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ABSTRACT: In this study, we reported an efficient, flexible, and low-cost (Pt-free and transparent conducting oxide (TCO)-
free) counter electrode (CE) made of a polyimide (PI) substrate coated with a Ni;S,/Ni—P bilayer for dye-sensitized solar cells
(DSCs). The bilayer Ni,;S,/Ni—P hybrid film was deposited on a PI plastic substrate via a series of wet chemical/electrochemical
processes. The bottom Ni—P layer was deposited on a PI to replace conventional TCO as a conductive layer, and the top Ni;S,
layer was employed as the electrocatalyst for I3~ reduction. On the basis of the extensive electrochemical measurments, the as-
prepared Ni;S,/Ni—P coated PI flexible CE demonstrated a Pt-like electrocatalytic for I;~ reduction. As a result, the DSC
assembled with the Ni,S,/Ni—P coated PI flexible CE exhibited an impressive photovoltaic conversion efficiency of 6.28%
accompanied by a fill factor of 0.63 under 1 sun illumination (100 mW cm ™2, AM L.5), which is comparative to that of the DSC
based on the Pt coated indium tin oxide/polyethylene naphthalate (ITO/PEN) CE.

KEYWORDS: Pt-free, TCO-free, flexible, bilayer, counter electrode, dye-sensitized solar cell

1. INTRODUCTION

Dye-sensitized solar cells (DSCs) typically composed of a dye-
sensitized nanocrystalline TiO, photoanode, an iodine-based
redox electrolyte, and a counter electrode (CE) have attracted
widespread attention as a promising candidate for next
generation photovoltaics."” As a crucial component in DSCs,
the essential functions of a CE are to promote the transfer of
the electrons from the external circuit back to the redox
electrolyte and speed up the reduction reaction from I;~ to I”
in the electrolyte. As the most popular CE material, a Pt thin
film coated on a transparent conducting oxide (TCO) such as
indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) has
been demonstrated to show the high efficiency and long-term
stability. However, due to the high price of TCO and noble Pt
metal (more than 40% of the total cost),>* the development of
the Pt-free and TCO-free CEs is highly desirable.

To date, there are various types of Pt-free CE alternatives
including carbon materials (graphite,5 carbon nanotubes,®’
graphene,® etc.), conducting polymers (polyaniline,”'® poly-
(3,4-ethylene dioxythiophene) (PEDOT),'""? etc.), and
inorganic compounds (transition metal in the form of oxides,"
nitrides,"* sulfides,">™'® and carbideslg). Although the afore-
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mentioned alternative CE materials show the comparable
electrocatalytic activity to Pt metal, they are still deposited on
the TCO layer as a current collector. Therefore, exploring
totally TCO-free and Pt-free CEs for DSCs is still a huge
challenge. Lee et al.*® reported a highly conductive poly(3,4-
ethylene dioxythiophene) (PEDOT) film on a glass substrate
by using an in situ polymerization approach, and showed a
comparable electrocatalytic activity toward the I;~ reduction to
the conventional Pt CE. Nagarajan et al.*' have electro-
ploymerized highly electrocatalytic PEDOT onto the con-
ductive reinforced exfoliated graphite substrate, which exhibits
an improved performance than the Pt CE. Therefore, it is
anticipated that the combination of conductive TCO-free
materials and highly electrocatalytic Pt-free catalysts provides a
promising method for fabricating cost-effective CEs for DSCs.

In this paper, for the first time, we reported Ni;S,/Ni—P
hybrid film coated on a polyimide (PI) substrate as a TCO-free
and Pt-free flexible CE for DSCs. The bilayer Ni;S,/Ni—P
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Scheme 1. Four-Step Chemical/Electrochemical Process of Ni;S,/Ni—P Bilayer Coated on PI Substrate
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hybrid film was deposited on a PI plastic substrate via a series of
chemical/electrochemical processes including the surface
modification of PI substrate, ion exchange, activation, electro-
less deposition (ELD), oxidation, and displacement reaction.
The bottom Ni—P layer replaces the conventional TCO as the
conductive layer and the top Ni;S, layer serves as the
electrocatalyst for I~ reduction. Furthermore, PI was employed
to replace conventional polyethylene naphthalate (PEN) and
polyethylene terephthalate) as a flexible substrate due to its
high thermal stability, excellent mechanical strength, and
superior chemical resistance in acidic environments,>*>**
which can also facilitate the industrial roll-to-roll process. It is
demonstrated that the DSC assembled with the Ni;S,/Ni—P
coated PI CE achieved an impressive cell efficiency of 6.28%,
comparable to that of the DSC using the Pt coated ITO/PEN
CE (6.17%).

2. EXPERIMENTAL SECTION

2.1. Fabrication of CEs. Prior to the preparation, the PI films (50
pum, DuPont) were ultrasonically cleaned sequentially in ethanol and
deionized water for 30 min, respectively. The preparation of the
Ni;S,/Ni—P coated PI CE includes the following four steps, as
illustrated in Scheme 1. In the first step (catalyzation step), the PI films
were immersed into a S M KOH aqueous solution at 50 °C for S min.
The alkaline aqueous solution reacted with the functional groups on
the surface of PI substrate and thus a sublayer composed of potassium
salts of poly(amic acid) was formed on the surface of PI substrate.”*
Then, the activation of the PI substrate was immersed into a 100 mM
NiCl, (Acros) solution at 50 °C for 10 min, during which the doped
K" ions within the sublayer were displaced by the Ni** ions via a facile
ion exchange reaction. After immobilization, the PI substrate modified
with the immobilized Ni** ions were rinsed with deionized water and
immediately immersed into 0.01 M NaBH, aqueous solution for 1 h to
reduce the immobilized Ni** ions in the form of Ni nanoparticles as
catalysts for ELD of Ni—P.>® Subsequently, the second step is the ELD
of Ni—P on the modified PI substrate (ELD step), which was
performed in the deposition bath (50 mL) consisting of 0.1 M NiCl,-
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6H,0 (Acros), 0.25 M H,BO; (Aldrich), 0.4 M lactic acid (Showa),
and 0.25 M NaPO,-6H,0 (Acros) at 70 °C for 3 min.* After the ELD
of Ni—P layer, the surface of Ni—P coated PI film was further oxidized
in an aqueous solution (50 mL) containing 0.1 M CH;COOH
(Aldrich) at pH 4 using a cyclic voltammetry method at a scan rate of
50 mV s™' within the potential interval between —1 to +1 V vs
saturated calomel electrode for 10 cycles (oxidation step). The Ni;S,/
Ni—P coated PI film was subsequently obtained by soaking the
resultant oxidized Ni—P coated PI film into an aqueous solution
containing $ mM Na,S-9H,0 at 60 °C for S min (displacement step).
For comparison, ~100 nm thick of Pt layer was sputtered on an ITO
coated PEN substrate as a flexible Pt CE using a DC sputtering
instrument (ULVAC) at a deposition rate of 0.28 nm s™".

2.2. Cell Assembly. First, a dense nanocrystalline TiO, film of
about 8 um thickness was loaded on the cleaned FTO glass from a
commercial TiO, paste (ETERDSC Ti 2105, Eternal Chemical Co.)
by using a semiautomatic screen printer (ATMA, AT4SPA), followed
by sintering under an air flow at 450 °C for 30 min. The screen-
printable paste containing mesoporous TiO, beads was subsequently
printed on the top of a dense nanocrystalline TiO, film as the
scattering layer. Basically, the mesoporous TiO, beads were
synthesized according to the previous studies.””** In brief, amorphous
precursor TiO, beads were initially prepared by introducing
titanium(IV) isopropoxide (97%, Sigma-Aldrich) to an ethanol
solution containing hexadecylamine (90%, Sigma-Aldrich) and 0.1 M
KCl (Acros) aqueous solution under vigorous stirring at ambient
atmosphere. The air-dried precursor beads were further dispersed in
an ethanol—water mixture (2:1 by volume) containing 1.0 mL 25%
ammonia aqueous solution. After that, the resulting mixture was sealed
within a Teflon-lined autoclave and heated at 160 °C for 16 h. The
mesoporous TiO, beads can be obtained by filtration, washed with
ethanol, and dried at ambient atmosphere. After the construction of
the scattering layer, the as-prepared TiO, photoanodes were sintered
at 500 °C for 30 min. After being cooled to 80 °C, the sintered TiO,
photoanodes were immersed into an ethanol solution containing 0.3
mM N719 dye (Everlight Chemical Industry Co.) and kept at 40 °C
for 4 h. The dye-sensitized TiO, photoanode was assembled with a CE
into a sandwich-type cell. After the injection of redox electrolyte, the
sandwich-type cell was further sealed with a thermoplastic hot-melt
Surlyn (30 ym thick, Dupont). The redox electrolyte was composed of
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1 M 1.3-dimethylimidazolium iodine (Merck), 0.5 M 4-tert-
butylpyridine (Aldrich), 0.15 M iodine (J.T. Baker), and 0.1 M
guanidine thiocyanate (Aldrich) in 3-methoxypropionitrile (Acros)
solvent.

2.3. Characterizations and Measurements. The chemical
configurations of samples were determined using an automated
grazing incident X-ray diffractometer (GIXRD, Rigaku D/TTRAX)
and an X-ray photoelectron spectroscopy (XPS) with PHI Quantera
SXM (ULVAC-PHI). The energy calibrations for the resultant XPS
results were made against the C 1s peak to eliminate the charging of
the sample during analyses. The surface morphology of the samples
was characterized by a scanning electron microscopy (JSM-700F).
High-resolution transmission electron microscope (HRTEM, JEOL
JEM-2100F) equipped with an energy dispersive spectrometer (EDS)
was further employed to obtain the information on the micro-
structures. The reflection spectra of the CEs were recorded using a
UV/vis/NIR spectrometer (V-560, Jasco). The electrochemical
measurements including CV, electrochemical impedance spectroscopy
(EIS), and Tafel polarization measurements were conducted by means
of a CHI614d potentiostat. The CV tests were performed at a scan
rate of 10 mV s™" in 3-methoxypropionitrile solution consisting of 50
mM Lil, 10 mM I, and 50 mM LiClO, in a three-electrode system, in
which the as-fabricated CE acted as the working electrode, in addition
to a Pt sheet (4 cm?) counter electrode and a Pt wire reference
electrode. The EIS and Tafel polarization measurements were carried
out using the symmetric configuration cells with two identical CEs.
The redox electrolyte for EIS and Tafel measurements was the same
one used in the photovoltaic measurements. The EIS measurements
were performed at the open circuit potential with ac amplitude of S
mV over a frequency region of 0.1 Hz to 50 kHz. The resultant
Nyquist plots were fitted by the software of ZSimpWin version 3.1.
The cell performance of DSCs was measured under AM 1.5
illumination using a computer-controlled Keithley Model 2400 digital
source meter, during which a solar simulator (Yamashita Denso YSS-
150A) calibrated to 1 sun light density with a radiant power/energy
meter (Oriel, 70260) was used as a light source.

3. RESULTS AND DISCUSSION

To characterize the chemical structures of the as-prepared thin
films, GIXRD analyses were carried out. As shown in curve A of
Figure 1, a single broad peak at ca. 45° is attributed to the
characteristic of amorphous structure with preferred orientation
of Ni (111) formed after the ELD process on a PI substrate
according to the XRD pattern.””” Several studies have
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Figure 1. XRD patterns of the as-prepared Ni—P coated PI (curve A),
Ni,O;/Ni—P coated PI (curve B), and Ni,S,/Ni—P coated PI (curve
C). The « and # symbols correspond to the diffraction peaks for Ni
and Ni;S,, respectively.

reported that a broad peak with a width larger than 10° occurs
as a result of the amorphous structure of supersaturated Ni—P
film.>**" On the basis of the previous report, high content of P
element in the Ni coating may cause lattice disorder in the
crystalline Ni and therefore the structure becomes amor-
phous.>"** Moreover, EDX analysis (Figure Sla, Supporting
Information) shows that the ELD Ni—P thin film contains ca.
15 wt % P and HRTEM analysis clearly proves the Ni—P thin
film with an amorphous structure (Figure S1b, Supporting
Information). Therefore, it is evident that the high content of P
element can prevent the nucleation of f.c.c. Ni and result in the
Ni—P thin film with an amorphous structure, which is
consistence with the data from XRD study. It should be
noted that others peaks are attributed to the signals from the PI
substrate. Therefore, a Ni—P layer coated on a PI substrate
(denoted as Ni—P coated PI CE) was made. After the oxidation
of the Ni—P coated PI CE, the resultant spectrum (curve b of
Figure 1) shows the similar diffraction peaks to those of the
Ni—P coated PI CE. To further verity its chemical structure,
XPS analysis of the oxidized Ni—P coated PI CE was carried
out. Figure S2 (Supporting Information) shows the high
resolution XPS spectra of Ni 2p and O 1s for the oxidized Ni—
P coated PI CE. As seen in Figure S2a (Supporting
Information), the Ni spectrum (including Ni 2p;;, and Ni
2p,/, peaks) consists of at least three constituents. Generally,
the Ni 2p;, is composed of the satellite signals at high binding
energy adjacent to the main peaks.*® Due to the consideration
of the satellite peaks, the Ni 2p;/, peaks at binding energies of
852.3, 857.1, and 861.3 eV could be assigned to Ni, Ni,O3, and
Ni(CH;COO),. The presence of Ni(CH;COO), in the
oxidized Ni—P coated PI CE may be possibly ascribed to the
adsorption of the Ni(CH;COO), complexes on the Ni—P
sublayer. The strong intensity of Ni signal can be attributed to
the Ni—P sublayer. Figure S2b (Supporting Information)
further illustrates the curve fitting of the O 1s spectrum of the
oxidized Ni—P coated PI CE, the corresponding spectrum can
be deconvoluted into two main peaks, Ni,O; and P,0>*
These results reveal that the main composition of the oxidized
ELD Ni—P layer could be Ni,O; and the signature peaks of
Ni,O; may overlap with the peaks of Ni—P sublayer based on
the corresponding XRD pattern (PDF #897390). After soaking
the Ni,O;/Ni—P coated on a PI substrate (denoted as Ni, O,/
Ni—P coated PI CE) in an aqueous consisting of S mM Na,$-
9H,0 at 60 °C for S min (curve C), the peaks at 31.1°, 37.8°,
49.7°, and 55.2° are emerged, which can be attributed to the
diffractions from (110), (111), (210), and (211) planes of the
Rhombohedral Ni;S, lattice. Thus, the Ni;S,/Ni—P layer
coated on the PI substrate (denoted as NiS,/Ni—P coated
PI) was successfully prepared.

Figures 2 and 3 show the surface morphology and
photographs of bare PI, Ni—P coated PI, Ni,O;/Ni—P coated
PI, and Ni;S,/Ni—P coated PI CEs. Before the ELD Ni—P
deposition, the flat and smooth surface can be observed for the
PI substrate (Figure 2a). After the PI substrate was subjected to
the ELD Ni—P deposition, the formation of a Ni—P layer
generates the characteristic of metal lusteris (Figure 3a,b). It
should be mentioned that the sheet resistance of Ni—P coated
PI is only 5.12 Q cm™, which is even lower than that of the
ITO coated PEN substrate (15 Q cm™). This result suggests
the Ni—P layer is a proper material for charge collection.

Figure 2b reveals that the resultant Ni—P layer is composed
of semispherical Ni—P particles. After the oxidation of the Ni—
P coated PI CE, the semispherical morphology is broken up
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Figure 2. FESEM images of (a) bare PI, (b) Ni—P coated PI, (c)
Ni,O;/Ni—P coated PI, and (d) Ni;S,/Ni—P coated PI CEs.

Figure 3. Photographs of (a) bare PI, (b) Ni—P coated PJ, (c) Ni,O;/
Ni—P coated PI, and (d) Ni,S,/Ni—P coated PI CEs.

and then a granular-like morphology is obtained. Moreover, the
color of the thin film is apparently changed to dark brown
(Figure 3c) due to the presence of Ni** ions in the Ni,O4
assignment, serving as color centers.>® This result also confirms
the observation from the XPS analyses. After Ni,O; is
converted into Ni;S,, the color of the deposit remains dark
brown (Figure 3d) and the corresponding surface morphology
becomes a mesoporous structure (Figure 2d). Furthermore, the
pull-off adhesion test for the Ni;S,/Ni—P coated PI CE
performed by using 3M flatback masking tape is illustrated in
Figure S3 (Supporting Information). After the test, no deposit
came off for the Ni;S,/Ni—P coated PI CE, indicating its good
mechanical contact performance.

A series of CV experiments were conducted to compare the
electrocatalytic activity of the various CEs in the I7/I;~ redox
system, where the corresponding redox reactions can be

expressed by eqs 1 and 2.3%%7
31" - L~ + 2e” (anodic peak) (1)
L™ 4 2e” — 31 (cathodic peak) (2)

Figure 4 shows the CVs curves of Pt coated ITO/PEN,
Ni,O3/Ni—P coated PI, and Ni;S,/Ni—P coated PI CEs.
Notably, no significant redox peaks can be observed for the
Ni,O3/Ni—P coated PI CEs, signifying its poor electrocatalytic
activity for the I;~ reduction. When Ni,O;/Ni—P coated PI CE
is converted into Ni;S,/Ni—P coated PI CE, the latter shows a
similar redox peaks toward I;”/I” redox reaction to the Pt
coated ITO/PEN CE, pointing to its Pt-like electrocatalytic
activity. Compared to the Pt coated ITO/PEN CE, the Ni;S,/
Ni—P coated PI CE possesses higher cathodic current density.
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Figure 4. CVs of I;7/I" redox couple for Pt coated ITO/PEN, Ni,O;/
Ni—P coated PI, and Ni;S,/Ni—P coated PI CEs.

The cathodic current density is generally associated with the
rate of reaction for I~ reduction. The enhanced i, value can be
ascribed to its mesoporous structure, not only providing a
relatively larger active surface area for I;~ reduction but also
constructing lots of open channels to facilitate the diffusion of
I7/1,” redox species.*>*’

Figure Sa shows 50 consecutive CV scans of the Ni;S,/Ni—P
coated PI CE. In the consecutive 50 CV tests, both of anodic
and cathodic current densities are increased at the first 10
successive CV cycles. However, the shape of the CVs after 10
cycles does not change a lot. This can be ascribed to the fact
that the electrolyte infiltrates into the Ni;S,/Ni—P coated PI
CE completely until consecutive 10 CV cycles. The correlations
between the redox peak current densities and the cycle
numbers are also summarized in Figure Sb. Both redox peak
current densities retain stable with increasing the cycle number
after 10 CV cycles. This indicates that the Ni,;S,/Ni—P coated
PI CE has excellent chemical and electrochemical stability.

To elucidate the electrocatalytic kinetics for the CEs, the EIS
measurements were conducted and the resultant Nyquist plots
are illustrated in Figure 6.The Nyquist plots were fitted to the
equivalent circuit model illustrated in Figure S4 (Supporting
Information). The equivalent circuit model consists of a
Randles-type circuit composed of a charge transfer resistance
(R.) and a parallel double-layer capacitance (Cy) plus a series
resistance (R,) and the Nernst diffusion resistance (Zy). The
obtained EIS parameters are summarized in Table 1. Generally,
the low R, value at the CE/electrolyte interface indicates the
low overpotential for the electron transfer from the CE to the
I,” species.’®” It can be observed that the R, value for the
Ni,O3/Ni—P coated PI CE is larger than 15 Q cm?, indicating
its poor electrocatalytic activity as evidenced by the CV tests.
For Ni;S,/Ni—P coated PI CE, the corresponding R, value is
merely 1.95 Q cm? which is comparable to that of the Pt
coated ITO/PEN CE (2.51 Q cm?). This confirms that the
Ni;S,/Ni—P coated PI CE possesses a Pt-like electrocatalytic
activity for I;~ reduction.

To get more insight into the electrocatalytic characteristics of
the CEs, Tafel polarization measurements were performed.
Figure 7 presents the Tafel polarization curves for the Pt coated
ITO/PEN, Ni,O;/Ni—P coated PI, and Ni;S,/Ni—P coated PI
CEs. The curves present logarithmic current density as a
function of potential and thus the corresponding exchange
current density (J,) for each CE can be evaluated, as also listed
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Figure 6. Nyquist plots of EIS for symmetric cells assembled with Pt
coated ITO/PEN, Ni,O;/Ni—P coated PI, and Ni,;S,/Ni—P coated PI
CEs.

in Table 1. It is noteworthy that the significant enhancement in
the ], value is observed when the Ni,O;/Ni—P coated PI CE is
totally converted to the Ni;S,/Ni—P coated PI CE. Moreover,
the Ni;S,/Ni—P coated PI CE has a comparable J; value to that
of the Pt coated ITO/PEN CE, which is in a well accordance
withthe R, values obtained from the EIS measurements in
terms of eq 3.*> Furthermore, the intersection of the cathodic
branch with the y-axis can be regarded as the limiting current

"
S
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Figure 7. Tafel polarization curves of symmetric cells assembled with
Pt coated ITO/PEN, Ni,O;/Ni—P coated PI, and Ni;S,/Ni—P coated
PI CEs.

the diffusion coefficients of the I;~ species for the Ni;S,/Ni—P
coated PI and Pt coated ITO/PEN CEs were estimated to be
1.55 X 1075 cm® s7! and 2.17 X 107° cm? 57/, respectively. The
improved diffusion behavior in the Ni;S,/Ni—P coated PI CE
may be ascribed to the fact that lots of open channels can be
constructed for the transport of redox species due to its
mesoporous structure, as suggested by the CV results.

density (Ji,). It can be observed that Ni;S,/Ni—P coated PI = RT
. 0
CE has a relatively larger Jj;, value than the Pt coated ITO/ nFR (3)
PEN CE. According to eq 4,'° Jj,., is positively relevant to the ;
diffusion coefficient (D), which corresponds to the diffusion D= J,
behavior of the I"/I;~ redox couple in the electrolyte. There, 2nFC™™ 4)
Table 1. Electrochemical and Photovoltaic Parameters for Different CEs
CEs o (Qsq™) R (Qem’) Ry (Qan®)  Jo (mAem™) ] (mAem™) Voe (mV) FF n (%)
Pt coated ITO/PEN 1.05 536 2.51 333 13.36 733 0.63 6.17
Ni,O3/Ni—P coated PI 1991 7.75 15.62 0.25 5.37 708 0.23 0.86
Ni;S,/Ni—P coated PI 10.59 5.66 195 342 13.62 729 0.63 6.28
3361 dx.doi.org/10.1021/am405384c | ACS Appl. Mater. Interfaces 2014, 6, 3357—3364
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where R represents the gas constant, T is the temperature, F is
the Faraday constant, 7 is the number of electrons exchanged in
the reaction at the CE/electrolyte interface, D is the diffusion
coeflicient of the I;~ species, [ is the spacer thickness, and C is
the concentration of I;~ species.

Figure 8 shows the photovoltaic performance of DSCs with
various CEs measured under the illumination of 1 sun (100

Pt coated ITO/PEN
Ni,O,/Ni-P coated PI

————Ni,S,/Ni-P coated PI

[~
~
~
4t -~
~
~
—
2k -~ ~
- ~
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Figure 8. Photovoltaic characteristics of DSCs assembled with Pt
coated ITO/PEN, Ni,O;/Ni—P coated PI, and Ni,;S,/Ni—P coated PI
CEs.

mW cm™). The resultant photovoltaic parameters are also
summarized in Table 1. As expected, the DSC with the Ni,O5/
Ni—P coated PI CE exhibits a poor cell efficiency of 0.86% due
to its poor electrocatalytic activity. The DSC based on the
Ni;S,/Ni—P coated PI CE has an open-circuit voltage (V,.) of
729 mV, a short-circuit current (J,.) of 13.62 mA cm™, and a
fill factor (FF) of 0.63, thus resulting in an impressive cell
efficiency (17) of 6.28%. Compared to the DSC assembled with
the Ni,05/Ni—P coated PI CE, the DSC based on the Ni,S,/
Ni—P coated PI CE shows the remarkable improvement in FF
and . values, resulting in that the photovoltaic performance of
the Ni;S,/Ni—P coated PI based DSC is comparable to that of
the Pt coated ITO/PEN based DSC (6.17%). It can be
observed that the V. and FF of the DSCs based on the Ni;S,/
Ni—P coated PI and Pt coated ITO/PEN CEs are similar. In
general, the V,_value of a DSC is determined by the difference
between the Fermi level for electrons in the photoanode and
the redox potential of I7/ I;”. Due to the no change in the
photoanodes and the redox electrolyte in this study, V. values
of the DSCs based on Ni;S,/Ni—P coated PI and Pt coated
ITO/PEN CEs remain almost the same. As for the FF, it is
mainly determined by the internal resistance of the device.®
Although the Ni;S,/Ni—P coated PI CE possesses a relatively
lower R, than that of Pt coated ITO/PEN CE, the Pt coated
ITO/PEN CE is with lower R; value due to its lower sheet
resistance of 1.05 Q sq~' compared to the Ni;S,/Ni—P coated
PI CE (5.12 Q sq™") as shown in Table 1. These two factors
counterbalance each other, thus resulting in the similar FF
values for the DSCs based on these two CEs. It should be
noted that the increased active surface area of a CE generally
promotes the electrocatalytic activity for I;~ reduction and thus
increases the total current of the I"/I;~ redox reaction. This
could enhance the photogenerated electron transport at the
CE/redox electrolsyte interface and thus an enhanced J,. value
can be expected.'®*® Therefore, the improved J,. value for the
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Ni;S,/Ni—P coated PI based DSC can be ascribed to its
mesoporous structure. Moreover, the improved FF can also
result from the enhanced electrocatalytic activity of Ni;S,/Ni—
P coated PI CE with low R of 1.95 Q cm?*"* According to
CV results (Figure 3), the J. value for the DSC with the Ni,S,/
Ni—P coated PI CE should be much higher than that of the
DSC with the Pt coated ITO/PEN CE. Nevertheless, the
Ni;S,/Ni—P coated PI based DSC only demonstrates a slightly
higher J. value than that of DSC using the Pt coated ITO/PEN
CE. It can be attributed to the fact that the high reflectivity of
the mirror-like sputtered Pt is expected to reflect the
unabsorbed portion of incident solar light back to the TiO,
photoanode, thus enhancing the light-harvesting efficiency of
the DSCs.”> However, this effect is almost completely
obstructed for the opaque Ni;S,/Ni—P coated PI CE (Figure
SS, Supporting Information).

4. CONCLUSIONS

In summary, we have successfully prepared a Pt- and TCO-free
flexible CE made of a PI film coated with a Ni;S,/Ni—P bilayer
for low-cost DSCs via a series of facile wet chemical/
electrochemical processes for the first time. According to the
extensive electrochemical analyses, the as-prepared Ni;S,/Ni—P
coated PI flexible CE demonstrated a Pt-like electrocatalytic for
I;” reduction due to the synergistic effect of the high
electrocatalytic activity of Ni;S, and facile electron transport
of the conductive Ni—P layer. The DSC assembled with the
Ni;S,/Ni—P coated PI flexible CE achieved an impressive
photovoltaic conversion efficiency of 6.28%, which is
comparable to that based on the Pt CE. In addition, the
proposed chemical/electrochemical processes have the features
of facile, continuous and low-temperature, and thus make it
applicable to large-scale flexible substrates.

B ASSOCIATED CONTENT
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The EDS spectrum and HRTEM image of Ni—P coated PI CE,
the XPS spectra of Ni;S,/Ni—P coated PI flexible CE, the
equivalent circuits used for fitting the EIS results, the pull-off
adhesion test for the Ni;S,/Ni—P coated PI CE, and the
reflection spectra of Pt coated ITO/PEN and Ni,S,/Ni—P
coated PI CEs. This material is available free of charge via the
Internet at http://pubs.acs.org.
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