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ABSTRACT: Polypyrrole/reduced graphene oxide (PPy/RGO)
composites on the rigid and plastic conducting substrates were
fabricated via a facile two-step electrochemical process at low
temperature. The polypyrrole/graphene oxide (PPy/GO) compo-
sites were first prepared on the substrate with electrochemical
polymerization method, and the PPy/RGO composites were
subsequently obtained by electrochemically reducing the PPy/
GO. The resultant PPy/GO and PPy/RGO composites were
porous, in contrast to the dense and flat pristine PPy films. The
cyclic voltammetry measurement revealed that resultant compo-
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sites exhibited a superior catalytic performance for triiodide reduction in the order of PPy/RGO > PPy/GO > PPy. The catalytic
activity of PPy/RGO was comparable to that of Pt counter electrode (CE). Under the optimal conditions, an energy conversion
efficiency of 6.45% was obtained for a rigid PPy/RGO-based dye-sensitized solar cell, which is 90% of that for a thermally
deposited Pt-based device (7.14%). A plastic counter electrode was fabricated by depositing PPy/RGO composites on the plastic
ITO/PEN substrate, and then an all-plastic device was assembled and exhibited an energy conversion efficiency of 4.25%,
comparable to that of the counterpart using a sputtered-Pt CE (4.83%) on a plastic substrate. These results demonstrated that
electrochemical synthesis is a facile low-temperature method to fabricate high-performance RGO/polymer composite-based CEs

for plastic DSCs.
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B INTRODUCTION

Dye-sensitized solar cells (DSCs) have been attracting
widespread attention because of their low cost, simple
fabrication process, and relatively high energy conversion
efficiency.' ™ A typical dye-sensitized solar cell is composed of
dye-absorbed photoanode, liquid electrolyte and counter
electrode (CE).! As energy conversion efficiency depends on
the redox reaction at the electrolyte/CE interfaces, counter
electrode would play an important role in reducing the oxidized
species, and thus determining the conversion efficiency.*> The
traditional material for CE in DSCs is Pt metal due to its high
conductivity and excellent catalytic ability for triiodide
reduction.* However, its corrosion from triiodide contained
in the electrolyte and its high-cost limit its application in large-
scale manufacture and long-term running.** Lots of efforts have
been devoted to developing new alternative materials for
counter electrode. Conductive polymers (CP), such as
polypyrrole (PPy),*™° polyaniline (PANI)'*'" and poly(3,4-
ethylenedioxythiophene) (PEDOT),"”™"> have been success-
tully deposited on the FTO or ITO substrates as CEs in DSCs.
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Meanwhile, carbonaceous materials, including carbon black,lé
carbon tube,'”"® graphene'®™*' and reduced graphene oxide
(RGO),”*™** were also introduced to replace Pt metal in DSCs.

As a type of functional conductive polymers, PPy has been
widely investigated for decades due to its easy preparation, high
electrical conductivity and large surface area.”>> According to
previous reports, the as-fabricated PPy CE showed a relatively
low catalytic activity for triiodide reduction in DSC, compared
to PANI or PEDOT CEs.® One alternative method to enhance
its photovoltaic gerformance is to form composites with
suitable materials.

With large specific surface area and super mechanical
property, RGO demonstrates promising applications in photo-
electrochemical devices.”">”*® Recently, RGO, serving as CE in
DSCs, has showed excellent catalytic performance on reduction
of triiodide, manifesting its potential for substituting Pt metal.
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Further studies revealed that the catalytic activity for triiodide
reduction could be ascribed to the defects and oxygen-
containing groups contained in RGO' ™' Nevertheless, RGO
sheets tended to aggregate with each other because of 7—x
stacking, and the aggregation would deteriorate the catalytic
performance.””*” To avoid aggregation, RGO with 3D-
structures and RGO-based composites were applied as CEs
for DSCs.>**™** Graphene-quantum-dots (GQDs) doped PPy
films were synthesized with electrochemical oxidation deposi-
tion method and used as CEs for DSCs.>' The GQDs in the
composite film indeed enhanced the catalytic performance on
the triiodide reduction. However, the fill factor and power
conversion efficiency of device should be further improved. CEs
based on PPy/RGO composites were also reported, and
showed an enhanced catalytic performance on the triiodide
reduction, in comparison with PPy and RGO CEs.** It was
worth noting that the PPy/RGO composite was prepared via
multiple-step process and highly toxic and dangerous chemical
(hydrazine hydrate) was used to reduce the GO to RGO.
Electrochemical reduction of GO is a promising choice for
RGO preparation, which is an efficient, environmental-friendly
and easily controlled method.*®

In the present work, we report a facile two-step electro-
chemical process to fabricate PPy/RGO composites on FTO
and ITO substrate at low temperature. In the first step, the
PPy/GO composites were obtained by electrochemical
oxidative polymerization. Graphene oxide (GO) sheets served
as weak dopants due to the abundant negative charges on the
surfaces, which could be dispersed in the PPy matrix during the
electrochemical polymerization process. In the second step, the
GO contained in the PPy/GO composites was effectively
reduced to RGO through cyclic voltammetry method to obtain
PPy/RGO composites. Besides, the whole preparation process
of PPy/RGO was performed at low temperature, enabling the
application to the plastic substrate. Rigid and plastic DSCs
using PPy/RGO composites as CEs showed power conversion
efficiencies of 6.45% and 4.25%, respectively, which are
comparable to those of their counterparts using Pt CEs.
These results indicate that the as-prepared PPy/RGO
composite is a promising alternative material to Pt metal to
be used as CEs for DSCs.

B EXPERIMENTAL SECTION

Materials. Pyrrole was obtained from Aladdin Industrial Inc. Prior
to usage, pyrrole was redistilled. Graphite was bought from Alfa Aesar.
Sulfuric acid, KMnO,, H,0, (30%) was supplied by Sinopharm
Chemical Reagent Co. Ltd. These chemicals and solvents were used as
received. All solutions were prepared with deionized water.

Synthesis of PPy/GO Composites on the Substrate. The
preparation of GO was carried out using a modified Hummers’
method according to previous reports.®® Electrochemical polymer-
ization of pyrrole was conducted with a rigid FTO or ITO as working
electrode, a Pt wire as counter electrode and a Ag/AgCl electrode as
reference electrode. All the electrochemical experiments were
performed at room temperature in GO aqueous solution (1 mg
mL™) containing 0.1 mol L' pyrrole, which was saturated with
nitrogen gas prior to polymerization. The aqueous solution was
ultrasonicated for 30 min to form a uniform solution. PPy/GO-100s,
PPy/GO-150s, PPy/GO-200s, and PPy/GO-250s represented the
composites prepared with the polymerization time of 100, 150, 200,
and 250 s, respectively.

Preparation of PPy/RGO Composites Counter Electrode. The
PPy/RGO composites were obtained by cyclic voltammetry (CV) in
N,-saturated Na,SO, aqueous solution (0.5 M) at a scan rate of S0 mV
s! between 0 and —1 V for 10 cycles. The CV was carried out on a

potentiostat (CHI660E, CHI instruments) with PPy/GO as working
electrode, a Pt wire as counter electrode, a Ag/AgCl electrode as
reference electrode. PPy/RGO-100s, PPy/RGO-150s, PPy/RGO-
200s, and PPy/RGO-250s represented the samples prepared by
electrochemically reducing the corresponding PPy/GO composites,
respectively. For comparison, the Pt/FTO CE electrode was prepared
by thermal decomposition of H,PtCls (30 mM in isopropanol) on the
rigid FTO and sintered at 385 °C for 30 min.

Fabrication of DSC Devices. TiO, photoanodes were fabricated
on the FTO glass by doctor-blading technique to obtain a 12 ym TiO,
layer and a 4 ym thick scattering layer according to previous reports."
Subsequently, the TiO, electrodes were treated in 40 mM TiCl, at 70
°C for 30 min, and then, sintered at 450 °C for 30 min. After the
temperature dropped to 85 °C, the electrodes were immersed into 0.3
mM N719 dye solution (mixture of acetonitrile and tertiary butanol
with volume ratio 1:1) for 18 h. The dye-sensitized TiO, film and the
CE were separated by a hot-melt Surlyn film (25 um thick) and liquid
electrolyte. The liquid electrolyte was composed of 0.1 mol L™" iodine,
0.6 mol L' methylhexylimidazolium iodide, 0.5 mol L™ fert-
butylpyridine, and 0.1 mol L' lithium iodide in 3-methoxypropioni-
trile. The plastic TiO, electrode was prepared using electrophoretic
deposition technique. A pair of plastic PEN-ITO substrates (Kintec, 20
Q sq™") was vertically immersed in the P25 TiO, suspension and then
a 1.6 V.em™ DC field was applied. After that, the as-prepared TiO,
electrode was heated at 90 °C on a hot plate for 1.5 h to remove the
organic solvents. After cooled to room temperature, the as-prepared
TiO, electrode was further pressed at 10 MPa for 5 min to yield
pressed P25 TiO, electrode using a manual hydraulic press at room
temperature.

Characterization and Measurement. The morphology of the
samples was characterized with a field emission scanning electron
microscope (FESEM, Hitachi S-4800) and a transmission electron
microscope (TEM, FEI Tecnai F20 G* U-twin). X-ray photoelectron
spectroscopy (XPS) measurements were carried out with an ESCA
Lab 250xi spectrometer using Al Ko (1486.6 eV) irradiation as X-ray
source. All the spectra were calibrated to the binding energy of the
adventitious C 1s peak at 284.8 eV. Raman spectra were recorded
using a Renishaw inVia spectrometer under an excitation of the 514
nm laser.

The catalytic activity of Pt, PPy, PPy/GO and PPy/RGO on the
triildodide reduction was characterized with CV measurement. The CV
measurement was carried out on a potentiostat (CHI660E, CHI
instruments) by using the PPy, PPy/GO, PPy/RGO, and Pt as
working electrode with working area of 1 cm? a Pt wire as counter
electrode, a Ag/AgCl electrode as reference electrode, respectively.
The scanning was performed at rate of S0 mV s™' in an acetonitrile
solution containing LiClO, (0.1 mol L™"), Lil (10 mmol L), and I,
(1 mmol L™"). The photocurrent density—voltage characteristics of the
DSCs were measured under AM 1.5G illumination (100 mW cm™2)
using a solar simulator (Oriel Newport) equipped with a 150 W xenon
lamp and a digital source meter (2420, Keithley Instruments, USA).
The effective irradiated area was 0.2 cm?. Electrochemical impedance
spectroscopy (EIS) measurement was carried out using a frequency
response analyzer (Solartron SI 1270) and a potentiostat (Solartron
1287) at amplitude of 10 mV and the open-circuit voltage under light
irradiation of 100 mW cm™ in the frequency range from 0.05 to 10°
Hz. The EIS data was fitted using ZView software.

B RESULTS AND DISCUSSION

The PPy/GO composite was deposited on the substrate surface
using potentiostatic technique at a constant potential of 0.8 V.
The typical current—time curve is shown in Supporting
Information Figure Sla. Increased oxidation currents were
observed with the deposition time, indicating that the
electrochemical polymerization of pyrrole occurred on the
substrate. And the oxidation current tended to reach a saturated
value, indicating that the electropolymerization reached the
balance. The electro-polymerization of pyrrole was also
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Figure 1. (a) Representative XPS spectra and (b) XPS core level spectra of C 1s for PPy/GO and PPy/RGO composites. The profile fitting of the
core level spectra of C 1s for PPy/GO (c) and PPy/RGO (d) composites. The black curves in panels c and d are experimental data, while the blue
lines depict the sum of the four disintegrated peaks. The black curves are nearly invisible because of the superimposition of blue lines.

conducted as a control experiment with its current density-time
curve shown in Supporting Information Figure S1b. The
difference between these two curves indicates that components
contained in the solution can affect the electro-polymerization
behaviors. In the mixture solution of pyrrole and GO, GO
could serve as dopant during the polymerization process,
resulting in the formation of PPy/GO composite. GO
contained in the PPy/GO composite was further reduced to
obtain the PPy/RGO composite. The reduction was performed
by cyclic voltammetry (CV) with ten cycles of scanning in the
potential range from 0.0 to —1.0 V. It can be seen that a
reduction peak appeared at about —0.75 V in CV responses at
the first scan (Supporting Information Figure S1c), which is in
accordance with previous reports.34’3’5 However, no more
reduction peak is found in the subsequent scans, which
indicates that the electrochemical reduction of GO is an
irreversible process. Therefore, GO in the PPy/GO composite
was successfully reduced to RGO after the first cycle of
scanning. The reduction peak obtained at the first scan could be
attributed to the reduction of the oxygen-containing groups,
such as —OH and —COOH contained in the PPy/GO
composite.

The electrochemical reduction of GO in the PPy/RGO
composite was further confirmed by X-ray photoelectron
spectroscopy (XPS) analysis. Shown in Figure la is the
whole XPS spectrum for PPy/GO and PPy/RGO composites.
N, O and C were detected in both samples while the intensity
ratio of signals from these elements varied significantly. The
ratio of C/O of PPy/GO is determined to be 0.9, while that of
PPy/RGO is found to be 1.79, indicating effective reduction of
oxygen-containing groups in the PPy/GO by electrochemical
technique (CV). The C 1s core level XPS spectra of PPy/GO
and PPy/RGO are shown in Figure 1b. Two strong peaks were
observed for PPy/GO. The peak located at 286.9 eV was
interpreted as characteristic signal of oxygenated carbon, and
the other one with higher intensity centered at 284.6 eV was

16251

attributed to sp>-carbon.***® The C 1s peaks of PPy/GO and
PPy/RGO can be disintegrated into four peaks located at 284.7
(C—C), 285.5 (C—N), 286.8 (C—0) and 2884 eV (C=0),
respectively, and the fitted spectra are presented in Figure lc
and d** In contrast to PPy/GO, PPy/RGO shows only one
strong peak around 284.6 eV (C—C). The significant decrease
in intensity of the peak at 286.9 eV(C—O) indicates the
reduction of GO during the electrochemical reduction process.
It demonstrates that oxygen-containing groups in GO were
effectively removed and sp*-carbon was restored after electro-
chemical reduction. However, there is still a small shoulder
peak in the range of 287 and 289 eV, indicating that a fraction
of oxygen-containing group (C=0 and C—O) was present in
the PPy/RGO composite.**

The morphology of PPy/GO, PPy/RGO, and PPy films were
characterized using SEM. The PPy/GO composite presents a
porous surface morphology composed of platelet-like nano-
structures (Figure 2a), whereas the PPy film has a quite dense
structure (Figure 2c). The morphology of PPy/RGO
composite (Figure 2b) changed little in comparison to the
PPy/GO composite. The corresponding partially enlarged SEM
images for PPy/GO and PPy/RGO composites are shown in
Figure 2d and e, respectively. As revealed by SEM observations,
the aggregation of GO because of 7—n stacking was strongly
suppressed during the electro-polymerization, and the porous
morphology of PPy/GO composite was well retained in the
subsequent electrochemical reduction process, which is
believed to benefit triiodide reduction. One typical cross-
sectional SEM image of PPy/RGO composite is shown in
Figure 2f. The estimated thickness for PPy/RGO film prepared
with deposition time of 100, 150, 200, and 250 s is about 150,
500, 600, and 700 nm, respectively. TEM observation was also
performed and images of PPy and PPy/RGO samples were
presented in Supporting Information Figure S2.

The catalytic activities for resultant composites toward
triiodide reduction process were evaluated with CV using a
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Figure 2. SEM images of the (a, d) PPy/GO, (b, e) PPy/RGO
composites, and (c) PPy on FTO substrates and (f) cross-sectional
SEM image of PPy/RGO prepared with the deposition time of 150 s.

three-electrode system.* And the corresponding CV curves are
shown in Figure 3. Two pairs of redox peaks are observed for
all electrodes, and they can be assigned to the following two
reactions according to previous reportsls‘30
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Figure 3. Cyclic voltammograms for PPy, PPy/GO, PPy/RGO, and Pt
electrode at a scan rate of 50 mV s™! in acetonitrile solution containing
10 mM Lil, 1 mM I,, and 0.1 M LiClO, with a platinum wire and a
Ag/AgCl electrode used as counter electrode and reference electrode,
respectively.

It is well-known that the redox pair at relatively negative
potentials is attributed to reaction 1, whereas the redox pair at
the much more positive potentials is assigned to the redox
reaction 2. The triliodide ions have to be effectively reduced on
the surfaces of CE during the DSC operation. Hence, the
negative redox pair (reaction 1) is the research focus of CV

analysis. As shown in Figure 3, the separation of cathodic and
anodic peaks potential (AE}) for pristine PPy electrode is 0.65
V, whereas, PPy/GO and PPy-RGO composites have an
approximately equal value of 0.48 V. The value of AE, for Pt
electrode is 0.43 V. AE; decreased after incorporating GO or
RGO into the polymer, indicating that triiodide ions were
reduced more readily on the composite electrodes than on the
pristine polymer electrode.'®*° In addition, the current density
of reduction peak for the different electrodes increases in the
order of PPy < PPy/GO < PPy/RGO, which indicates that the
reduction reaction is faster on the composite electrodes than on
the pristine PPy electrode.'>'®** 1t could be ascribed to the
difference between the morphologies of the composite and the
pristine polymer. In comparison with the pristine polymer, the
composite can provide larger contact area with the electrolyte
and more reactive sites for triiodide reduction because of its
porous morphology.*' Furthermore, the catalytic activity of GO
and RGO on reduction of tri-iodide in the composites could
also be considered. PPy could act as both the conductive
support for GO (RGO) and the catalyst for reduction process.
Because of the synergistic effect of PPy and GO or RGO, PPy/
GO, and PPy/RGO composite electrodes have shown superior
catalytic performance, compared to pristine PPy electrode.
Reducing GO in the composite to RGO further enhanced the
catalytic performance of the composite on triiodide reduction.
This was supposed to due to the img)roved conductivity of
RGO in comparison with that of GO.?

According to the above-mentioned CV results, the PPy/
RGO electrode fabricated via the two-step electrochemical
process could be applied as effective CE for high-performance
DSCs. Consequently, the PPy/RGO electrodes with different
electro-polymerization time were assembled with TiO, photo-
anode to fabricate DSC devices. The photocurrent density—
voltage (J—V) characteristic curves of champion cells are shown
in Figure 4a and the corresponding photovoltaic parameters are
summarized in Table 1. The statistical data of photovoltaic
performance for each group of solar cells with various CEs are
presented in Supporting Information Table S1. The electro-
polymerization time was finely optimized in terms of the
photovoltaic performance. As shown in Figure 4a and Table 1,
the open-circuit voltages (V,.) of these devices did not change
with the electro-polymerization time, but the short-circuit
photocurrent density (J,.) varied slightly. The J,. increased from
14.97 to 1548 mA cm > when the polymerization time was
prolonged from 100 to 150 s. However, further extension of the
polymerization time led to decreased J,.. The devices fabricated
with the polymerization time of 200 and 250 s have ] values of
15.08 and 14.84 mA cm™?, respectively. Fill factor (FF) varied
in the same trend as J did, with a peak value of 0.60. The initial
increase in J,. and FF with polymerization time was possibly
due to the increased active area for triiodide reduction on the
electrode, which facilitated the charge transfer at the electro-
lyte/electrode interface. However, too long polymerization
time did not improve the active area but just increased the
thickness of the film. With the increased thickness of the
composite film, the resistance would increase and the diffusion
of redox couple in the porous composite film would get more
and more difficult, leading to decreased Jsc and FF. As a result,
the best power conversion efficiency (PCE) of 6.45% was
reached at the polymerization time of 150 s with a ], of 15.48
mA cm™, a V,_ of 0.695 V and a FF of 0.60.

For comparison, the PPy-150 s and PPy/GO-150 s films, and
Pt-coated electrode were also applied as CEs in DSCs in the
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Figure 4. Characteristic photocurrent density—voltage curves of the
DSCs containing (a) PPy/RGO CEs prepared with different
polymerization time, and (b) PPy, PPy/GO, PPy/RGO, and Pt CEs,
measured under solar simulator illumination of 100 mW cm™ (AM

1.5 G).

Table 1. Photovoltaic Parameters of DSCs with Different
Counter Electrodes, Measured under Illumination of 100
mW cm ™%, AM 1.5 G°

counter electrode Ve (V) J. (mA cm™) FF PCE (%)
Pt 0.700 15.45 0.66 7.14
PPy 0.685 13.54 0.50 4.64
PPy/RGO-100S 0.695 14.97 0.56 5.83
PPy/RGO-150S 0.695 1548 0.60 6.45
PPy/GO 0.695 14.28 0.52 5.16
PPy/RGO-ZOOS 0.695 15.08 0.59 6.18
PPy/RGO-2508 0.695 14.84 0.575 5.93

“V,. = open-circuit voltage, J,. = short-circuit photocurrent density, FF
= fill factor, PCE = power conversion efficiency.

control experiments, and their J—V curves are displayed in
Figure 4b, with photovoltaic parameters listed in Table 1. All
devices present a similar V.. As expected, the device based on
PPy CE showed the lowest PCE of 4.64% and FF of 0.50,
respectively. This was ascribed to the dense microstructure and
less active sites of the pristine PPy electrode. After
incorporating of GO into PPy film to form PPy/GO composite,
the PCE of the device increased to 5.16%, with a J. of 14.28
mA cm™, a V,_ of 0.695 V, and a FF of 0.52. The improvement
of photovoltaic performance can be attributed to the synergetic
effect of PPy and GO. When PPy/GO was electrochemically
reduced to PPy/RGO, the ], and FF of the device improved to
1548 mA cm™* and 0.60, respectively, resulting in a PCE of
6.45%. The efficiency is comparable with that of the Pt CE-
based device (7.14%) with a J,. of 15.45 mA cm™ and a FF of
0.66. The comparable device performance demonstrated that
the catalytic ability of the PPy/RGO composites on triiodide
reduction is close to that of Pt-based CE, in accordance with

the CV results reported in Figure 3. The variation of
photovoltaic performance with CEs was confirmed by statistical
data reported in Supporting Information Table SI.
Furthermore, the effects of the four CEs, including PPy/GO,
PPy/RGO, PPy and Pt on the photovoltaic characteristics of
DSCs were investigated using EIS measured under illumination
of simulated AM 1.5 G solar light (100 mW cm™2). Nyquist
plots of the four devices with various CEs under light
illumination are shown in Figure S with the equivalent circuit
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Figure S. Electrochemical impedance spectra of DSCs using (a) PPy
CE and (b) PPy/GO, PPy/RGO, and Pt CEs measured under
irradiation of 100 mW cm™ AM 1.5 G at open-circuit voltage; dots
present experimental results, and solid lines show fitted results. Inset of
panel a shows the equivalent circuit for fitting; the deposition time for
PPy-based CE was 150 s.

given as an inset.”> ** Generally, the EIS of a DSC presents
three characteristic semicircles in the scanning frequency range
between 10° and 0.05 Hz. The high-frequency arc represents
the charge-transfer resistance at the interface of the CE/liquid
electrolyte (Rcry). The middle-frequency arc is attributed to
charge transfer at the TiO,/dye/electrolyte interfaces (Rcr,).
The low-frequency arc is ascribed to the Nernst diffusion of the
redox couple (I;7/I7) within the electrolyte (Zy). Additionally,
Rg is defined as the substrate resistance, which is mainly related
to the sheet resistance of conducting substrate.*>*! As shown in
Figure S, only two main semicircles are observed for the four
devices and the semicircle of Zy is not obvious and overlapped
by Rer, because of the low viscosity of the electrolyte.’*~*' The
corresponding fitted values of Rg, Rcr;, and Rcr, are
summarized in Table 2. The value of Rg of four devices is
very close, in agreement with the fact that all devices were
fabricated under similar conditions. The values for Ror; and
Rer, are dependent on the CE used in the devices. The value of
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Table 2. EIS Fitting Parameters of the DSCs with Different
Counter Electrodes Measured under Illumination of 100
mW cm™? AM 1.5 G

device Rs (Q) Rery (Q) Rery () Rrorar ()
PPy 34.40 14.94 160.4 209.74
PPy/GO 31.83 10.79 41.95 84.57
PPy/RGO 30.31 6.59 43.17 80.07
Pt 28.51 4.19 13.98 46.68

Rer for devices based on PPy, PPy/GO, and PPy/RGO CE is
14.94, 10.79, and 6.59 €, respectively. The device with PPy CE
also shows the largest Rer, (160.4 Q). The value of Rerp, for
devices with PPy/GO and PPy/RGO CEs is 41.95 and 43.17
Q, respectively. After the introduction of GO and RGO into the
polymer, both Rcr, and Rer; decrease. According to previous
reports,*®*' Reypy is closely related to the catalytic performance
of CE on triiodide reduction. The decrease of R¢p, implies the
improvement of catalytic performance. The trend of Rcr
values is in good agreement with results of CV measurements.
ng total internal resistance for a DSC device can be expressed
as

Rrorar = Rs + Ry + Rer + Zy (1)

As the Zy arc is overlapped by R, arc in the study, eq 1 can
be described as

Rrorar = Rg + Rery + Rery ()

The resistance Rg could be taken as a constant for devices
fabricated under the same conditions. The total internal
resistance is inversely related to the photovoltaic performance
of DSCs.**~* The device with Pt CE shows the lowest value of
Rrorar (46.68 Q) among the four devices, which lead to the
highest power conversion efficiency (7.14%). The devices with
the PPy-based CE have the largest Ryoray (209.74 Q),
consistent with its lowest efficiency (4.64%). The incorporation
of GO into the polymer CE leads to a significant decrease of
Ryorar, of the device to 84.57 Q. In addition, the reduction of
GO to RGO in the composites further decreased Rygrar to
80.07 Q. The decrease of Rygrap helps to improve FF and
conversion efficiency of DSC.>*****} As a result, the DSC with
PPy/RGO composite CE presents an energy conversion
efficiency of 6.45%, which is comparable with that of the
device with Pt CE (7.14%). Compared with the pristine
polymer (PPy), the composites (PPy/GO and PPy/RGO) can
provide larger contact area with the electrolyte and more
reactive sites for trilodide reduction because of their porous
structures, which could lead to the improvement in the
photovoltaic performances for composite-based devices.
Reducing GO to RGO in the composites could further
enhance the catalytic performance of the composite on
triiodide reduction, and thus the photovoltaic performance of
device based on PPy/RGO electrode. This could be attributed
to the improved conductivity of RGO in comparison with that
of GO.

Since the method of preparing PPy/RGO composite film
involves no high temperature procedures, it can be readily
applied to plastic substrates, such as indium-doped tin oxide
coated polyethylene naphthalate (ITO/PEN), which can only
sustain temperature lower than 150 °C. The PPy/RGO
composite film was prepared successfully on the plastic ITO/
PEN substrate using the fabrication parameters optimized for
the rigid FTO glass substrate. A photograph of such a

composite film on the plastic substrate is shown as an inset
of Figure 6. An all-plastic DSC was subsequently assembled
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Figure 6. Photovoltaic performances of all-plastic DSCs with plastic
PPy/RGO CE and sputtered-Pt CE on ITO/PEN substrate, measured
under the irradiation of 100 mW c¢m™ AM 1.5 G; inset shows the
photograph of the plastic PPy/RGO PEN/ITO CE.

with an N719-sensitized P25 TiO, electrode as the photoanode
and the plastic PPy/RGO composite film as the CE.**¢ The
corresponding current density—voltage curve is presented in
Figure 6. The all-plastic DSC device yields an energy
conversion efliciency of 4.25% with a V. of 0.650 V, a ], of
11.88 mA cm ™, and a FF of 0.55. For comparison, an all plastic
DSC with a sputtered Pt ITO/PEN CE was also fabricated.
The typical photocurrent density—voltage curve is also plotted
in Figure 6. Its photovoltaic parameters are 0.675 V (V,),
12.77 mA ecm™ (J,.), 0.56 (FF), and 4.83% (17), respectively.
The all-plastic device with a PPy/RGO composite CE is only
slightly inferior to its counterpart with a sputtered Pt CE in
photovoltaic performance, indicating that the plastic PPy/RGO
composite CE is comparable with the sputtered Pt CE in
catalyzing triiodide reduction.

B CONCLUSION

In conclusion, high-performance PPy/RGO composite CE for
DSCs was fabricated via a two-step electrochemical process at
room temperature. CV and EIS results demonstrated that the
resultant PPy/RGO composite had a superior catalytic activity
toward triiodide reduction. Under the optimized conditions,
The DSC with a PPy/RGO composite based CE presented a
power conversion efficiency of 6.45%, which is 90% of that of
the device using a thermally deposited Pt CE (7.14%). Besides,
the all-plastic DSC with PPy/RGO CE exhibited an energy
conversion efficiency of 4.25%, which is comparable to the
counterpart device with a sputtered-Pt CE in performance
(PCE = 4.83%). These results demonstrate that the PPy/RGO
composite is a promising alternative to Pt metal to be used as
CEs for DSCs. Furthermore, the PPy/RGO composite is
prepared at room temperature so it is well suited for plastic
devices, which can only sustain temperatures less than 150 °C.
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