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S
emiconductor quantum dots (QDs),
which have extraordinary optical and
electrical properties, could be viable

alternatives to ruthenium complexes or or-
ganic dyes in sensitized solar cell applica-
tions.1,2 Their unique band character,2,3

high extinction coefficients4,5 and impact
ionization effects6,7 suggest that QDmateri-
als are promising light absorbers for quan-
tum dot-sensitized solar cells (QDSSCs).
While initially demonstrating low efficiency
for solar energy conversion,8 the power
conversion efficiency of QDSSCs has grown
rapidly to over 4% in the past few years,9�11

pointing to the intriguing possibility of at-
taining similar levels to those of dye-sensi-
tized solar cells (DSSCs). QDSSCs remain far
from optimized. Breakthroughs with re-
gards to conversion efficiencies for QDSSCs
might be realized through one of the fol-
lowing avenues: (i) an efficient method to
control the QD size and size distribution or
(ii) optimization of QD sensitized electrode
structure, including integration of a suitable
wide band gap matrix, high coverage, and
band alignment of QDs, which will benefit
both electron transfer and collection.
The preparation of QD sensitized electro-

des, reported up to this point, canmainly be
divided into one of two strategies. The first
is the in situ growth of QDs ontometal oxide
matrix through the chemical bath deposi-
tion (CBD)12,13 or the successive ionic layer
adsorption and reaction (SILAR)14,15 meth-
od. This time-consuming strategy provides
high coverage and direct attachment of
QDs onto the substrate, resulting in high
power conversion efficiencies.16 The second
strategy is the linking of the presynthesized
colloidal QDs onto the matrix by linker-
assisted adsorption (LA)17�19 or via the
direct adsorption (DA)13 method. This inef-
ficient strategy ensures goodQDquality but
is hindered by very low surface coverage,

resulting in photovoltaic performances of
less than 2.02%.13,16 Recently, a hot-injec-
tion in situ growth of QDs onto TiO2 films
has been developed by Acharya et al.20 We
have reported a CdTe/CdS QD sensitized
solar cell with a power conversion efficiency
of 3.8%, prepared through a one-step linker-
assisted chemical bathdeposition (LACBD).21

The electrodepositionmethod has beenwell
developed for the fabrication of semicon-
ductor hybrid materials for photoelectro-
chemical cell applications, and typically
have the metal oxide/CdX (X = S, Se, or Te)
core/shell structure.22�24 Although the elec-
trodeposition method is expected to perform
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ABSTRACT

An in situ electrodeposition method is described to fabricate the CdS or/and CdSe quantum dot

(QD) sensitized hierarchical TiO2 sphere (HTS) electrodes for solar cell application. Intensity

modulated photocurrent spectroscopy (IMPS), intensity modulated photovoltage spectroscopy

(IMVS) and electrochemical impedance spectroscopy (EIS) measurements are performed to

investigate the electron transport and recombination of quantum dot-sensitized solar cells

(QDSSCs) based on HTS/CdS, HTS/CdSe, and HTS/CdS/CdSe photoelectrodes. This dynamic study

reveals that the CdSe/CdS cosensitized solar cell performs ultrafast electron transport and high

electron collection efficiency (98%). As a consequence, a power conversion efficiency as high as

4.81% (JSC = 18.23 mA cm�2, VOC = 489 mV, FF = 0.54) for HTS/CdS/CdSe photoelectrode based

QDSSC is observed under one sun AM 1.5 G illumination (100 mW cm�2).

KEYWORDS: CdS . CdSe . quantum dot-sensitized solar cell . electrodeposition .
intensity modulated photocurrent spectroscopy (IMPS) . intensity modulated
photovoltage spectroscopy (IMVS) . electrochemical impedance spectroscopy
(EIS)
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well in the preparation of QD sensitized electrodes for
QDSSC applications, little research has been reported
thus far.
The processes of electron transfer in QDSSCs can be

simplified as shown in Scheme 1. The dynamic study of
the electron injection process (process T, the injection
time is in the range of 10�8�10�10 s) can be carried out
by transient fluorescence spectroscopy.25,26 Recombi-
nation of electrons in TiO2 and holes (e.g., I3

�) in the
electrolyte (process D) is the main electron loss path-
way in DSSCs.8 Compared to DSSCs, the recombination
in QDSSCs is more complicated with five major path-
ways (A�E). Process D relates directly to the coverage
of QDs on the TiO2 surface. Additionally, the electron
quenching, trapping, and recombining with the elec-
trolyte (processes A, B, and C, respectively) strongly
depends on the quality of QDs.27 Besides, electrons
injected into TiO2 have the possibility of feeding back
to QDs (process E),8 and later either trapped by the QD
surface states or recombined directly with the holes in
the QD valence band. To evaluate these recombination
processes in QDSSCs, the electrochemical impedance
spectroscopy (EIS) measurements were successfully
carried out in many cases.16,28 In addition, intensity
modulated photocurrent spectroscopy (IMPS) and in-
tensity modulated photovoltage spectroscopy (IMVS)
have also been widely employed to estimate the
electron dynamic responses in DSSCs,29,30 in which a
small sinusoidal perturbation is superimposed upon
a strong DC light illumination. The IMPS (or IMVS)
measures the photocurrent (or photovoltage) at
short circuit (or open circuit) condition under a
modulated incident light illumination. The photo-
current and photovoltage responses are used to
evaluate the time constant for the electron transport
and recombination processes in sensitized solar
cells, respectively.31,32 However, according to our
knowledge, no data of their utilization in QDSSCs
have been reported.

In the present work, a convenient electrodeposition
method to synthesis CdS, CdSe, and CdS/CdSe quan-
tum dots on the hierarchical TiO2 spheres (HTS) con-
sisting of nanorods and nanoparticles has been demon-
strated. Causedby the compact covering ofQDs onHTS,
the power conversion efficiency of QDSSCs has evi-
dently been improved. The highest power conversion
efficiency of QDSSCs reaches 4.81% for HTS/CdS/CdSe
photoelectrode under one sun illumination. Further-
more, for the first time, the IMPS and IMVS measure-
ments have been employed here to evaluate the
electron transport and charge recombinationprocesses.
The results reflect the differences in electron transport
and recombination characteristics of QDSSCs based on
HTS/CdS, HTS/CdSe, or HTS/CdS/CdSe photoelectrode,
which directly affects the photocurrent and power
conversion efficiency. In addition, the conventional EIS
characterization was also carried out to verify the re-
combination result as compared to that obtained from
the IMVS measurement.

RESULTS AND DISCUSSION

The hierarchical TiO2 sphere (HTS) material in the
anatase phase was synthesized according to our pre-
vious work.33 The TiO2 spheres constructed of nano-
rods and nanoparticles were in the average size of 2.1
μm, as shown in Figure 1a. This unique architecture has
several advantages of large surface area, fast electron
transportation, and outstanding light-scattering
ability.33 The HTS-FTO electrodes were prepared by a
screen printing method and later immersed in the Cd-
containing electrolyte. The electrodeposition pro-
cesses of CdS or CdSe QDs were carried out with
constant current using a Pt counter-electrode. Scheme
2 illustrates the experimental diagram of depositing
CdSe QDs onto the as-prepared HTS/CdS electrode.

Scheme 1. Electron transport and charge recombination
processes in QDSSCs. (A) recombination of electron in the
QD conduction band and hole in the QD valence band; (B)
trappingof the exited electronsby the surface states ofQDs;
recombination of the hole acceptors in the electrolyte and
electrons in QDs (C) or TiO2 (D); (E) back electron injection
fromTiO2 toQDs; and (T) electron injection fromQDs to TiO2

crystalline.

Figure 1. TEM image (left), HRTEM image (middle), and
schematic figure (right) of as-prepared HTS (a); HTS/CdS
(b); and HTS/CdS/CdSe (c).
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The CdS QD fabrication was accomplished in a similar
system using Cd2þ and thiourea as precursors. The
electrodeposition of CdS has deposited QDs on the
surface of TiO2 nanorods and nanoparticles in HTS
(Figure 1b). However, the nanorods of HTS can still be
distinguished in the TEM image (Figure 1b, left). HR-
TEM (Figure 1b, middle) shows that CdS QDs with sizes
of around 4.5( 0.5 nmhave covered the TiO2 nanorod,
yet a large amount of exposed TiO2 can still be
observed. When CdSe was further deposited on the
HTS/CdS electrode, the interspace in HTS was com-
pactly filled with a large number of CdSe QDs (8.0 (
0.7 nm in size), as shown in Figure 1c. The peak
corresponds to the (220) plane of cubic CdS and/or
cubic CdSe can be clearly detected (JCPDS No. 65-2887

and 65-2891, respectively) in XRD patterns, showing
that both the CdS and CdSe QDs prepared by electro-
deposition are of the zinc blend structure (Figure S1,
Supporting Information).
The UV�vis absorption spectra of CdS or/and CdSe

QD-sensitized HTS electrodes are shown in Figure 2.
The absorption onset position of the HTS/CdS elec-
trode is located at ∼550 nm, while it red-shifts to
∼730 nm for the HTS/CdSe electrode, ascribed to the
band gap of CdSe being narrower than CdS.2 In the
case of the HTS/CdS/CdSe electrode, the absorption
range remains the same with the CdSe sensitized
electrode. However, the CdS and CdSeQD cosensitized
structure enhances the absorption intensity in the
whole UV�visible region. It is reasonable to propose
that CdS could have a similar role as the ZnS layer,
which leads to an increase in light absorption due to
the loss of quantum confinement.16

The light conversion properties of QDSSCs based on
these three photoelectrodes (HTS/CdS, HTS/CdSe, and
HTS/CdS/CdSe) were characterized as current densi-
ty�voltage curves (J�V, shown in Figure 3a), while the
details of short circuit current density (JSC), open circuit
voltage (VOC), fill factor (FF) and power conversion
efficiency (η) are listed in Table 1. The HTS/CdS QDSSC
shows the lowest JSC and η due to the poor light
absorption in a narrow region. The JSC increases ob-
viously for HTS/CdSe and HTS/CdS/CdSe QDSSCs, ac-
companied by an apparent enhancement of FF value.
As a result, the power conversion efficiency more than
doubled for HTS/CdSe QDSSCs, while an outstanding η
of 4.81% was observed for HTS/CdS/CdSe cosensitized
solar cells under one sun illumination (100 mW cm�2).
The incident-photon-to-current conversion efficiency
(IPCE) curves in Figure 3b clearly illustrate that the

Scheme 2. Experimental system and electrodeposition pro-
cess of depositing CdSe QDs onto as-prepared HTS/CdS
electrode with Cd(II)-EDTA and Na2SeSO3 as precursors.

Figure 2. UV�vis absorption spectra of CdS, CdSe, and CdS/
CdSe QD sensitized on HTS electrodes.

Figure 3. (a) J�V and (b) IPCE curves of QDSSCsbased onHTS/CdS, HTS/CdSe, andHTS/CdS/CdSe photoelectrodes assembled
by polysulfide electrolyte and Pt counter-electrode.

TABLE 1. Photovoltaic Parameters of QDSSCs Based on

HTS/CdS, HTS/CdSe and HTS/CdS/CdSe Photoelectrodes

Derived from Figure 3a

photoelectrode JSC (mA cm
�2) VOC (mV) η (%) FF

HTS/CdS 7.53 492 1.01 0.27
HTS/CdSe 10.93 486 2.69 0.51
HTS/CdS/CdSe 18.23 489 4.81 0.54
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active photon-to-current responses of HTS/CdSe and
HTS/CdS/CdSe QDSSCs have red-shifted as compared
to HTS/CdS QDSSC. The IPCE value of HTS/CdS/CdSe
QDSSC exceeds 60% in the wide wavelength range of
400�680 nm, which correlate well with the UV�vis
absorption and J�V results.
Intensity modulated photocurrent spectroscopy

(IMPS)34 and intensity modulated photovoltage spec-
troscopy (IMVS)35 have been used as powerful tools to
study the electron transport and recombination in
DSSCs. However, no such systematic studies have been
performed for QDSSCs. The electron transit time τd (or
lifetime τn) can be calculated by expression τd =
1/2πfIMPS (or τn =

1/2πfIMVS), where fIMPS (or fIMVS) is the
frequency of the minimum IMPS (or IMVS) imaginary
component, same as the expression used in DSSCs.36,37

As shown in Figure 4 panels a and b, both the electron
transit time and the lifetime decrease with the increase
of light intensity.
The IMPS results (Figure 4a) at varied light intensities

clearly illustrate that the τd for HTS/CdS/CdSe QDSSC
(about 0.5�3.5 ms) is shorter than that for HTS/CdSe
solar cell (1.5�5.5ms), while the τd of HTS/CdS solar cell
(29�70 ms) is the longest. This fact reveals that the
electron transport rate in HTS follows the order of HTS/
CdS/CdSe > HTS/CdSe . HTS/CdS, which is a conse-
quence of the following facts: (i) The higher intensity
and red shift of light absorption in 400�750 nm in-
crease the electron concentration in the TiO2 substrate
of HTS/CdS/CdSe and HTS/CdSe QDSSCs compared to
HTS/CdS QDSSC, which directly accelerates the elec-
tron transport in TiO2 and transfers to FTO glass. (ii) In
the present QDSSCs with polysulfide electrolyte, the
HTS/CdSe structure can provide a larger driving force
for photogenerated electron injection than the HTS/
CdS structure. Although the conduction band (CB)
energies of CdS and CdSe are �0.8 V and �0.6 V (vs
normal hydrogen electrode, NHE), respectively, in neu-
tral solution,38,39 they shift to �1.0 V and �1.2 V (vs
NHE), respectively, when left in contact with polysul-
fide electrolyte (1 M Na2S, 1 M S).38,40 As a result, when
compared to CdS QDs, the more negative conductive
band energy level of CdSe QDs offers a larger driving
force for electron transfer to the HTS substrate. (iii)

Because of the band edge shift in sulfide-containing
electrolyte, the HTS/CdS/CdSe cosensitized solar cell
with step-like band edge structure is more efficient in
enlarging the charge separation in the QDs as com-
pared to HTS/CdS or HTS/CdSe alone, as demonstrated
in Scheme 3. In other words, the shunting of the
electrons and holes in different directions accelerates
the electron transport in the TiO2 electrode. Further-
more, the substrate HTS with one-dimensional TiO2

nanorods allows electron transport without obstruc-
tion in a certain range, which provides an important
factor in the fast electron transit in the QDSSCs.33

Electron lifetime derived from IMVS (Figure 4b) re-
flects the recombination processes in QDSSCs shown
in Scheme 1. Among the pathways, process A can be
ignored in the QD sensitized TiO2 system due to the
highly efficient charge separation, while the other
recombination processes (B�E) are affected by various
factors. In Figure 4b, the HTS/CdSe QDSSC shows the
longest electron lifetime. It is well-known that the
charge recombination processD can be sharply dimin-
ished by improving QD coverage of the TiO2 surface.
TheHTS/CdSe electrode obtainedby electrodeposition
of CdSe enhances the amount of QDs on HTS when
compared to the HTS/CdS electrode (TEM observation,
data not shown), thus blocking the recombination
processD in HTS/CdSe QDSSCs, showing that the latter
has left a large portion of TiO2 surface exposed in the
electrolyte (Figure 1b, left and middle images), and

Scheme 3. Injection of photo-generated electron from
CdSe QDs through CdS to HTS, and transportation of the
injected electron in the one dimensional nanorod of HTS.

Figure 4. (a) Electron transit time, (b) electron lifetime, and (c) charge collection efficiency measured by IMPS or IMVS at
different light densities for HTS/CdS, HTS/CdSe and HTS/CdS/CdSe QDSSCs.
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therefore led to faster recombination rate of electrons
in TiO2 with polysulfide electrolyte. Hence, process D
becomes the most important factor for the electron
lifetime in HTS/CdS QDSSCs.
However, for HTS/CdS/CdSe cosensitized solar cell, the

electron lifetime stays at the same level for HTS/CdS
QDSSC. After the surface of HTShas been fully coveredby
QDs, the aggregationofCdSeQDs canbeobserved in the
TEM image (Figure 1c). Then, the primary recombination
process changes from the TiO2-electrolyte (processD) to
the one within QDs and QD-electrolyte,28 as illustrated in
processes B and C in Scheme 1. The boundary of
semiconductor QDs may cause more electron trapping
or reactionwith the electrolyte before the electrons inject
into TiO2.

13,41 Therefore, the aggregation of CdS and
CdSe QDs on HTS electrode may lead to faster charge
recombination for HTS/CdS/CdSe QDSSC comparing to
HTS/CdSe QDSSC.
The charge collection efficiency (ηcc) of QDSSCs in

Figure 4c can be estimated by the IMPS and IMVS
measurements and calculated by the expression: ηcc =
1� τd/τn,

31,42 where the τd and the τn value are derived
from Figure 4 panels a and b. In the expression JSC =
qηlhηinjηccI0

43 (q is the elementary charge, I0 is the
incident photon flux, ηlh is the light harvesting effi-
ciency, ηinj is the electron injection efficiency, and ηcc is
the charge collection efficiency), where JSC is directly
proportional to ηcc of sensitized solar cells, the de-
crease of ηcc of HTS/CdS QDSSC from 50% to 25% with
the increase of light intensity associates directly to its
low JSC, resulting in the low power conversion effi-
ciency of CdS sensitized solar cell. As for HTS/CdSe and
HTS/CdS/CdSe QDSSCs, the ηcc are both of 98 ( 1%
under varied light intensities, and hence prominent
photovoltaic performance can be obtained. The results
denote that the relatively fast recombination rate of
HTS/CdS/CdSe QDSSC has been balanced by the fast
electron transport. The difference of JSC based on HTS/

CdSe and HTS/CdS/CdSe electrodes is ascribed to ηlh
and ηinj. Higher ηlh for the latter has been confirmed by
the UV�vis absorption spectra. The step-like band
edge structure is in favor of the electron and hole
separation, and hence higher ηinj for HTS/CdS/CdSe is
expected. Hereby, we conclude that JSC and η of
QDSSCs are affected by three factors: (i) light absorp-
tion intensity determined by both the QDmaterial and
the amount of loading; (ii) electron transport influ-
enced by the band edge position and electron con-
centration; (iii) charge recombination rate.
It is worthy of notice that the ηcc of 98% of QDSSCs

fabricated by the present electrodeposition method is
much higher than that by the CBD method (about 55%)
reported in the earlier article.13 Combined with the
aforementioned higher QD coverage, it reveals that the
in situ electrodeposition fabrication of QD-sensitized TiO2

electrode can avoid both the common low coverage (by
the LA or DA method) and low electron collection
efficiency (by the CBD method) drawbacks, providing a
new strategy and solution to efficient QDSSCs.
Electrochemical impedance spectroscopy (EIS) is

further utilized to investigate the recombination pro-
cesses of QDSSCs based on the three photoelectrodes.
Figure 5 shows the Nyquist curves of the EIS results
containing typically two semicircles which are fitted by
the equivalent circuit (inset in Figure 5) with the fitted
values listed in Table 2,where the electron lifetime canbe
estimated by τn0 = R2 � CEP2.

16,44 The simulated data of
charge transfer resistance R1 for the electron transfer
process at counter-electrode/electrolyte interface (the
first semicircle) is higher than that of DSSCs using I�/I3

�

electrolyte, ascribed to the low catalytic activity of Pt
counter-electrode toward S2�/Sn

2� electrolyte.9,45 At the
photoanode/electrolyte interface (the second semicircle),
the recombination resistance R2 exhibits no apparent
differences among these three QDSSCs; however, the
value of chemical capacitance (CPE2) of HTS/CdSeQDSSC
is larger. As a result, the electron lifetimes τn0 of these
QDSSCs calculated by EIS showed the same order as the
IMVS outcomes, although these values are usually larger
than that obtained from the latter, since the EISmeasure-
ment was performed in the dark.

CONCLUSIONS

The in situ electrodeposition method has been
shown to ensure high surface coverage of TiO2 and
direct attachment between QDs and TiO2 matrix when

Figure 5. EIS spectra of QDSSCs based on HTS/CdS, HTS/
CdSe, andHTS/CdS/CdSe electrodesmeasured in the dark at
�0.5 V bias. The inset illustrates the equivalent circuit
simulated to fit the impedance spectroscopy. R1 and CPE1
represent the charge transfer resistance and capacitance at
electrolyte/counter electrode interface, respectively, while
R2 and CPE2 represent the recombination resistance and
capacitance at the TiO2�QD/electrolyte interface, respec-
tively.

TABLE 2. Simulated Values of Resistance (R) and

Capacitance (CPE) of EIS Spectra Calculated by Equivalent

Circuit as Shown in Figure 5. The Electron Lifetimes τn0 Are
Estimated by R2 and CPE2

photoelectrode Rs (Ω) R1 (Ω) CPE1 (μF) R2 (Ω) CPE2 (μF) τn0 (ms)

HTS/CdS 31.2 247 21.7 378 494 187
HTS/CdSe 31.6 197 32.8 391 657 257
HTS/CdS/CdSe 33.5 258 26.4 360 484 174
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applied to prepare CdS and/or CdSe QD sensitized
hierarchical TiO2 sphere electrodes. The electron trans-
port and recombination rates in QDSSCs are in the
order of HTS/CdS/CdSe > HTS/CdSe . HTS/CdS and
HTS/CdS ≈ HTS/CdS/CdSe > HTS/CdSe, respectively,
observed by IMPS and IMVS measurements, resulting
in a high charge collection efficiency of ∼98% for the
HTS/CdS/CdSe and HTS/CdSe QDSSCs. Moreover, for
HTS/CdS/CdSe QDSSC, higher light harvesting effi-
ciency caused by strong light absorption and better

electron injection efficiency ascribed to step-like band
gap structure lead to an outstanding η of 4.81% (one
sun illumination), which is much higher than that of
HTS/CdS (1.01%) or HTS/CdSe (2.69%) QDSSC. The
development of near IR absorption QDs and efficient
counter-electrode (such as Au, Cu2S, etc.) for the S2�/
Sn

2� would be expected to enhance the photovoltaic
performance of QDSSCs significantly through the pre-
sent electrodeposition method; this work is now under
progress.

EXPERIMENTAL METHODS
Preparation of Hierarchical TiO2 Sphere (HTS) Electrode. The hier-

archical TiO2 spheres (HTS) were prepared according to a pre-
vious method.33 The solvothermal fabrication of titanium bu-
toxide (TBT) in acetic acid (HAc) was easily carried out at 140 �C
for 12 h to give the Ti�complex intermediate. The as-prepared
powder was annealed at 500 �C for 3 h to obtain the hierarchical
anatase TiO2 spheres. The HTS pastewas screen-printed on a FTO
glass (15 Ω/square, Nippon Sheet Glass, Japan) by a developed
method.46 The thickness of TiO2 films is controlled to be around
15 μm. Before electrodeposition, the TiO2 films were soaked in
0.04M aqueous solution of TiCl4 for 30min at 70 �C, followedby a
sintering process at 520 �C for 30 min.

Electrodeposition of CdS and/or CdSe onto HTS. A constant current
electrodeposition was carried out to prepare the HTS/CdS, HTS/
CdSe, and HTS/CdS/CdSe electrodes. In this process, the HTS-
coated FTO glass was used as the work electrode, and a Pt net as
the counter electrode.

HTS/CdS Electrode. The electrolyte containing 0.2 M of Cd-
(NO)3 and 0.2 M of thiourea in a 1/1 (v/v) dimethyl sulphoxide
(DMSO)/water was maintained at 90 �C in a water bath. After 25
min of constant current electrodeposition at 0.5 mA cm�2, the
HTS/CdS electrode was taken out and washed by deionized
water and ethanol successively.

HTS/CdSe or HTS/CdS/CdSe Electrode. The electrolyte was an
aqueous solution of 0.02 M of Cd(CH3COOH)2, 0.04 M of
ethylene diamine tetraacetic acid disodium salt (EDTA), and
0.02 M of Na2SeSO3 (prepared by refluxing 0.48 g of Se powder
and 2.0 g of Na2SO3 in water at 100 �C for 3 h), with the solution
pH of 7.5�8. The electrodeposition was performed at 0.67
mA cm�2 for 45 min on HTS electrode or as-prepared HTS/
CdS electrode to get HTS/CdSe or HTS/CdS/CdSe, respectively,
followed by washing with water and drying in the open air.

Characterization. The morphologies of HTS, CdS sensitized
HTS, and CdS/CdSe cosensitized HTS were characterized by
transmission electron microscopy (TEM, JEM2010-HR). The
UV�visible absorption spectra of CdS, CdSe sensitized HTS, and
CdS/CdSe cosensitized HTS electrodes were measured with the
UV�vis�NIR spectrophotometer (Shimadzu UV-3150). The TiO2

film thickness was measured by a profilometer (Ambios, XP-1).
The as-prepared QD sensitized HTS electrodes can be

sandwiched by a Pt-FTO counter-electrode with polysulfide
electrolyte filled between. The polysulfide electrolyte contains
1Mof sulfur powder, 1Mof Na2S and 0.1MofNaOHdissolved in
methanol/water (7:3, v/v). The current density�voltage (J�V)
measurements were carried out by adopting a Keithley 2400
source meter under simulated AM 1.5 G illumination (100
mW cm�2) provided by a solar simulator (91192, Oriel). A 1 K
W xenon arc lamp (6271, Oriel) served as a light source. The
incident light intensity was calibrated with a NREL standard Si
solar cell. The incident photon-to-current conversion efficiency
(IPCE) was recorded on a Keithley 2000 multimeter under the
illumination of a 150 W tungsten lamp with a monochromator
(Spectral Product DK240). The electrochemical impedance
spectroscopy (EIS) measurements were performed on the Zah-
ner Zennium electrochemical workstation, in the dark with an
applied bias of �0.5 V. A 10 mV AC sinusoidal signal was

employed over the constant bias with the frequency ranging
between 1MHz and 0.03Hz. Intensity-modulated photovoltage
spectroscopy (IMVS) and intensity-modulated photocurrent
spectroscopy (IMPS) spectra were measured on the same
electrochemical workstation (Zahner, Zennium) with a fre-
quency response analyzer under an intensity modulated
(30�150 W m�2) blue light emitting diode (457 nm) driven by
a Zahner (PP211) source supply. The modulated light intensity
was 10% or less than the base light intensity. The frequency
range was set from 100 KHz to 0.1 Hz.
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