsing with distilled water 
[19,20].

Preparation of the PbSe CEs
An electroplating method was used to create a PbSe CE. 
First, 6.7 g ethylenediaminetetraacetic acid (EDTA) was 
dissolved in distilled water. The pH of this solution was ad-
justed to pH 7−8 by adding 3 mL of 3 M NaOH. Then, 3.4 
g Pb(CH3COO)2 and 20 mL Na2SeSO3 solution were added 
to provide the Pb and Se sources. A Maynuo DC source 
meter (M8811 30 V/5 A) was used to electroplate PbSe 
onto FTO glass. A graphite electrode was used as the cath-
ode, and a clean FTO glass substrate was used as the anode. 

Electroplating was performed for 4 s with a pulse voltage of 
3 V and a current of 5 A.

Fabrication of QDSSCs
To assemble QDSSCs, prepared photoelectrodes and CEs 
were sealed with a 50 μm thick hot melt-sealing sheet. Poly-
sulfide electrolytes were filled through holes, which were 
drilled in the cell.

Characterization
To study the impact of electrolyte on cell performance, cy-
clic voltammetry was performed using a CHI660d electro-
chemical workstation and a conventional three-electrode 
system consisting of a glassy carbon disc (3 mm diameter) 
working electrode, Ag/AgCl reference electrode, and plat-
inum CE [5]. Measurements were performed at 20°C in 
the potential range of −0.7 to −0.1 V at a scan rate of 50 
mV s−1. Prior to each test, the glassy carbon electrode was 
hand polished with submicrometer alumina and washed 
with deionized water, following a procedure demonstrated 
to have   good reproducibility [21]. The photocurrent-volt-
age characteristics of the QDSSCs were measured using a 
CHI660d electrochemical workstation under 100 mV cm−2 
AM 1.5G illumination provided by a solar simulator. Elec-
trochemical impedance spectroscopy (EIS) was performed 
under open-circuit conditions over the frequency range 
from 0.1 Hz to 106 Hz at room temperature in the dark.

RESULTS AND DISCUSSION
Typical cyclic voltammograms obtained in five different 
polysulfide electrolytes (electrolytes a−e) are shown in Fig. 
1a. The current increases with the increases in the electrode 
potential. In addition, different current magnitudes are ob-
tained in each electrolyte. In the CV curves, the current ob-
tained at more negative potentials, is the result of the reduc-
tion of Sn

2− to S2− [22]. The reduction current peaks reflect 
the catalytic reduction of Sn

2− at the CE. A higher cathodic 
peak current represents a faster redox reaction rate in the 
electrolyte [23−25]. Although other parameters such as ion 
migration rate can influence current magnitude, these ef-
fects cannot be directly extracted from CV curves. In order 
to simplify the interpretation of CV data, we tend to relate 
cathodic peak current values from CV curves directly to 
the photocurrent density (Jsc), achieved by QDSSCs.

To demonstrate whether a higher current in CV mea-
surements of different electrolytes implies a higher Jsc in 
QDSSCs containing the same electrolyte, we assembled 
QDSSCs with the CdS/CdSe co-sensitized TiO2 photoelec-
trode and PbSe CE based on the polysulfide electrolyte. 
Fig. 1b shows the J-V curves of the QDSSCs using different 

Table 1  Composition of different electrolytes

Electrolyte Na2S S Additives
a 2 M 2 M 0.2 M KCl
b 1 M 2 M 0.4 M KCl
c 2 M 0.5 M 0.2 M KCl
d 1 M 1 M 0.1 M NaOH
e 0.5 M 2 M 0.2 M KCl
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electrolytes. Cell parameters, including the Jsc, open circuit 
(Voc), FF, and power conversion efficiency (η) are summa-
rized in Table 2. The FF is defined as the ratio of maximum 
output power to the product of Voc and Jsc, which is an im-
portant parameter. The present η values are higher than 
those found in the literature [13−17], partially due to the 
improvements in the competing CE. As shown in Table 2, 
Jsc varies in the same manner as the cathodic peak current 
in CV curves, such that Jsc increases with increasing cur-
rent in the independent CV measurements. Although the 
present Jsc sequence is different from that reported in the 
literature, it is believed that the observed Jsc sequence is rea-
sonable, because all of the cell parameters are determined 
using the same CE in this study. It is apparent that QDSSCs 
containing electrolyte a have the highest efficiency and the 
highest Jsc among the cells. 

Meanwhile, the Nyquist plots and the Bode phase plots 
of electrolytes are shown in Fig. 2. The equivalent circuit 
of the cell is depicted in the inset of Fig. 2a. The equivalent 
circuit includes a series resistance (R1) in the high-frequen-
cy region and the resistance capacitance processes at the 
electrode/electrolyte interface, which consist of the charge 
transfer resistance (R2) and the electrical double layer ca-
pacitance (CPE1) in the medium-frequency region. Anoth-

er circuit component accounts for mass transport processes 
including Nernst diffusion (R3) of the nS2−/Sn

2− redox couple 
and capacitance (CPE2) in the low frequency region [23]. 
The internal impedances determined from EIS analysis, 
resistance values (R1, R2, R3), and electron recombination 
lifetimes (τ) are also listed in Table 2. The charge lifetime 
is calculated using Equation (1), where fmid is the maximum 
frequency in the Bode phase plot [26].

 τ = 1/(2πfmid).     (1)

The value of R1 is determined by the resistance of the 
FTO layer, the electrode, and the electrolyte. The value of 
R2 between the CE and electrolyte is typically interpreted 
as an indication of the extent of electrocatalytic activity. 
A smaller R2 facilitates electron transfer from CE to elec-
trolyte for the catalytic reduction of Sn

2− to S2− and, conse-
quently, results in less interfacial recombination [27]. The 
R2 value ranges from 4.39 Ω cm2 for the cell with electrolyte 
a to 37.06 Ω cm2 for the cell with electrolyte e, which is 
in agreement with the observations of decreasing cathodic 
peak currents during CV measurements.

To validate the relationship between the cathodic peak 
current from CV measurements and the Jsc obtained by 
QDSSCs, 0.05 M DMPII was added to electrolyte a to en-
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Figure 1  (a) Cyclic voltammograms of the prepared electrolytes using a three electrode system at a scan rate of 50 mV s−1; (b) photocurrent densi-
ty-voltage (J-V) curves based on the CdS/CdSe co-sensitized TiO2 film and PbSe CE using five different electrolytes under one-sun illumination (AM 
1.5G, 100 mV cm−2).

Table 2  Photovoltaic performance parameters, the fitted parameters extracted from the impedance spectra in Fig. 2, and the electronic properties of 
CdS/CdSe co-sensitized TiO2 film and PbSe CE with different types of electrolytes

electrolyte Jsc (mA cm−2) Voc (V) FF η (%) R1 (Ω cm2) R2 (Ω cm2) R3 (Ω cm2) τ (ms)
a 16.65 0.568 0.49 4.70 21.55 4.39 13.22 14.09
b 16.69 0.563 0.48 4.58 20.03 4.71 14.88 25.21
c 15.27 0.545 0.51 4.26 22.23 6.24 11.23 19.61
d 14.71 0.528 0.50 3.90 20.15 7.44 7.96 6.41
e 11.30 0.596 0.45 3.01 20.96 37.06 31.03 0.12
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hance the electrolyte performance and perform CV mea-
surements. Fig. 3 shows the CV curves obtained in electro-
lyte a with and without 0.05 M DMPII. The cathodic peak 
current increases in Fig. 3 with the addition of DMPII. This 
new electrolyte with DMPII was then used for the assem-
bly of QDSSCs with a CdS/CdSe co-sensitized TiO2 pho-
toelectrode and a PbSe CE, and J-V curves were measured 
for these cells (Fig. 4). As expected, the DMPII contain-
ing electrolyte shows a significant increase in efficiency 
compared to that with electrolyte a alone. Also, a higher 
dark current implies a higher probability for the charge 
recombination at the electrode/electrolyte interface [28]. 
The addition of DMPII effectively prevents these unwant-
ed recombination processes and enhances the electrolyte’s 
electrochemical properties. EIS measurements of the elec-
trolyte containing DMPII were performed in the dark (Fig. 
5). Calculated dark values of Jsc, Voc, η, FF, resistances (R1, 
R2, R3), and electron recombination lifetimes (τ) are listed 

in Table 3. The electrolyte with DMPII possesses a longer 
electron recombination lifetime than electrolyte a alone.
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Figure 2  Electrochemical impedance curves of the solar cells containing the same photoanode, same CEs, and electrolytes a, b, c, d, and e: (a) Nyquist 
plots; (b) Bode phase plots.
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Figure 3  Cyclic voltammograms of the electrolytes at a scan rate of 50 
mV s−1.
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Figure 4  Photocurrent density-voltage (J-V) of the new electrolyte (a) under one-sun illumination and (b) in dark condition.



494      June 2015 | Vol.58 No.6          
© Science China Press and Springer-Verlag Berlin Heidelberg 2015

ARTICLES SCIENCE CHINA Materials

CONCLUSIONS
In summary, we demonstrated direct connection between 
the photocurrent density achieved in QDSSCs and the 
cathodic peak current measured by CV using the same 
electrolyte. Electrolytes with different compositions were 
characterized to validate and demonstrate this facile, new 
evaluation method. Using this intuitive approach, we syn-
thesized a novel electrolyte and built a QDSSC based on 
the CdS/CdSe co-sensitized TiO2 photoelectrode and PbSe 
CE with a power conversion efficiency of 5.14% under one 
sun illumination. Although only a limited number of elec-
trolytes have been studied to date, more additives will be 
tested for the optimization of QDSSC performance in the 
future. Furthermore, more extensive testing is ongoing to 
demonstrate the predictive capability of CV measurements 
for the selection of electrolytes for QDSSCs.
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中文摘要    本文阐述了一种直观判断量子点敏化太阳能电池电解液性能的方法. 采用由工作电极、对电极和参比电极组成的标准三电

极系统, 扫描速度为50 mV s−1, 在−0.7~−0.1 V的电压范围内对五种不同的多硫电解液进行循环伏安法测定. CV曲线中还原峰电流越

高, 表明氧化还原反应速率越快(Sn
2− to S2−). 本文所采用的量子点敏化太阳能电池由CdS/CdSe共敏化的光阳极、PbSe对电极以及多硫

电解液为主要结构组成, 测量了光电流密度和电压的曲线. 能量转换效率所显示的结果与CV结果一致. 添加0.05 M的1,2-二甲基-3-丙
基咪唑碘盐后的量子点敏化太阳能电池转换效率为5.14%. 
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