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Abstract: The exploration of cost-effective and transparent
counter electrodes (CEs) is a persistent objective in the
development of bifacial dye-sensitized solar cells (DSSCs).
Transparent counter electrodes based on binary-alloy metal
selenides (M-Se; M = Co, Ni, Cu, Fe, Ru) are now obtained by
a mild, solution-based method and employed in efficient
bifacial DSSCs. Owing to superior charge-transfer ability for
the I'/I;~ redox couple, electrocatalytic activity toward I3~
reduction, and optical transparency, the bifacial DSSCs with
CEs consisting of a metal selenide alloy yield front and rear
efficiencies of 8.30 % and 4.63 % for Co,gsSe, 7.85 % and
4.37 % for NiygsSe, 6.43 % and 4.24 % for Cuys5ySe, 7.64 % and
5.05% for FeSe, and 9.22% and 5.90% for Ru,s;;Se in
comparison with 6.18 % and 3.56 % for a cell with an electrode
based on pristine platinum, respectively. Moreover, fast activity
onset, high multiple start/stop capability, and relatively good
stability demonstrate that these new electrodes should find
applications in solar panels.

Dye-sensitized solar cells (DSSCs),l™ a class of photo-
electrochemical devices that directly convert solar energy into
electricity with no emission, are one of the promising
alternatives for silicon solar cells. They have attracted
tremendous scientific and industrial interest in the past two
decades because of their simple fabrication process, environ-
mental friendliness, and advances in technical aspects. Since
the first prototype, which was reported by O'Regan and
Gritzel in 1991, great achievements have been made on
DSSCs.[" However, their commercialization is still prema-
ture. Until now, one of the most limiting impasses in the
development of commercial DSSCs is their cost.'” Owing to
the historically high price for platinum feedstock, a traditional
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counter electrode (CE) material, a cell cannot be fabricated at
a cost that is low enough to compete with conventional silicon
solar cells.

Although carbonaceous materials,""'? conducting poly-
mers,'>¥ or their combinations have been proposed as
alternative CE materials to replace Pt in DSSCs, their poor
long-term stabilities and electrocatalytic activities often
render them unsuitable.'”) Moreover, inorganic compounds
such as metal sulfides, nitrides, and carbides, have received
attention as cost-effective and scalable photovoltaic materi-
als,"!" but they suffer from unsatisfactory power conversion
efficiencies when employed in DSSC devices. Recently, the
emerging concept of bifacial illumination was introduced by
Gritzel and co-workers, which should help to reduce the cost
of solar to electric energy conversion."¥ A bifacial DSSC
collects sunlight from either of its two sides, facilitating
practical applications.'” Although the known bifacial DSSCs
realize electricity generation from either a photoanode or
a CE, effective bifacial operation requires fine tuning of
a number of parameters.’”! Independent of whether trans-
parent carbonaceous materials, conducting polymers, metal
sulfides, or metallic Pt CEs are used for bifacial DSSCs, they
always suffer from modest rear efficiency and unsatisfactory
stability. Additionally, owing to the metallic luster, the strong
reflection of the incident light by the Pt electrode also
weakens electron generation; therefore, transparent, or at
least semitransparent, CEs appear to be crucial in achieving
high efficiency for rear illumination. As part of our research
on designing bifacial DSSCs, we are impelled to develop cost-
effective, transparent, robust, scalable, and solution-process-
able CE materials. Herein, we propose a mild solution-based
strategy for the synthesis of transparent M-Se (M = Co, Ni,
Cu, Fe, Ru) binary alloy CEs. When selecting alternative
metals their electronic structure is particularly relevant. The
mentioned metals are all typical transition metals with
a partially filled d orbital. Therefore, the alloying of these
metals with Se may accept electrons to form coordinated
intermediates, which is a prerequisite for robust CE materials.
Although Ru is a precious metal, the low Ru dosage makes its
alloy system a cost-effective CE material. Alloy materials
have been established as robust electrocatalysts for energy
nanodevices. When a transparent alloy CE is used in a bifacial
DSSC, the incident light can easily penetrate the CE for dye
excitation, which leads to a significant enhancement in rear
efficiency and a reduction in the cost of solar energy
conversion. The incident light (simulated air mass 1.5 global
sunlight (AM 1.5), calibrated with a standard silicon solar
cell) from a solar simulator can irradiate the solar cell from
either the front or the rear side for electricity generation (see
the Supporting Information, Figure S1). Our system shows
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effective excitation of N719 dyes, and we could thus establish
a method to obtain DSSCs with maximum power conversion
efficiency at a reduced cost and by a simplified process.

The crystal structures of the resultant CE materials were
characterized by X-ray diffraction (XRD; Figure 1a). The
characteristic diffraction peaks attributed to Co-Se [Pa3
(No. 205), PDF: 88-1712], Ni-Se [Pa3 (No.205), PDF: 88-
1711], Cu-Se [P6s/mmc (No.194), PDF: 83-1814], Fe-Se
[Pmnn (No. 58), PDF: 74-0247], and Ru-Se [Pa3 (No. 205),

a)

CuysSe

NiggsSe

FeSe

Rug 3;5¢

CoygsSe

Figure 1. (a) XRD patterns and b-k) TEM photographs of the metal
selenide alloys CoggsSe (b, c), NiggsSe (d, ), CugsoSe (f, g), FeSe (h,i),
and Rugs;Se (j, k). The peaks denoted by * and [ are attributed to the
metal selenide alloys and pure Se [P3121 (No. 152), PDF: 73-0465],
respectively.

PDF: 03-1198] could be detected, indicating that the metal
selenide alloys had been successfully synthesized by the mild
solution strategy. The compositions of the as-synthesized
metal selenide alloys were determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES), giving
atomic ratios of 0.858:1.000 (CoygsSe), 0.836:1.000 (NijgsSe),
0.507:1.000 (Cuys0Se), 0.993:1.000 (FeSe), and 0.349:1.000
(Ruy3;Se). The determined atomic ratios are close to their
designated stoichiometries; therefore, the chemical formulae
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of the alloy CEs can be represented by the stoichiometric
ratios. Low-resolution transmission electron microscopy
(TEM) showed that the metal selenides have loose structures,
which provide a large active surface for I;~ diffusion and
therefore accelerate the reduction reaction of I;-—I". By
high-resolution TEM, lattice fringes were clearly observed,
indicating that the resultant metal selenide alloys have good
crystallinities. Moreover, many lattice distortions were
observed in their crystal lattices. These results indicate that
the alloying of transition metals, such as Co, Ni, Cu, Fe, and
Ru, with Se can feature abundant defects, which provide
active sites for I;~ adsorption and reduction.

To compare the optical transmission of the metal selenide
alloy CEs with that of a Pt electrode, their transparencies
were measured for light wavelengths of 400-1000 nm (Fig-
ure 2a). All of the alloy electrodes have a high optical
transparency (>70%) in the visible and near-infrared
regions, which is crucial for light penetration and dye
excitation on rear irradiation. However, the transparency of
a standard Pt electrode is only approximately 20 % owing to
the reflection of the incident light by its metallic surface. The
pristine Pt cell exhibits modest front photocurrent—voltage
(J=V) characteristics as a liquid DSSC under AM 1.5 irradi-
ation; V,=0.712V  (open-circuit  voltage), J.=
13.09 mA cm ™ (short-circuit current density), FF=66.3%
(fill factor), and #=6.18% (power conversion efficiency;
Figure 2b). The optimal front # values for cells with Co;Se,
Nij¢sSe, Cug5,Se, FeSe, and Ru,;;Se CEs are 8.30 %, 7.85 %,
6.43%,7.64 %, and 9.22 %, respectively. Considering the high
optical transparency (Figure 2¢), the DSSCs based on alloy
CEs have rear 7 values of 4.24-5.90 %, which are higher than
the value of 3.56 % for the cell with a pristine Pt electrode. It
is noteworthy that the J, and V. values are all lower for rear
irradiation than for front irradiation. J is a parameter that
reflects the electron density in the conduction band of the
TiO, nanocrystallite.”! When the cell device is subjected to
front irradiation, the incident light can penetrate the fluorine-
doped tin oxide (FTO) glass substrate and excite the N719
dye, whereas it suffers from light loss across the FTO
substrate, metal selenide alloy, and liquid electrolyte layers
for rear irradiation. Therefore, the light intensity that is
available for N719 irradiation, electron excitation, and there-
fore for promoting electrons into the conduction band of TiO,
is higher for front irradiation than for rear irradiation. To
describe the potential origin of the increased V. values for
front irradiation, the path of the incident light and the
electron density at the TiO, anode are illustrated in Figure S1.
As the intensity of the incident light decreases within the TiO,
film in a stepwise fashion, the amount of electrons generated
by the excited dye is thus diminished. Therefore, the electron
recombination with I;~ species [I;”+2eqs (TiO,)—317] is
retarded for front irradiation in comparison with rear
irradiation. The maximum V. value is determined by the
difference between the quasi-Fermi energy of the electrons in
TiO, and the redox potential of the electrolyte,”” whereas the
real V,, value of the DSSCs is smaller than this theoretical
limit because of a backward reaction between photogener-
ated electrons and I,~ species® Therefore, the actual
V,. values obtained for front irradiation are higher than
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Figure 2. a) Optical transparency of various CEs. b, c) Characteristic
J-V curves of their bifacial DSSCs for front (b) and rear (c) irradiation.

those for rear irradiation. The higher rear efficiency is
attributed to the high optical transparency of the metal
selenide CEs, which is solidly supported by the increased
J values. As references, the J-V curves of solar cells with
pure metal electrodes have also been provided (Figure S2 and
Table S1). Owing to the transition-metal nature of the Co, Ni,
Cu, Fe, and Ru electrodes, they can be employed as CEs in
DSSCs. More importantly, the alloying of such metals with
selenium can markedly enhance the photovoltaic perfor-
mance of DSSCs. Aside from metal selenide alloy electrodes,
the mild solution strategy can also be employed to synthesize
other cost-effective alloys, such as Pt-Mo and Pd-Co, to yield
solar cells with a reasonable photovoltaic performance (Fig-
ure S3).
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When evaluating the applicability of a CE it is very
important to determine its catalytic activity towards the I3~
reduction reaction.’**! As shown in Figure 3a, the cyclic
voltammogram (CV) curves of various CEs in liquid electro-
lyte containing I7/I;~ redox couples have two pairs of redox
peaks (Red;: I;7+2e—31/0x;: 31 —2e—I;7; Red,: 31, +
2e—21;7/0x%,: 21;7—2e—31,). The peak shapes and positions
are similar to those observed with a standard Pt electrode,
indicating that the metal selenide alloys have the same
catalytic activities as Pt. Considering that the task of a CE is to
reduce I;” ions to I species, the peak current intensity of Red,
and the peak-to-peak separation (E,,) between Red, and Ox;
can be employed to evaluate the catalytic activity of the alloy
electrodes.”” The peak current density of Red, decreases in
the following order: Ruy;;Se > CoygsSe > NijgsSe > FeSe >
Cuys0S¢ >Pt. The E,, of metal selenide alloy electrodes,
a parameter negatively correlated with the standard electro-
chemical rate constant of a redox reaction, is approximately
110 mV, whereas it is 629.5 mV for the standard Pt electrode.
The result indicates that the overpotential losses of alloy CEs
are all lower than with a Pt electrode in DSSCs. Higher peak
current densities and lower E,,, values suggest that the NiggsSe
alloy electrode features a high catalytic activity in the
reduction of I;~ ions, which is a paramount prerequisite for
a robust CE to be applied in a DSSC.®*! From the Bode
electrochemical impedance spectroscopy (EIS) plots in Fig-
ure 3b, the actual lifetime (7) of the electrons at the CE/
electrolyte interface can be determined. The 7 values are
calculated according to 7=1/2af" where f is the peak
frequency (Hz): Rug;;Se (7.3 ps) < CoggsSe (9.2 ps) < NiggsSe
(19.2 ps) < FeSe (22.5 ps) < CuyseSe (31.9 ps) <Pt (75.2 ps).
The reflux electrons (the electrons flowing from the external
circuit to the CE) that are collected by the CE materials
participate in the I3~ reduction reaction (I;"+2e—317);
therefore, a shorter electron lifetime implies a higher catalytic
activity. Moreover, the J,/ | J;.q1 | ratio is a parameter that can
be used to determine the reversibility of the I7/I; redox
reaction.®"! Values of 1.26, 1.27, 1.18, 1.06, and 1.24 were
obtained for Co,gsSe, NijgsSe, Cuys,Se, FeSe, and Ruygs;Se,
respectively (1.39 for a standard Pt electrode), indicating that
the I;" 1" redox reaction is more reversible. For a real DSSC
device, a higher reversibility implies the rapid conversion of
I;” into I" species for dye recovery. Therefore, more N719
molecules can excite electrons for electricity generation.
Nyquist EIS was employed to confirm the catalytic behavior
of various CEs (Figure 3¢). The R values were extracted by
fitting the EIS plots using a Z-view software and summarized
in Table 1. R, values increase in the order of Rujs;Se
(2.77 Qcm ™), CoygsSe (2.84 Qem™2), NiggsSe (2.96 Qem™?),
FeSe (490Qcm™?), CuysSe (5.44Qcm?), and Pt
(7.23 Qcm™2), which is in good agreement with the CV and
Bode EIS analysis. Tafel polarization curves for the symmet-
ric dummy cells can be used to cross-check the catalytic
activity of the electrodes (Figure 3d). Both the exchange
current density (J;) and the limiting diffusion current density
(Jim) decrease in the following order: Rug;Se > CoggsSe >
NigsSe > FeSe > Cu, 5,Se > Pt. J;, obtained from the slopes
for the anodic and cathodic branches, is inversely propor-
tional to R.:" J,= RT/nFR,, where R is the gas constant, T
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Figure 3. a) CV curves of various CEs for the 17/I;” redox species recorded
d) Tafel polarization curves of the symmetric dummy cells made from two
phase element, R, = charge-transfer resistance, R, =series resistance, W=

Table 1: Photovoltaic parameters of DSSCs with various CEs and the
simulated data from the EIS spectra.

CEs Irradiation 7 [%] V,.[V] FF[%] J.[mMAcm™] R,[Qcm™

CoggsSe front 830 0.742 66.8 16.74 2.84
rear 4.63 0.721 64.7 9.92

NiggsSe front 7.85 0.740 63.6 16.67 2.96
rear 437 0.731 64.6 9.26

CugsoSe front 6.43 0.713 62.0 14.55 5.44
rear 424 0666 63.6 10.01

FeSe front 7.64 0.733 61.0 17.10 4.90
rear 5.05 0.732 65.8 10.49

Rugy3;Se front 9.22 0.715 681 1893 2.77
rear 590 0.714 695 11.89

Pt front 6.18 0.712 66.3 13.09 7.23
rear 3.56 0.652 57.6  9.48

[a] FF: fill factor; J.: short-circuit current density, R.: charge-transfer
resistance; V,.: open-circuit voltage; 7: power conversion efficiency.

14572

the absolute temperature, and F is Faraday's constant.
Apparently, the calculated R, values match the order deter-
mined by EIS and CV analysis. Furthermore, J;,,, a parameter
that depends on the diffusion coefficient (D,) of the 17/1;~
redox couple at the CE/electrolyte interface, is proportional
to D,:P4 J. =2nFCD /I, where [ is the distance between the
electrodes in a dummy cell, n is the number of electrons
involved in the reduction of I;~, and Cis the I;~ concentration.
D, can also be obtained by the Randles-Sevcik theory:*!
Jrea=Kn'3ACD,""° where J,.q is the peak current density of

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Coo xsse

o Ni

(‘.Xise &

Log(frequency, Hz)

----FeSe
- Ru.Se
— Pt

Log (current density, mA cm”)

0.0
Potential (V)

at a scan rate of 50 mVs™'. b) Bode and c) Nyquist EIS plots and
identical CEs. The inset shows an equivalent circuit: CPE = constant
Nernstian diffusion resistance.

Red,, K is 2.69 x 10°, A is the active area of the dummy cell,
and v is the scan rate for the CV curves. The calculated
D, values that are shown in Figure 3 a are in decreasing order:
9.90x 107" cm?s™! (Rugs3Se), 4.59x 1077 cm?s™! (CopgsSe),
338x107"cm st (NipgsSe), 2.62x107cm?s™! (FeSe),
2.09xx 1077 cm s (CuyseSe), and 1.67x 107" cm2s~! (Pt).
At this point, we can therefore conclude that the results from
CV, Bode EIS, Nyquist EIS, and Tafel measurements are in
good agreement.

To be applied as windows, roof panels, or portable sources,
solar panels should feature several crucial characteristics,
including start-up behavior, multiple start/stop capability, and
photocurrent stability.® For realizing these objectives, we
measured the start/stop switching by alternatively illuminat-
ing and darkening the DSSCs with metal selenide electrodes
for irradiation at the front, rear, and both (Figure 4 a; see also
Figure S4). The related performance of the platinum-based
cell device were also recorded as a reference. There is an
abrupt increase in photocurrent density on irradiation from
the front, rear, or both, suggesting that the solar cell has been
started, whereas no delay in starting the cell demonstrates
that the Rugs;Se alloy electrode is vigorous in transferring
electrons and catalyzing I;~ reduction. In each “start” state,
no obvious attenuation in photocurrent density was observed
for the cells with the Ruys;Se, CoygsSe, NijgsSe, and FeSe
electrodes. This phenomenon is a sign of low electron
recombination with 1,7, which is in an agreement with the
J-V curves measured in the dark (Figure S5). However, with
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Figure 4. a,c) Start/stop switching by alternatively irradiating (100 mWcm™2) and darkening (0 mWcm™) a cell device with a Rup3;Se (a) or a Pt
electrode (c) at an interval of 25 s and at 0 V. b,d) Photocurrent stabilities under continuous irradiation at 100 mWcem™2 for cell devices with

Rugs;Se (b) and Pt electrodes (d).

the standard Pt electrode, a delay in the start of the activity of
the DSSC was observed, which is due to a lower activity in
reducing I;~ ions, whereas the high dark current density leads
to an apparent attenuation in photocurrent. Furthermore, the
alternation of day and night leads to multiple start/stop cycles.
Therefore, an efficient solar cell should feature a good start/
stop capability. In comparison with the standard Pt electrode,
the cell with Ru;;Se still has fast start-up characteristics and
a stable photocurrent density after several start/stop cycles. A
remaining issue in obtaining a robust DSSC is the photo-
voltaic stability under continuous irradiation. As shown in
Figure 4b, 97.4% and 86.7% of the initial photocurrent
densities were maintained after one hour of operation for
front and rear irradiation, respectively; however, for the
DSSC with the standard Pt electrode, they had decreased to
89.6% and 72.3 % of the initial values after only 20 minutes.
The comparison suggests a relatively good stability for the cell
employing the Ry, s;Se alloy electrode. Moreover, the photo-
current stabilities of the Co,¢sSe and NijgsSe based cells are
also modest.

In summary, we have demonstrated that the mild solution-
based synthesis of transparent M-Se (M = Co, Ni, Cu, Fe, Ru)
binary alloys is an effective strategy for obtaining cost-
effective CE materials and enhancing the photovoltaic
performance of DSSCs. All of the metal selenide alloys
feature superior electrocatalytic activities towards I;~ reduc-
tion and a higher charge-transfer ability than the standard Pt
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electrode. The bifacial DSSCs with Co,gsSe, NijgsSe, Cuy s,Se,
FeSe, and Ru,3;Se alloy electrodes display impressive power
conversion efficiencies of 8.30, 7.85, 6.43, 7.64, and 9.22 % for
front irradiation, and 4.63, 4.37, 4.24, 5.05, and 5.90 % for rear
irradiation, respectively. The measured efficiencies are much
higher than the 6.18 % and 3.56 % obtained for the solar cell
with the pristine Pt electrode on front and rear irradiation.
Significant features of these electrodes, including fast activity
onset, multiple start/stop capability, and modest photocurrent
stability, should motivate their use in bifacial DSSCs
employed as windows, roof panels, or portable energy sources.
The DSSCs presented herein are far from being fully
optimized, but these profound advantages along with the
cost-effective and scalable synthesis suggest that the new
transparent alloy CEs are strong candidates for bifacial
DSSCs. Moreover, the high optical transparency and the
charge-transfer ability should enable the application of the
transparent metal selenide alloys as back electrodes in bifacial
perovskite solar cells.
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