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Due to the two-dimensional confinement of electrons, single- and few-layer MoSe2 nanostructures exhibit
unusual optical and electrical properties and have found wide applications in catalytic hydrogen evolution
reaction, field effect transistor, electrochemical intercalation, and so on. Here we present a new application
in dye-sensitized solar cell as catalyst for the reduction of I3

2 to I2 at the counter electrode. The few-layer
MoSe2 is fabricated by surface selenization ofMo-coated soda-lime glass. Our results show that the few-layer
MoSe2 displays high catalytic efficiency for the regeneration of I

2 species, which in turn yields a photovoltaic
energy conversion efficiency of 9.00%, while the identical photoanode coupling with ‘‘champion’’ electrode
based on Pt nanoparticles on FTO glass generates efficiency only 8.68%. Thus, a Pt- and FTO-free counter
electrode outperforming the best conventional combination is obtained. In this electrode, Mo film is found
to significantly decrease the sheet resistance of the counter electrode, contributing to the excellent device
performance. Since all of the elements in the electrode are of high abundance ratios, this type of electrode is
promising for the fabrication of large area devices at low materials cost.

C
halcogenide derivatives of molybdenum (Mo), e.g. MoS2 andMoSe2, possess layered structures, where the
strong chemical bond forms within each layer (in-plane) while the weak out-of-plane van derWaals force
exists across the layers1,2. This structural characteristic allows the transformation of the bulkmaterials into

single- or few-layered nanostructures by either top-down exfoliation methods or bottom-up chemical synthesis
approaches1,3–5. In the reduced dimension, these materials display unprecedented mechanical, optical, electronic
and chemical properties2,6,7. Such intriguing properties have enabled several classes of applications in catalytic
hydrogen evolution reaction8, field effect transistor9, near-infrared photothermal agents10, etc2,11,12. In addition to
their outstanding properties, the research interests in the molybdenum dichalcogenide also lies in that all the
constituent elements are of high abundance ratios in the earth crust, ensuring sustainable resources for the future
mass production at low cost.

Herein, we explore a new application of few-layer MoSe2 in catalyzing the reduction of I3
2 to I2 for dye-

sensitized solar cells (DSSCs). A typical DSSC consists of a photoanode, which is usually a dye-anchored
mesoporous TiO2 film on fluorine-doped tin oxide (FTO) coated glass, and a counter electrode (CE) with
platinum (Pt) nanoparticles on FTO surface as catalyst to facilitate the regeneration of reduced species in the
electrolyte13,14. In this device structure, the Pt catalyst is featured as a scarce and high-cost element13. In
addition, the FTO coated glass contributes about 60% of the total cost15. Therefore, to develop both Pt- and
FTO-free CE is of critical significance in terms of cost-effective practical applications. To date, many efforts
have been made to the development of alternative catalyst and FTO-free conducting substrate16. Some of the
materials based on carbon17–20, inorganic semiconductors (ceramics)21–27 and polymer28 show promising
catalytic properties to replace the conventional Pt nanoparticles. However, the attempts on the development
of FTO-free conducting substrate have not been successful. Polymer, metal nanostructures and carbon
materials are explored for the potential applications as the conducting substrates, but they generally suffer
from high resistance29–31, leading to poorer performance when compared with the traditional FTO. In fact,
there has not been a type of both Pt- and FTO-free counter electrode outperforming the conventional Pt
nanoparticles on FTO surface for DSSCs. Herein we demonstrate for the first time that few-layer MoSe2 on
Mo film as CE shows better performance than the conventional CE based on Pt nanoparticles deposited on
FTO.
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Results
The fabrication of few-layer MoSe2 on Mo film was conducted by
selenizing the Mo-coated soda-lime glass (Mo/glass) in a tube furnace
using Ar as carrier gas (Figure 1a). The as-prepared Mo film exhibits
body-centered cubic (bcc) crystal structures on the ground of X-ray
diffraction (XRD) analysis (Figure S1), and the thickness of theMo film
was controlled to be,1 mm. Optimizations show that the selenization
conducted at 550uC for around 5 min generates the best device per-
formance. In principle, the formation of Mo-Se bond could lead to a
gradual volume expansion (Figure 1b). Obviously, the limited volume
is not able to afford a high-degree expansion; the surface cracking
finally drives the formation of MoSe2 nanostructures. The cross-
sectional scanning electron microscopy (SEM) image shows that the
thickness of the MoSe2 layer is about 70 nm (Figure 1c). The surface of
the selenized Mo/glass is composed of many plate-like nanoparticles
(Figure 1d). The high resolution transmission electron microscopy

(HRTEM) image of the selenized sample presents that there are few-
layer structures at the edge of the nanostructures (Figure 1e); the high
energy edge site is believed to be catalytically active32,33. Furthermore,
the interlayer spacing is measured to be 0.6320.64 nm (Figure 1f),
which falls into the typical value of layered MoSe2

2.
Raman spectroscopy was performed to further study the structure

of the as-synthesized products. In the selenized sample, the typical
peaks situating at,240 cm21 and,286 cm21 are observed (Figure 2a),
which corresponds to the A1

g and E1
2g modes of MoSe2

34. In the bulk
MoSe2, however, the A

1
gmode appears at 242 cm21. The downshift of

2 cm21 indicates the formation of few-layer MoSe2
34. To make a com-

parative investigation, we also synthesized MoS2 by sulfurizing the
Mo substrate in sulphur vapor. As a result, the typical peaks locating
at ,380 cm21 and ,408 cm21 in the Raman spectrum (Figure 2b)
appeared and they can be ascribed to the in-plane E1

2g and out-of-
plane A1

g oscillation modes of MoS2, respectively
34. Compared with

Figure 1 | Scheme of materials synthesis, and structural and morphological characterizations. (a) Schematic setup for the selenization of Mo film on

soda-lime glass for few-layerMoSe2 in a furnace tube; (b) Schematic illustration of the formation of few-layerMoSe2 from body-centred cubicMo, where

the volume expansion occurs; (c) Cross-sectional SEM image of the MoSe2 onMo surface, inset showing an enlarged image with dotted line highlighting

the borderline between MoSe2 and Mo substrate; (d) SEM image of the surface morphology of the as-synthesized MoSe2 nanostructures; (e) low

magnification HRTEM image of the few-layer MoSe2 on the surface of MoSe2 nanostructures; (f) high magnification HRTEM image of the few-layer

MoSe2 with interlayer spacing of 0.6320.64 nm. HRTEM micrographs in (e) and (f) courtesy of Man Hau Yeung.
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the bulk MoS2, the two peaks also show characteristic redshift, indi-
cating the formation of few-layer structures. The positions and intens-
ity ratios of all the Raman peaks of MoS2 and MoSe2 are consistent
with few-layer MoS2 and MoSe2 in the literature35,36. The SEM image
of MoS2 (Figure S2) shows similar morphology to that of MoSe2.
Furthermore, XRD was conducted to study the crystal structures.

The XRD patterns of the surface selenized Mo shows only strong
signals of Mo, but the signals from MoSe2 are not noticeable, which
might be due to the fact that the MoSe2 layer was too thin (,70 nm)
to be detected, while the thickness of theMo layer was about 930 nm
(Figure 1c). We thus performed long time annealing at higher tem-
perature for obtaining heavily selenized Mo. As a consequence, the
XRD patterns display typical MoSe2 patterns (Figure S1).

Discussion
The major role of CE in DSSC is a catalyst that effectively regenerates
the reduced species (e.g. I2) in electrolyte, but at the same time it also
provides a pathway for the photocurrent to complete the circuit.
Therefore, both the catalytic properties of the CE towards the redox
couple (I2/I3

2) and the conductivity of the CE substrate are essential
to the CE performance. We firstly conducted cyclic voltammetry (CV)
measurement in a three-electrode system to investigate the catalytic
property37,38. Figure 3a shows the CV profiles using MoSe2/Mo/glass
(MoSe2 CE), MoS2/Mo/glass (MoS2 CE) and Pt/FTO/glass (Pt CE) as
the working electrode, respectively. Two pairs of redox peaks appeared
in all the three profiles. The pair of peaks at lower potential (on the left,
i.e. Ox 1 and Re 1) is attributed to the oxidation and reduction of
iodide/tri-iodide according to equation 1, while the other pair at
higher potential (Ox 2 and Re 2) is attributed to redox reaction shown
in equation 239.

I{3 z2e{/? 3I{ ð1Þ

3I2z2e{/? 2I{3 ð2Þ

Since themain function of the CE is to catalyse the reduction of tri-
iodide (I3

2) to iodide (I2), the redox reaction depicted in equation 1
and thus the left pair of peaks is more of our concern. The peak to
peak separation (Epp) is in inverse correlation with the standard
electrochemical rate constant of the corresponding redox reaction
of the two peaks38. From Figure 3a, the Epp betweenOx 1 and Re 1 for
MoSe2 CE, MoS2 CE and Pt CE can be calculated. As a consequence,
the Epp for the MoSe2 CE (313 mV) is lower than that of MoS2 CE
(415 mV), both of which are significantly lower than that in Pt CE
(473 mV). This observation implies that the MoSe2 CE has a higher

I2/I3
2 redox rate constant than the MoS2 CE, and both of them are

higher than that of the Pt CE. Such trend can be easily deduced from
the peak current density of Re 1 as well. In this regard, the higher
reduction peak (i.e. the lower valley) suggests the faster I3

2 reduction
rate and thereafter stronger catalytic ability40. However, in our case
here, the factor of series resistance has to be taken into account when
comparing the catalytic properties since different conducting sub-
strates, i.e. Mo and FTO, were applied. This issue will be elucidated
later.
Another way to probe the catalytic performance is to employ the

symmetrical cell (i.e. sandwich structure CE/electrolyte/CE), which
resembles the usual DSSC device structure but without the effect
from the dye-loaded TiO2 anode41,42, thus it provides a practical
environment for testing the CE. In this perspective, Tafel polariza-
tion measurements were performed on the symmetrical cells using
MoSe2 CE, MoS2 CE and Pt CE; and the corresponding curves are
shown in Figure 3b. Two parameters are obtained from the curve.
The intersection of the cathodic branch with the y-axis gives the
limiting diffusion current density (Jlim), which positively correlates
with the diffusion coefficient39. The Jlim values are very similar for all
the three cells. The exchange current density (J0) can be read from the
slope of the curves in the Tafel zone, and a larger slope in general
indicates a higher J0 on the CE43. Therefore, the Tafel plots suggest
that the MoSe2 CE has the highest J0 and thus seemingly the largest
I3

2 reduction rate among the three CEs, followed byMoS2CE and Pt
CE, which concluded the same trend as from the three-electrode CV
profiles.
CV measurements were also performed for the symmetrical cells

(with reference electrode short-circuited with counter electrode).
The horizontal plateaus in these CV plots (Figure 3c) also show
similar Jlim. On the other hand, from the inverse slope of the
CV curves at zero potential (V 5 0 V), the overall cell resistance
(Rsym, cell) attainable at low current densities could be obtained41. The
MoSe2 symmetrical cell displays the smallest overall cell resistance
while the Pt one exhibits the largest. The lower resistances of the
MoX2 (X5 Se, S) cells have benefited from the good conductivity of
the Mo substrate (sheet resistance , 0.26 V sq21), which is much
more conductive than the usual FTO substrate (sheet resistance
, 12.93 V sq21). In addition, the sheet resistances of MoSe2/Mo
and Pt/FTO are measured to be 0.29 and 12.60 V sq21 respectively,
suggesting that MoSe2/Mo is more favorable as DSSC CE than Pt/
FTO from the resistance perspective.
Furthermore, electrochemical impedance spectroscopy (EIS) for

symmetrical cells was carried out to examine the details inside the
overall cell resistance. The Nyquist plots shown in Figure 3d were
fitted by the equivalent circuit as shown in the inset, where RS is the

Figure 2 | Structure characterization. Raman scattering spectra of the as-synthesized (a) MoSe2 and (b) MoS2 on Mo substrates.
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ohmic series resistance (2RS corresponds to the high frequency
intercept of the Nyquist plot), RCT is the charge transfer resistance,
CPE is a constant phase element where the electrode surface rough-
ness has been considered in the capacitance (2RCT and 1/2 CPE
correspond to the semicircle in the high frequency range, i.e. on
the left of the Nyquist plot), and ZN is the Nernst diffusion imped-
ance (ZN corresponds to the semicircle in low frequency range,
i.e. on the right of the Nyquist plot) in the bulk electrolyte22,41,42.
Important parameters for the three symmetrical cells are summar-
ized in Table 1. First of all, the ZN for all three cells are very similar,
which is consistent with the Jlim results from Tafel plots and CV of
the symmetrical cells, since the Nernst diffusion impedance corre-
lates negatively with the diffusion coefficient39. On the other hand,

the RS of the MoSe2 cell (0.87 V?cm2) and MoS2 cell (0.61 V?cm2)

are very much lower than that of Pt cell (6.26 V?cm2). Once again
this shows the advantage of using Mo as the substrate when com-
pared with FTO. The small RS is due to the good conductivity of Mo.
This also suggests that the contact resistance between the MoSe2 or
MoS2 and Mo should be small as well. Notably, the RCT value of Pt
based cell is smaller than both MoSe2 as well as MoS2 cells, which
indicates that the catalytic ability of MoSe2 and MoS2 towards I3

2

reduction might not be as strong as Pt. However, the high conduc-
tivity from the Mo substrate, thus lower series resistance from the
MoSe2 and MoS2 CE, produces favorable effect in the electrochem-
ical catalytic performance. Therefore, the MoSe2/Mo and MoS2/Mo
combinations are finally able to compete with the Pt/FTO as the CE
for the DSSCs.

At last, the surface chalcogenized Mo CE were used for DSSC
devices. The photocurrent density-voltage (J-V) curves are shown
in Figure 4 and the photovoltaic performance parameters are tabu-
lated in Table 1. The devices using MoSe2 and MoS2 CEs produce
PCEs of 9.00% and 8.69%, respectively, which are higher than the
device using Pt CE (8.68%). Since the photoanodes of all the devices
are identical, the difference in device performance should be resulted
from the different CEs. Detailed examination shows that the higher
fill factor (FF) is the main reason for the efficiency improvement
(Table 1); while the short-circuit current density (JSC) and open-
circuit voltage (VOC) present rather small alternations. FF is assoc-
iated with total resistance of the devices44,45. Therefore, the good
conductivity of Mo can lead to higher FF. The trend of the FF among
the three devices also matches the overall cell resistance of the sym-
metrical cells using the corresponding CEs, as well as the DSSC
devices’ series resistances obtained from the intercepts with the real
axis in the Nyquist plot (Figure S4). The VOC of MoS2 CE device was
ca. 0.02 V lower than the Pt CE devices, while the VOC of MoSe2 CE
device was similar to the Pt CE counterpart, indicating the efficiency
of MoSe2 as catalyst in the CE. The VOC trend is also well confirmed
by the EIS results of these DSSCs measured in dark. The devices with
larger VOC have larger back charge transfer impedances, i.e. larger
low frequency semicircles in the Nyquist plots (Figure S4).
To investigate the structure dependent catalytic property, we per-

formed higher temperature selenization to synthesize the CE; the
higher temperature can drive the high-energy edge site and grains
rotating and/or migrating and thus the basal face favorably exposing35.

Figure 3 | Electrochemical characterizations. (a) Three-electrode CV using MoSe2 and MoS2 on Mo/glass and Pt on FTO/glass as working electrode

in electrolyte. (b) Tafel plot of symmetrical cell made of MoSe2 and MoS2 on Mo/glass and Pt on FTO/glass; (c) CV scans of symmetrical cells made

of MoSe2 and MoS2 on Mo/glass and Pt on FTO/glass; (d) EIS of symmetrical cell made of MoSe2 and MoS2 on Mo/glass and Pt on FTO/glass, inset

showing the equivalent circuit for fitting the EIS of the symmetrical cells.
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When the MoSe2 CEs were selenized at 580uC for 60 min and
120 min, the corresponding DSSC device efficiencies are decreased
to 7.14% (JSC 5 16.14 mA cm22, VOC 5 0.693 V and FF 5 63.8%)
and 4.26% (JSC 5 14.72 mA cm22, VOC 5 0.738 V and FF 5 39.2%)
(Figure 4). Apparently, the significantly reduced FF and JSC are the
reasons for the decreased PCE. In the higher temperature selenized
Mo/glass, the thicknesses ofMoSe2 are found increased to 360 nm and
400 nm. The increased MoSe2 thickness can generate higher charge
transport resistance across the MoSe2 network, thus leading to
reduced FF. Further inspection show that on the higher temperature
selenized samples, the plate-like structures disappeared while the
MoSe2 nanoparticle network became dominant (Figure S5), indicating
reduced number of edge sites35. In the catalytic reaction, the edge site
of the 2D material is highly active, while the basal site is not32,46. This
transformation thus leads to less efficient reduction of I3

2 to I2 for dye
regeneration, giving rise to reduced JSC from 16.14 to 14.72 mA cm22

(Figure 4). This is confirmed by selenizing the MoSe2/Mo CE at lower
temperature (550uC) but for longer time (180 min). At this temper-
ature there is not sufficient kinetic energy to drive the rotation of edge
to basal site35, thus the corresponding device shows comparable JSC
(Figure 4). Instead, the prolonged annealing can most likely facilitate
the crystallization of few-layer MoSe2 which improves the catalytic
activity for higher JSC (17.57 mA cm22). All of the above observations
confirm that the edge sites are crucial for the high catalytic activity, so
engineering the structure with more exposed edge site could further
improve the device efficiency.
The scalability of Mo-coated soda-lime glass preparation has been

well-established in the CIGS solar technologies. This lays the ground
for the large-area fabrication of few-layer MoSe2 CE via the direct
selenization. Herein, we performed initial attempt to fabricate a rect-
angular electrode with surface parameter of 100 mm 3 10 mm

(Figure 5). The selenization in isothermal tube furnace ensures the
identical morphology throughout theMo substrate (Figure 5b–d and
S6), and the uniformity and crack-free surface was shown in the low
magnification SEM images (Figure S7). The CE’s stability in the I2/
I32 system is preliminarily examined by consecutive CV scanning for
20 cycles. It turns out that the CV curves do not show obvious
changes, indicating that the MoSe2 CE could resist the electrolyte
corrosion and the applied potential (Figure S8). Furthermore, the
devices fabricated with the electrodes from different areas exhibit
resemble performance, manifesting the scalability.
In summary, for the first time we demonstrate that the use of

MoSe2 as catalyst on Mo-based conducting substrate for counter
electrode in dye-sensitized solar cell can outperform the conven-
tional Pt on FTO based device. Our method is simple, straightfor-
ward and scalable. Notably, all of the elements in the as-developed
counter electrode are of high abundance ratios, ensuring sustainable
development at lowmaterial cost. Compared with the FTO conduct-
ing glass, the small sheet resistance of theMo substrate is particularly
attractive for large-area device fabrication. To date, the fabrication of
the photoanode can be readily scaled up by screen printing tech-
nique, while there has been no method for the large-area fabrication
of Pt- and FTO-free counter electrodes. Therefore, this research will
pave the way for large scale fabrication of high-efficiency dye-sensi-
tized solar cells at reduced cost.

Methods
Materials. The chalcogenide sources used for sulfurization and selenization were
purchased from ACROS (Sulfur, 99.999% trace metal basis, CAS: 7704-34-9) and
Aldrich (Selenium pellets,$99.99% trace metals basis, CAS: 7782-49-2) respectively,
and were used without further purification. Dye cis-bis(isothiocyanato)bis(2,29-
bipyridyl-4,49-dicarboxylato)-ruthenium(II)-bis-tetrabutyl-ammonium (commonly
known as N719) powder was purchased from Solaronix. TiO2 paste with average
diameters of 20 nm and 200 nm and iodide-based liquid electrolyte (DHS-E23) were
obtained from HeptaChroma.

Preparation of counter electrodes. Mo films were DC-sputtered on a 10 cm 3

10 cm soda-lime glass in two steps. In the first step, the sputter power was 75 W and
the vacuum pressure was 1 Pa with Ar flow. In the second step, the sputter power
increased to 100 W and pressure decreased to 0.15 Pa with Ar flow. About 500 nm
molybdenum was deposited in each step. After cutting theMo sputtered glasses (Mo/
glass) into pieces of appropriate sizes, these pieces were ultrasonically cleaned in
ethanol and DI water, and then dried by blowing compressed air.

In the chalcogenization, Mo/glass pieces were placed, together with the sulfur
pieces/selenium pellets as the chalcogen sources, in a quartz tube furnace pumped
down to a base pressure of 1022 mbar. For sulfurization, the furnace was heated to
550uC in 20 min, and held at 550 uC for 20 min, followed by natural cooling with Ar
purge and pumping to a pressure of 5 3 1021 mbar in order to remove the residual
sulfur vapor. The selenization process was similar to sulfurization, but only with a
shorter (5 min) 550uCholding time and pumpingwith Ar purge to 23 1021 mbar for
the whole process. These chalcogenized Mo/glass (MoS2/Mo/glass and MoSe2/Mo/
glass) pieces were stored in dry box at ,RH 50% before making them into devices.

The reference Pt counter electrode was obtained by sputter coating Pt on FTO at
,13 mA for 180 s with power 150 W.

Fabrication of DSSCs and symmetrical cells. TiO2mesoporous films on the photo-
anodes were prepared according to our reported method47–49. These films were
deposited on FTO/glass, and consisted of transparent layers (total thickness ca.
12 mm, made up of TiO2 particles with average diameter of 20 nm) and scattering
layer (ca. 6 mm thick, TiO2 particles with average diameter of 200 nm), with a
macroscopic area of 0.196 cm2. Practically, each layer was printed with the
corresponding TiO2 paste, followed by relaxation (3 min) and short heating (150uC
for 6 min) for solidification of that layer. Then the final films were heated gradually to
480uC under hot air flow, and held at 480uC for 45 minutes for burning out the

Table 1 | Photovoltaic and electrochemical performance of the counter electrode. The PCE, VOC, JSC and FF of the dye-sensitized solar cells
using identical photoanodes withMoSe2 andMoS2 onMo-coated soda-lime glass and Pt on FTO glass as counter electrodes; the RS, RCT
and ZN values of the symmetric cells fabricated using the corresponding electrodes

CE PCE (%) VOC (mV) JSC (mA cm22) FF (%) 2RS (V cm2) 2RCT (V cm2) ZN (V cm2)

MoSe2/Mo 9.00 746 16.71 72.2 1.74 1.39 2.08
MoS2/Mo 8.69 726 16.95 70.6 1.21 5.25 2.10
Pt/FTO 8.68 740 17.19 68.3 12.52 0.22 2.26

Figure 4 | Photovoltaic property of the devices based on different counter
electrodes. Photocurrent-voltage characteristics of the dye-sensitized solar
cells using MoSe2 and MoS2 on Mo/glass with different selenization and

sulfurization temperatures and durations and Pt on FTO/glass as counter

electrodes.
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polymer, so that 3Dmesoporous network of TiO2 nanoparticles remained. After that,
these sintered films were soaked into 0.02 M TiF4 aqueous solution at 70uC for
45 min, rinsed in DI water, and further annealed at 450uC for 30 min. Finally, these
films were soaked in N719 solution bath (0.5 mM in acetonitrile/t-butanol, 151 v%)
in dark for 17 hours, then rinsed in ethanol and acetonitrile to wash away non-
adsorbed dye, dried in air, and the photo-anodes were completed.

To fabricate DSSC device, the photo-anode and counter electrode were assembled
into a sandwich type structure, which was sealed by melting parafilm at about 100uC
by pressing soldering iron on the structure. Iodide based electrolyte was then injected
into the devices, and at last the injecting holes were sealed by tape. The effective areas
of all photo-anodes were 0.126 cm2, defined by the aperture area of the tape masks
attached in front of the photo-anode.

For symmetrical cells (or dummy cells), the fabrication procedures were the same
as assembling DSSC devices, but only the photo-anodes were replaced by the cor-
responding CEs in order to make them symmetric.

Characterizations. The cross-sections and surfaces morphology of the counter
electrodes were characterized by scanning electron microscopy (SEM; FEI Quanta 400
FEG microscope). The Raman spectra were obtained using RM-1000 Micro Raman
Spectrometer (Renishaw) and laser with wavelength 514 nm. The X-ray diffraction
(XRD) spectra were scanned by SmartLab X-ray Diffraction System (Rigaku).

To observe the redox reaction peaks in CV spectrums, CV measurement was carried
out using 3-electrode method, in which Pt foil was utilized as the counter electrode, Ag/
Ag1 non-aqueous electrode as the reference electrode, and the as-prepared CEs as the
working electrodes, in a electrolyte bath with 10 mM LiI, 1 mM I2, and 0.1 M LiClO4

in acetonitrile. These spectra were measured by Electrochemical Workstation CHI
6009D (CH Instrument) at scan rates of 50 mVs21. The current density-voltage (J-V)
characteristics of the assembled DSSCs were measured by a semiconductor char-
acterization system (Keithley 236) at room temperature in air, under the spectral
output from solar simulator (Newport) using an AM 1.5G filter with a light power of
100 mW/cm2. Electrochemical Workstation CHI 760E (CH Instrument) was used to
characterize the electrochemical properties of the symmetrical dummy cells, including
electrochemical impedance spectroscopy (EIS), Tafel polarization, and cyclic voltam-
metry (CV). EIS was recorded under dark condition at open circuit over a frequency
range of 0.1 to 105 Hz with AC amplitude of 10 mV and the fitted parameters were
calculated from Z-View software (v2.1b, Scribner AssociatNe, Inc.).
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