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ABSTRACT: Inorganic/organic nanocomposite counter elec-
trodes comprised of sheetlike CoS nanoparticles dispersed in
polystyrenesulfonate-doped poly(3,4-ethylenedioxythiophene
(CoS/PEDOT:PSS) offer a synergistic effect on catalytic
performance toward the reduction of triiodide for dye-sensi-
tized solar cells (DSSCs), yielding 5.4% power conversion
efficiency, which is comparable to that of the conventional
platinum counter electrode (6.1%). The electrochemical im-
pedance spectroscopy (EIS) and cyclic voltammetry measure-
ments revealed that the composite counter electrodes exhibited
better catalytic activity, fostering rate of triiodide reduction,
than that of pristine PEDOT: PSS electrode. The simple
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preparation of composite (CoS/PEDOT:PSS) electrode at low temperature with improved electrocatalytic properties are feasible
to apply in flexible substrates, which is at most urgency for developing novel counter electrodes for lightweight flexible solar cells.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) offer promising perfor-
mance (~11%) at low costs compared to conventional p—n
junction silicon solar cells and, therefore, have been lauded as next-
generation solar cells."”” The exploration of alternative counter
electrodes to replace expensive, corrosive platinum (Pt) in dye-
sensitized solar cells (DSSCs) is one of the future avenues
for improving DSSC performance and stability at a low cost.
Considerable research has been dedicated to the development
of Pt-free counter electrodes using carbon and conducting poly-
mer electrodes.>® Recently, polystyrenesulfonate-doped poly-
(3,4-ethylenedioxythiophene) (PEDOT:PSS) electrodes demon-
strated feasible performance among Pt-free counter electrodes due
to their unique characteristics, such as rather high conductivity (up
to S50 S/cm when highly doped), electrocatalgrtic activity, good
film-forming ability, and relatively low cost."” However, these
electrodes exhibit a poor fill factor (~30—50%) because of the
large size of the dopant PSS chains, which may be directly exposed
to Iy /I, preventing the contacts or interactions between the
active sites of PEDOT chains and I;~/I"."'~"* The poor perfor-
mance has also been attributed to the difficulty I;~ experiences in
penetrating PEDOT chains, resulting in a low fill factor."!

These limitations were improved upon in two ways, substi-
tuting dopants and incorporating inorganic nanomaterials in
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PEDOT:PSS. For instance, low-molecular-weight sodium p-
toluene sulfonate (TsO) was introduced instead of PSS to
hamper the direct contact between PSS chains and I;~ /I"."*
Carbon-based composite materials such as carbon nanotubes
(CNTs)" and graphene'® incorporated into PEDOT:PSS re-
sulted in higher catalytic performance than pristine PEDOT:PSS.
Although a variety of semiconductor electrocatalytic materials
are available in addition to carbon-based composite materials,
efforts are still needed to find suitable materials that may enhance
the catalytic performance of PEDOT:PSS. Increasing the triio-
dide reduction reaction at the counter electrode may result in the
improvement of the energy conversion efficiency. It is anticipated
that inclusion of nanostructured scaffold may provide the higher
catalytic activity and the enlarged surface area for the reduction
reaction at the counter electrode side. In addition, it can be easily
synthesized in low cost and capable to show comparable catalytic
effects with Pt electrode.

In the present work, we report the synergistic catalytic effect of
a nanocomposite counter electrode comprised of cobalt sulfide
(CoS) nanomaterials incorporated into PEDOT:PSS as shown
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Figure 1. Schematic of triiodide reduction at (a) pristine PEDOT:PSS and (b) composite sheetlike CoS nanoparticles dispersed in PEDOT:PSS
electrode (note that the I3~ was reduced to I” through both (i) PEDOT:PSS and (ii) CoS).

in Figure 1. CoS has additional advantages for large-scale appli-
cations as it is much more abundant and cheaper than Pt. It was
recently reported that quasi-transparent CoS counter electrode
(coated on ITO/PEN) showed comparable electrocatalytic
performance with conventional Pt for the reduction of triiodide.
The long-term stability was tested by subjecting it to light soaking
at 60 °C for 1000 h and the energy conversion efficiency retained
85% of its initial value.'” Therefore beneficial advantages of
introducing composite material, sheetlike CoS, are (i) catalytic
effects toward tri-iodide reduction and (ii) filler effects helping
contacts between PEDOT and I3~ as schematically drawn in
Figure 1b.

2. EXPERIMENTAL SECTION

Materials. Cobalt nitrate, thiourea, hexamethylenetetramine,
iodine, and PEDOT:PSS (1.3 wt % dispersed in H,O, conductive grade,
product number: 483095) were purchased from Sigma Aldrich and used
as received without further purification. TiO, paste (Ti-nanooxide T20/
SP) and N719 dye (Ru(dcbpy),(NCS),(dcbpy = 2,2-bipyridyl-4,
4-dicarboxylato) were purchased from Solaronix, Switzerland. MPII
(1-methyl-3-propylimidazolium iodide) was purchased from Merck,
Germany.

Synthesis of CoS Nanostructures. A typical synthetic method of
CoS nanostructures was as follows: 40 mL of 0.1 M cobalt nitrate
solution in deionized water was added slowly to the 40 mL of 0.1 M
thiourea solution in 40 mL of deionized water. The mixed solution was
kept stirring for 30 min. For preparing sheetlike CoS nanostructures, we
added a structure-directing agent 0.1 M hexamethylenetetramine
(HTA) in water into the above solution. Finally, the resultant solution
was transferred to a Teflon-lined autoclave and kept at 180 °C for 24 h.
After the desired period of hydrothermal reaction was completed, the
autoclave vessel was cooled to room temperature, and the product was
obtained by centrifuging at 2000 rpm. The resultant product was washed
with ethanol and deionized water repeatedly and dried at 80 °C for 3 h.

Preparation of Counter Electrodes. Pristine and nanocompo-
sites electrodes comprising CoS dispersed in the PEDOT:PSS matrices
were prepared on precleaned fluorine-doped tin oxide (FTO) substrates
(Pilkington, USA, sheet resistance 12 £/sq) by spin coating technique.
The pristine PEDOT:PSS counter electrode was fabricated using
PEDOT:PSS solution at 2000 rpm for 60 s. In the case of composite
electrodes, 0.1 wt % of the as-synthesized CoS were dispersed in 1 wt %
PEDOT:PSS solution in deionized water, and sonicated for 15 min.

Further, it kept under stirring for 12 h for making well dispersed
composite solutions. The composite electrodes were abbreviated as
CoS/PEDOT:PSS. All the films prepared from spin coating were further
sintered at 120 °C for 2 h at ambient atmosphere. For preparing CoS
counter electrodes, the as-synthesized CoS nanopowder was dispersed
with alpha teriphenol/ethyl cellulose colloidal and spreaded on FTO
substrates by spin-coating. Subsequently, electrodes were sintered
at 350 °C for 30 min. In addition, a reference counter electrode (Pt)
was prepared by spin-coating from 0.01 M H,PtCls solution in iso-
propanol and subsequently by sintering at 450 °C for 30 min at ambient
atmosphere.

Fabrication of DSSCs. TiO, working photoanodes about ~12 4m
were prepared on FTO substrate using TiO, paste by doctor blade
technique and subsequently sintered at 450 °C for 30 min in ambient
atmosphere. To avoid the back travel electron flow from FTO substrate
to electrolyte, a thin TiO, blocking layer was prepared in between the
TiO, photoanode and the FTO layer by spin coating of 2 wt % Ti (IV)
bis(ethyl acetylacetonate) di-isopropoxide solution in 1-butanal and
subsequent calcination at 450 °C for 30 min. N719 dye was used to
sensitize the TiO, photo electrodes. TiO, electrodes were immersed
overnight in the 0.3 mM dye solution containing a mixture of acetonitrile
(ACN) and t-butyl alcohol (1:1 v/v) and dried at room temperature. A
sandwich-type configuration was employed to measure the performance
of the dye-sensitized solar cells, using a Pt-coated F-doped SnO, film as a
counter electrode and 0.1 M Lil, 0.5 M MPII (1-methyl-3-propylimi-
dazolium iodide), 0.5 M tBP, 0.05 M GuSCN, with 0.05 M I, in ACN as
the electrolyte solution.

Characterization. Current—voltage characteristics of DSSCs were
obtained under 1 sun illumination (AM 1.5G, 100 mW cm™?) with a
Newport (USA) solar simulator (300W Xe source) and a Keithley 2400
source meter (active area is 0.25 cm” with shadow mask). Electroche-
mical impedance measurements were carried out under light illumina-
tion (100 mW cm ™) using a potentiostat (IM6, ZAHNER) equipped
with a frequency response analyzer (Thales) in the frequency range of
0.1 Hz—1000 kHz. The results were analyzed with an equivalent circuit
model for interpreting the characteristics of the DSSCs. Incident
photon-to-current conversion efficiency (IPCE) of DSSCs was mea-
sured using Model QEX7 (PV Measurements Inc.) with reference to the
calibrated silicon diode. The cyclic voltammogram (CV) was measured
in a three-electrode electrochemical cell using a Zahner potentiostat
with the pristine or the CoS/PEDOT:PSS working electrodes, Pt-foil
counter electrode and Ag/AgCl reference electrode dipped in an aceto-
nitrile solution of 10 mM Lil, 1 mM I, and 0.1 M LiClO,. (scan
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Figure 2. (a, b) SEM images of as-synthesized sheetlike CoS and (d) energy-dispersive spectrum of CoS/PEDOT:PSS composite film.

Figure 3. (a) AFM images of the sheetlike CoS dispersed in PEDOT:PSS and (b) surface profile of the sheetlike CoS on PEDOT:PSS matrix, and

(c) CoS/PEDOT:PSS interface.

condition: 50 mV s~ '). The surface topography of the coated samples
was investigated using atomic force microscopy (AFM), (Nanoscope,
Dimension-3100 Multimode), and the AFM tip was a silicon-SPM
sensor (tapping mode), thickness 4 um, length 125 um and width
30 um. Surface morphology of the samples was studied using field-
emission scanning electron microscope (FESEM) (JEOL-JSM6340).

3. RESULTS AND DISCUSSION

Morphology. The structural features of the CoS nanostruc-
tures produced from a hydrothermal reaction were studied by
scanning electron microscopy (SEM), as shown in Figure 2.

From images a and b in Figure 2, we found that sheetlike
aggregate structures of CoS primary particles were formed.
The primary particle size was approximately 200 nm. The
constituents of the CoS nanostructures in PEDOT:PSS matrices
were confirmed through energy-dispersive analysis (Figure 2d).
Good interfacial adhesion resulted from spin-coating this com-
posite solution into a thin film on a substrate. Additionally, we
observed that the resulting composite film was mechanically
stable and did not peel from the substrate in water during the
electrolyte filling process. AFM images of the CoS/PEDOT:PSS
film show that CoS composite particles were well-dispersed in
the PEDOT:PSS matrix (Figure 3).
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Figure 4. Cyclic voltammograms of pristine PEDOT:PSS, CoS, CoS/
PEDOT:PSS, and Pt electrodes using symmetry cell configuration
(electrolyte containing methoxypropionitrile solvent with 10 mM Lil,
1 mM I, and 0.1 M LiClO,) measured scan rate of 50 mVs ™'

Electrochemical Analysis. Cyclic voltammograms (CVs) of
the I;” /I" system in the pristine PEDOT:PSS, CoS and CoS/
PEDOT:PSS composite counter electrodes and the Pt electrode
are presented in Figure 4. The Pt electrodes showed two peaks:
the negative peak is associated with the reduction of tri-iodide
(I + 2e” — 31 ), and the positive peak is associated with the
oxidation reaction (3L, + 2e~ — 2I;7)."® The redox current
density of I;” /I in the pristine PEDOT:PSS electrode is smaller
than that in the Pt electrode. In DSSCs, electrons generated
from the oxidation of I" ions to form I3~ regenerate photoox-
idized dyes, and the produced I~ ions diffuse to and are reduced
at the counter electrode. It has been reported that the reduc-
tion reaction rate is very slow on the pristine PEDOT:PSS
electrode," Wthh might affect the dye-regeneration at the
photoanode.”” The current density increased when CoS nano-
sheets were incorporated into the PEDOT:PSS electrodes,
suggesting the enhanced electrocatalytic activity of the counter
electrode in reducing I;~. One possible reason may be the
improved catalytic activities of both the CoS nanoparticles by
forming sheet-like structure and the PEDOT:PSS by the filler
effects rendering better contacts between the PEDOT:PSS and
I;". much easily due to the CoS nanoparticles. Therefore,
nanocomposite electrodes comprising 2D sheetlike CoS nano-
particle incorporated into a PEDOT:PSS matrix render a syner-
gistic catalytic effect compared to either pristine PEDOT:PSS or
CoS electrodes.

To gain better insight in the catalytic process of tri-iodide
reduction, diffusivity of I3~ redox species at different counter
electrodes (symmetric cell configuration) was investigated.

Table 1. Photovoltaic Properties of DSSCs with Various
Counter Electrodes under 100 mW cm ™2, AM 1.5G
Ilumination

counter electrode V. (V) Ji (mAcm™2) FF (%) efficiency (%)

PEDOT:PSS 0.66 11.6 49.5 3.8
CoS 0.59 442 39.6 1.0
CoS/PEDOT:PSS 0.65 13.2 62.7 5.4
Pt 0.69 13.0 67.1 6.1

The anodic peak current (I,) values of cyclic voltammogram
(Figure 4a) were collected at different scan rates (see the
Supporting Information). Figure 4b shows the linear relationship
between anodic peak current and square root of the scan rate for
all counter electrodes. This inferred that the reduction reaction
of I;7/I" redox couples at counter electrodes was diffusion-
controlled and obeyed the Randles-Sevcik equation. In fact, the
diffusion coefficient is proportional to the I, as per eq 1.*°

I, = KnFAC*(nF/RT)v"/*D,'/? (1)

where K is the constant (2.69 x 10°); A is the interelectrode
distance; n = 2, the number of electrons contributing the charge
transfer; F is Faraday’s Constant; C* = bulk concentration of
triiodide species. The diffusion coeflicients of I~ at different
counter electrodes were estimated and listed in Table 2. It clearly
shows that the dlffusmty w1th the pristine PEDOT: PSS elec-
trode (D, =512 x 10~ 1) was apparently improved to
D, =1.96 x 10°° _2 by inclusion of CoS composite
materials, which was even slightly larger than Pt electrode. This
offer more options for bringing synergetic effects of CoS/
PEDOT:PSS nanocomposite electrode in catalytic performance
compared to pristine CoS or PEDOT:PSS electrode.

Photovoltaic Performance. Table 1 summarizes the photo-
voltaic parameters obtained from photocurrent—voltage (J—V)
curves (Figure S) of DSSCs with three different counter electro-
des measured under the illumination of 1 sun (100 mW cm™?).
The Pt counter electrode showed a conversion efficiency of
about 6.1%, and the CoS/PEDOQOT:PSS electrode achieved a
conversion efficiency of 5.4%, a performance comparable to that
of Pt. The pristine PEDOT:PSS, however, achieved a conversion
efficiency of 3.8%, much lower than that of the CoS/PEDOT:
PSS films, mainly due to a lower fill factor of 0.49. ! Furthermore,
the higher photocurrent den51ty of the CoS/PEDOT:PSS elec-
trode (J,c = 13.2 mA cm™*) with respect to that of the pristine
electrode may arise from the efficient reduction reaction in the
I;” /I system, as was discussed in the CV analysis (Figure 4).
The overall characteristics of CoS/PEDOT:PSS composite
counter electrodes reveal their reliable performance comparable
with that of conventional Pt counter electrodes. The IPCE
spectra are shown in the inset of Figure 5. The CoS/PEDOT:
PSS counter electrode showed a higher external quantum
efficiency than that of the pristine PEDOT:PSS electrode. The
high external quantum efficiency can be explained by the efficient
reduction of I;” /1" at the composite electrode, resulting in fast
dye regeneration at the photoanode and high photocurrent.

To decipher the role of CoS in composite counter electrodes
further, different amount of the CoS nanoparticles was blended
with PEDOT:PSS matrix and their J—V performance were
studied (see the Supporting Information, SI2). The photocon-
version efficiency of the composite system was gradually
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Figure 5. (a) Current—voltage characteristics of DSSCs based on
pristine PEDOT:PSS, CoS/PEDOT:PSS and Pt counter electrodes
under light illumination (100 mW cm™?) and (b) IPCE spectra of
DSSCs using different counter electrodes.

improved with increasing CoS content up to 1 wt %. The linear
increase in J,. and fill factor with the CoS content reflects the
improvement of the catalytic activity of counter electrodes, which
supports the improved dye regeneration rate by the efficient I3~
reduction. However, as the content of CoS was further increased
to 2%, the energy conversion efficiency of the DSCs decreased to
0.4%, which was even lower than that of DSCs based on the
pristine PEDOT:PSS electrode. Though sheetlike CoS particles
play a crucial role in the catalytic reduction, more CoS may block
the interfacial contacts between PEDOT chains and I;~. The
blockage of PEDOT catalytic effect obliviously may reduce the
regeneration rate of dye molecules and consequently the photo-
current density as low as 2.7 mAcm . Therefore we conclude
that 1 wt % of the sheetlike CoS is optimum for the PEDOT:PSS
matrix for achieving better conversion efficiency. It should be
noted that the energy conversion efficiency of the reference cell
using Pt electrode is comparatively low (6.1%), compared to
conventional cells. The low J;. and V,,. may be mostly associated
with many reasons irrespective of the counter electrode. Further,
the cell performance will be improved by implementing (a)
introduction of a scattering layer, (b) TiCl, treatment of photo-
anode, (c) introduction of a suitable coadsorbent, and/or (d)
better electrolyte compositions including additives.
Electrochemical Impedance Analysis. To investigate the
charge-transport phenomena at the TCO/counter electrode/
electrolyte interface we performed, electrochemical impedance
analysis using a thin symmetric cell; the resulting Nyquist spectra
are given in Figure 6. The charge transfer resistance (R..) at the
counter electrode was estimated from the diameters of the
leftmost semicircles using ZSim software with the Randles circuit
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Figure 6. (a) Nyquist spectra of DSSCs using different counter
electrodes; inset shows enlarged higher-frequency region for clarity.

(b) Tafel plot.

(see the Supporting Information, SI3).*' The estimated R
values of counter electrodes are listed Table 2. The charge transfer
resistance of the neat PEDOT:PSS (2.65 Q cm ™ *) was apparently
increased after inclusion of the CoS composite particles (6.15
Q cm ?). However, the Nernst diffusion resistance (estimated
from the diameter of semicircle at low frequency) of the composite
electrode (39 Q cm ™) was lesser than the pristine PEDOT:PSS
electrode (85.5 Q cm™ ), presumably arising from the improve-
ment of the surface roughness of the electrode (see the Supporting
Information, SI1). In addition beneficial effect of CoS filler effect
on PEDOT:PSS molecular structure, which hindering the active
role of PSS™ chains also enhance the diffusivity I;~ redox carrier
(mass transfer) to the counter electrode. This argument is in line
with the estimated diffusion coefficient values from CV analysis
(table 2).

Furthermore, a higher exchange current (log ) at the nano-
composite counter electrode compared to that at the pristine
electrode was obtained, as calculated from the Tafel eq 2 and the
cathodic and anodic polarization data (Figure 6b).>

I = nFAK{Cy™ " exp((0nF)5/RT) — Cx**exp((BnF)n/RT)

(2)
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Table 2. Electrochemical Impedance Parameters of DSSCs with Various Counter Electrodes

counter electrode R (Q em?)
PEDOT:PSS 2.65
CoS 591
CoS/PEDOT:PSS 6.15
Pt 0.35

Wi (Q cm™?)

ogIOb" (mA cm™?) D, (em s 1)

899 x 107° 5.12x10°°
103 x 10°° 540x 1077
2.54 x 10°* 1.96 x 10°
435x10°° 639 % 10°°¢

“Values derived from a, impedance spectra; b, Tafel plot; and ¢, cyclicvoltammogram.

Where I is the electrode current, A is the electrode active surface
area, K; is the standard equilibrium constant, 7 is the over
potential, COsurf is the reactant concentration near the electrode,
Cr™"is the product concentration near the electrode, and @ and
B are anodic and cathodic transfer coefficients, respectively. The
exchange current can be calculated from the intersection of the
linear anodic and cathodic curves. This also demonstrates that
the rough surface of the nanocomposite electrode remarkably
enhances the electrochemical triiodide reduction reaction rate by
superimposing the properties of CoS onto PEDOT:PSS, which
undoubtedly accounts for the high photovoltaic performance.
Tafel plot was used to study the interfacial charge-transfer
properties of the I, /I" redox couple in the symmetric cell
configuration (electrode/electrolyte/electrode) using different
counter electrodes. The experimental polarization curves were
fitted with the Butler—Volmer eq 2, describing the dependence
of electrical current on electrode potential, by assuming that both
cathodic and anodic reactions occur on the same electrode.

4. CONCLUSIONS

CoS/PEDOT:PSS nanocomposite counter electrodes utiliz-
ing CoS nanosheets made of primary particles 200 nm in dia-
meter resulted in much higher catalytic activity for the reduction
reaction than either pristine CoS or PEDOT:PSS electrode.
Consequently, a much higher conversion efficiency of 5.4%
under 1 sun illumination was achieved. High exchange currents
with 2-D sheet-like CoS nanostructures/PEDQOT:PSS render
desirable counter electrode properties in DSSCs. Furthermore,
the simple preparation at low temperature and inexpensive cost
of CoS nanosheets opens up new avenues for counter electrodes
using flexible substrates, which may not be feasible with conven-
tional Pt electrodes. We believe that the current work paves the
way for the development of a new generation of highly efficient,
low-cost DSSCs using composite counter electrodes.
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© Supporting Information. Schematic of thin layer sym-
metry cells and equivalent circuit of electrochemical impedance
spectroscopy. This material is available free of charge via the
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