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ABSTRACT: Polypyrrole(PPy) nanorod networks with a high
electrical conductivity of 40 S cm−1 have been obtained in a
high yield by employing an ion association of heparin−
methylene blue as a new morphology-directing agent. The
polypyrrole nanorod networks are mixed with different content
of carbon nanoparticles to make PPy nanorod networks/carbon
nanoparticles(PPy/C) counter electrodes. It is found that the
PPy/C composite with 10% carbon content shows a lower
charge transfer resistance and better catalytic performance for
the reduction of I3

−, compared with the pristine PPy and carbon
electrodes. The better catalytic performance is attributed to the
interaction of the superior electrocatalytic activity of the unique
polypyrrole nanorod networks and the carbon nanoparticles,
which can accelerate triiodide reduction and electron transfer in the electrode. Under standard AM 1.5 sunlight illumination, the
dye-sensitized solar cell based on the PPy/C composite with 10% carbon content as the counter electrode demonstrates a high
efficiency of 7.2%, which is much higher than that of pristine PPy and carbon electrode-based DSCs and comparable to that of
the thermal decomposed Pt-based DSC.

KEYWORDS: polypyrrole nanorods, carbon nanoparticles, PPy nanorods/carbon nanoparticles electrocatalytic activity,
counter electrodes, dye-sensitized solar cells

1. INTRODUCTION
Dye-sensitized solar cells (DSCs), a special type of photo-
electrochemical solar cells, have received much attention
because of their low cost and simple preparation process that
will be easy and affordable to manufacture.1 Nowadays, the
efficiency of the DSC can exceed 11%, which makes it
promising in commercialization.2 In the DSC, the counter
electrode(CE) is one of the most important components. The
role of the CE is to reduce the redox species(I3

−/I−) used as a
mediator in regenerating the sensitizer after electron injection,
and serve to transfer electrons from the external circuit back to
the redox electrolyte. Therefore, an effective CE must possess
high conductivity and good catalysis, which can facilitate to
move electrons from within the semiconductor into an
electrode and decrease the overvoltage for reduction of the
redox couple.3 Up to now, platinum is a preferred CE material
due to its excellent conductivity and catalytic property for
triiodide reduction. Although the necessary Pt loading for the
DSCs is 5 μg cm−2 and can not significantly contribute to the

overall price of DSCs, industrial production will need abundant
Pt on the earth.3 Moreover, a small content of Pt might dissolve
in triiodide-containing solutions generating platinum iodides
such as PtI4 or H2PtI6, which may affect the performance of
DSCs.4

Therefore, researchers are targeting the work on developing
alternative cheap materials for the counter electrodes with high
conductivity, stability and efficient catalytic activity. It has been
reported that some conductive polymers, carbon materials, and
semiconducting materials are suitable materials for counter
electrodes.5−11 These materials showed comparable catalytic
performances for triiodide reduction to the platinum electrode.
Among these materials, conductive polymers are most
promising candidates for CE materials due to their unique
properties including low cost, high conductivity, good stability,
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and superior catalytic activity. Compared with the most studied
polyaniline and poly(3,4-ethyl-enedioxythiophene) counter
electrodes, there are only a few reports on the application of
PPy as CE materials in DSCs, although PPy has been
demonstrated one of the most promising candidates in the
application of optical, electrical devices and sensors because of
its high conductivity, environmental stability, and the virtue of
easy preparation in a high yield.12−14 With the rapid
development of the nanotechnology, nanostructured conduc-
tive polymers have attracted increased attention.5,6,15 Consid-
ering a well-ordered polymer chain structure with a large
surface to volume ratio and metal-like conductivity, one-
dimensional PPy has been synthesized by using “hard”
templates and “soft” templates for different promising
applications.16,17 In particular, PPy with a nanostructured
fibrous network is expected to provide a high electron
transportation pathway for the rapid collection of photo-
generated electrons and, therefore, reduce the number of
interparticle hops.18,19 Inspired by the latest findings based on
the PPy with the one-dimensional network structure, we
attempt to use the PPy nanorod networks as efficient CE
materials for the fabrication of DSCs.
In the present study, we prepared CE materials by coating

FTO glass substrates with a mixture composed of PPy nanorod
networks with a high conductivity of 40 S cm−1 and different
content of commercially available carbon nanoparticles (black
pearl 1300). The carbon nanoparticles in the PPy PPy/C
composite electrode can prevent the formation of relatively
large open pores among the PPy nanorods, which can not only
facilitate the formation of films on FTO glass but also accelerate
the electron transfer in the electrode. A reason for choosing of
black pearl 1300 as the additive is that such carbon black
material is one of the most used carbon materials because it
possesses unique properties of cheap industrial mass
production, high surface area, and superior conductivity. In
addition, the carbon nanoparticles having low crystallinity and
many edges may be more active than highly orientated carbon
materials such as graphite and carbon nanotubes.20,21 By
adjusting the carbon pearl content in the composite, the DSC
based on the PPy/C composite with 10% carbon content as the
counter electrode shows a high conversion efficiency of 7.2%
under standard AM 1.5 sunlight illumination, which is much
higher than that of pristine Ppy and carbon nanoparticle CE-
based DSC, indicating a promising CE candidate for DSCs.

2. EXPERIMENTAL SECTION
2.1. Materials. Ferric chloride (FeCl3), heparin, methylene blue, 4-

tert-butylpyridine (TBP), 1,2-dimethyl-3-propylimidazolium iodide
(DMPImI), lithium iodide (LiI), iodine (I2), ethylene cellulose,
titanium tetrachloride (TiCl4), acetonitrile and Triton X-100 solution
(∼10% H2O) were purchased from Sigma-Aldrich. Pyrrole monomer
was distilled under reduced pressure before use. Carbon black pearl
1300 was obtained from Cabot Corporation. Fluorine-doped tin
oxide(FTO, 7 Ω sq−1, 2.2 mm thick) glass and cis-dithiocyanato
bis(2,2′-bipyridine-4,4′-dicarboxylate)ruthenium-(II) sensitizer (N3)
were obtained from Solaronix. Commercial TiO2 (P25, a mixture of
30% rutile and 70% anatase) was obtained from Degussa AG,
Germany.
2.2. Synthesis of PPy Nanorod Networks. PPy nanorod

networks were synthesized by an easy chemical polymerization
method.22 In a typical synthesis, 50 mg of heparin and 100 mg of
methylene blue were mixed in 50 mL of distilled water, and the PH
value of the individual solution was adjusted to be 1 by using 1 M of
HCl aqueous solution. Then the heparin solution and 10 mmol of
pyrrole were dropped into the methylene blue solution sequentially. At

last, 50 mL of 20 mM FeCl3 aqueous solution was dropwisely added
into the above mixture solution under a static condition, and the
reaction was allowed to proceed for 12 h at room temperature. The
resulting product was filtered and washed with deionized water and
ethanol repeatedly. The final black product was dried by infrared
dehydration.

2.3. Preparation of Counter Electrodes. The composite counter
electrodes were composed of PPy nanorod networks and different
content of carbon nanoparticles. It was noted that the carbon
nanoparticles was commercially available as black pearl 1300 and the
content of the carbon nanoparticles in the composite was based on the
weight of PPy. The carbon nanoparticles were used as an additive not
only to connect PPy nanorod networks together but also to bind the
PPy catalyst layer to the FTO glass. The preparation of PPy/C
composite with 10% content was as follows. First, 10 mg of carbon
particles was dispersed in the 5 mL of Triton X-100 solution (∼10%
H2O) under ultrasonic irradiation for 30 min. Then 100 mg of the
obtained PPy nanorod networks was added into the mixed solution
and was subjected to ultrasonic irradiation for 1 h at ambient
temperature to form PPy/C electrode slurry. The PPy/C paste was
coated on FTO glass by a doctor-blade method. The thickness of the
films could be controlled by repeating the doctor-blade deposition.
Finally, the films were dried in a vacuum oven at 150 °C for 1 h and
then to be used as the counter electrode. For comparison purpose,
pristine PPy, carbon, and PPy/C with other percentages of carbon
nanparticles were obtained by the similar procedure. Pt electrodes
were obtained by thermal decomposition. For simplification, the PPy/
carbon films with 5, 10, and 15% carbon content were represented as
PPy/C(5%), PPy/C(10%), and PPy/C(15%).

2.4. Preparation of Mesoporous TiO2 Electrodes. Preparation
of mesoporous TiO2 films followed a previously described method,
which was combined by screen-printing and doctor blade
processes.23,24 The FTO glass substrates were washed with basic
solution, diluted nitric acid, ethanol, and acetone successively under
supersonication for 30 min each before use. The preparation of TiO2
electrodes was as follows. First, the cleaned FTO conductive glass was
treated with 50 mM TiCl4 aqueous solution at 70 °C for 30 min. The
commercial TiO2 paste consisting of 16.2% P25 and 4.5% ethylene
cellulose in terpineol was printed on FTO conductive glass by a screen
printing process for two times and then a doctor blade process. The
thickness of the films could be controlled by repetition of printing.
The films were dried in air at 120 °C for 30 min and calcined at 450
°C for 30 min under flowing oxygen before cooling to room
temperature. Then the heated electrodes were impregnated with a 50
mM TiCl4 aqueous solution in a water-saturated desiccator at 70 °C
for 30 min and then recalcined at 450 °C for 30 min. When it cooled
down to 80 °C, the TiO2 films with an area of 0.16 cm

2 were soaked in
a dye solution containing N3 sensitizer in a 1:1 volume mixture of
acetonitrile and tert-butyl alcohol for 24 h at room temperature. The
dye-sensitized samples were then washed in ethanol to remove
unanchored dye and dried under vacuum.

2.5. Assembly of DSCs. Acetonitrile solution containing 0.1 M
lithium iodide, 0.05 M iodine, 0.5 M 4-tert-butylpyridine, and 0.6 M
1,2-dimethyl-3-propylimidazolium iodide(DMPImI) was used as the
electrolyte. DSCs were fabricated by sealing the electrolyte between
the TiO2 electrodes and the counter electrodes with a 50 μm spacer.
Schematic illustration of the procedure to synthesize PPy nanorod
networks and PPy/C CE is shown in Figure 1.

2.6. Characterization of Counter Electrodes and DSCs. The
morphologies of the products were observed by using JEOL JSM-
6700F field emission scanning electron microscope(FESEM) at an
acceleration voltage of 10 kV. Fourier transform infrared(FTIR)
spectroscopy of samples was recorded on a Nicolet Nexus 470
spectrometer using KBr pellets. Conductivity of the samples was tested
by the four-point probe technique with a Keithley 2400 Source Meter.
The surface area of the samples was detected by Brunauer−Emmett−
Teller(BET) nitrogen adsorption−desorption measurement-
(BELSORP-mini analyzer). Electrochemical impedance spectroscopy-
(EIS) of the counter electrodes was investigated by using the Autolab
PGSTAT30 from 40 Hz to 1 M Hz with signal amplitude of 10 mV to
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determine their catalytic performance. For the EIS measurement, a
symmetric cell configuration with two identical counter electrodes was
assembled with the injection of the same electrolyte for the DSCs, and
the active area of the cells is 0.25 cm2. EIS spectra were obtained at
zero bias potential and 10 mV amplitude over the frequency range
0.01−105 Hz. The current density−voltage (J−V) curves of the
assembled DSCs were performed using a solar simulator(San Ei,
Japan) under 1 sun and at AM1.5G condition. The level of standard
irradiance(1 Sun conditions, 100 mW cm−2) was set with a calibrated
c-Si reference solar cell.

3. RESULTS AND DISCUSSIONS
By applying the ion association of heparin−methylene blue as a
template, we have successfully obtained PPy nanorod networks
in a high yield(90%). The structural analysis of the obtained
PPy nanorod networks was done by FTIR. Figure 2 shows the

FTIR spectrum of the PPy nanorod networks in the region of
500−2000 cm−1. The peaks located at 1550, 1450, 1330, 1110,
and 780 cm−1 are attributed to the characteristic asymmetry and
symmetry stretching of pyrrole ring, stretching of C−N,
vibration of C−H.25 The band at 1384 cm−1 corresponding
to respective stretching of N−O of heparin confirms the doping
action of heparin. The FTIR spectrum also exhibits strong
peaks in the region 1100−1250 and at 920 cm−1, which are
indicative of doped state of PPy and as such confirm the
incorporation of doped ions into the grown polymer

nanostructures.25,26 It is found that methylene blue could be
washed away easily by water and ethanol, because of no sign of
the dye in the spectrum. As the ratio of integral intensity of
absorption at 1550 and 1490 cm−1 is considered to reflect the
criteria of effective conjugate chain of length of PPy, the
obtained PPy nanorod networks possess a long effective
conjugate chain, indicating a high electrical conductivity.
Figure 3a−c show the SEM and TEM images of the obtained

PPy sample. It can be observed that these nanorods

interconnect with each other through some nanoparticles as
“cross-linking points” (pointed out in Figure 2b,c) to form
three-dimensional porous networks but not just packed
structures. As PPy nanorods are not formed in the same
plane, not all the “cross-linking points” of the nanorods can be
clearly observed. Additionally, since the nanorods are packed
densely, only those ones existing on the fringe can be clearly
observed by SEM and TEM. The TEM image shows that the
PPy network structure presents uniform nanorods with lengths
in several micrometers and diameter of about 100 nm. The
nanorod networks characteristic of PPy facilitates the electron
transfer and the conductivity can reach 40 S cm−1, which is
higher than the random nanorods.22 The higher electrical
conductivity may be ascribed to the connected structure of PPy
networks that counteract the influence of insulated cavities,
leading to a relatively high conductivity.
After mixing the PPy nanorod networks with carbon

nanoparticles, the obtained PPy/C composite was coated on
FTO glass to investigate the effect of the different content of
carbon nanaparticles on the morphologies and catalytic
performance of the composite films. Figure 4a−f show SEM
images of the PPy/C composite films with different carbon
nanoparticles content. When the addition of carbon nano-
particles content is 10%, it can be observed that PPy nanorod
networks mix well with carbon nanoparticles (Figure 4a). The
magnified SEM in Figure 4b shows that PPy nanorod networks

Figure 1. Schematic illustration of the procedure used to synthesize
PPy nanorod networks and PPy/C counter electrode.

Figure 2. IR spectrum of the PPy powder.

Figure 3. (a, b) SEM and (c) TEM images of the PPy powder.
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are coated by carbon nanoparticles with a size of 10 nm. These
carbon nanoparticles fill in the voids among the PPy nanorod
networks and connect PPy nanorod networks, which can be in
favor of electron transfer in the film. The cross-sectional SEM
image of the PPy/C composite film reveals that a uniform
composite film with a thickness of 6 μm is deposited on the
FTO substrate by using the doctor-blade method (Figure 4c).
When the content of carbon nanoparticles decreases to 5%,
some carbon nanoparticles disperse on the surface of PPy
nanorods and there are some large void spaces in the film
(Figure 4d). With the carbon nanoparticles content increasing
to 15%, some carbon nanoparticles aggregate together easily to
form a more compact film than that with less content of carbon
nanoparticles and less void spaces are in the film (Figure 4e).
The pristine carbon nanoparticles can form a uniform film, and
there are a lot of large void spaces in the film composed of
prinstine PPy nanorods networks (Figure 4f,g).
EIS measurement was conducted to analyze the electro-

chemical characteristics of the different counter electrodes. It
can be seen that the Nyquist plots shown in Figure 5c include
several regions from the high frequency regions to the low
frequency regions representing various resistances: (i) ohmic
serial resistance (Rs), representing the outside circuit resistance-
(substrates resistance and lead connections); (ii) charge-
transfer resistance (Rct), corresponding to the electron transfer
ability at the electrode/electrolyte interface; (iii) electrical
double-layer capacitance (Cdl); and (iv) diffusion impedance
(Zw) of the triiodide/iodide redox couple in the electrolyte.27,28

Table 1 summarizes the impedance parameters of various
electrodes obtained by fitting the experimental data with the
equivalent circuit in Figure 5. It can be seen that the Rs values
of the different PPy-based counter electrodes have small Rs

ranging of 12−14 Ω cm2, indicating that a high electrical
conductivity and firm bonding with the substrates.27 These Rs

values are a little larger than that of the sputtered Pt film, due to
the thicker PPy-based films than Pt film.29 The larger Rs of
carbon electrode is attributed to the lower electrical
conductivity (0.34 S cm−1). It is known that Rct is the most
important part to demonstrate the catalytic ability of the
counter electrodes. It is found the Rct decreases with the
increase of the carbon nanoparticle content in the PPy/C
composite. When the content of the carbon is 10%, the Rct is
2.32 Ω cm2 and apparently lower than that of the pristine PPy
and carbon electrodes, indicating higher catalytic activity than
their pristine counterparts. It means that the addition of carbon
nanparticles leads to the decrease of Rct of the counter

Figure 4. SEM images of the PPy/C composite films with different
content of carbon nanoparticles: (a−c) 10, (d) 5, and (e) 15%, and (f)
the pristine carbon and PPy(g) film electrodes. The insets are their
magnified parts.

Figure 5. Nyquist plots of the symmetrical cells consisting of (a) two
identical pristine PPy, carbon, Pt, and PPy/C(5%); (b) PPy/C(10%),
PPy/C(15%), and Pt electrodes; and (c) the equivalent circuit for the
impedance spectrum.

Table 1. Sheet Resistance Values and Fitted EIS Parameters
of PPy, Carbon, PPy/C(5, 10, and 15%), and Pt Electrodesa

sample

sheet
resistance
(Ω γ−1)

Rs (Ω
cm2)

Rct (Ω
cm2)

Cdl (μF
cm−2) β

Zw (Ω
cm2)

PPy 68.32 12.29 7.81 15.32 0.89 18.93
carbon 152.01 13.70 11.10 25.21 0.88 7.55
PPy/
carbon(5%)

76.32 12.42 4.82 27.05 0.87 4.81

PPy/
carbon(10%)

85.40 12.51 2.32 31.31 0.84 1.72

PPy/
carbon(15%)

98.12 12.56 3.99 28.80 0.86 3.32

Pt 10.18 12.15 1.20 8.64 0.94 0.93
aBET (Brunauer−Emmett−Teller) surface area.
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electrodes. After adding certain carbon naoparticles, they fill in
the void spaces of the PPy nanorod networks and render to
better contacts among PPy matrix and I3

− electrolytes. Such
interaction can accelerate the efficient reduction reaction in the
I3
−/I− system and lead to the improvement of the catalytic

activity. Also the carbon nanoparticles have some catalytic
activity for the I3

− reduction. The schematic diagram of the
triiodide reduction by the pristine PPy and PPy/C composite
counter electrodes is shown in Figure 6. If the carbon content

increases to 15%, the Rct of the composite instead increase to
3.99 Ω cm2. One possible reason is the more carbon
nanoparticles not only disperse in PPy matrix but also aggregate
on the surface PPy/C, indicated by the SEM image, which
block the contact between PPy matrix and I3

− electrolyte.9

It is reported that impedance of the CE/electrolyte interface
deviates a little from the ideal capacitance; therefore, more
accurate analysis shows that the capacitance should be replaced
by a constant phase element (CPE).20 The impedance ZCPE of a
CPE is described as ZCPE = B(iω)−β (0 ≤ β ≤ 1), B and β are
frequency-independent parameters of the CPE. If β is 1, the
CPE shows a perfect capacitor, exhibiting an exact semicircle in
the Nyquist plots.29 In the case of β less than 1, the semicircle is
depressed, due to the porosity of the electrode surface. It is
found that the PPy/C(10%) presents the smallest β among the
various Pt-free counter electrodes. It should be noted that the β
values of carbon and PPy/C(15%) are higher than that of PPy/
C(10%), although the measured BET and the total pore
volume values of the carbon and PPy/C(15%) are higher than
those of PPy/C(10%) (Table S1 in the Supporting
Information). This could be attributed to the limited
accessibility of electrolyte into the internal active surface of
carbon and PPy/C(15%) electrodes.30 This can also explain the
increased Zw of the carbon and PPy/C(15%). The smaller Zw of
PPy/C(10%) indicates a faster diffusion velocity of the redox
couple in the electrolyte than that of PPy, carbon, PPy/C(5%)
and PPy/C(15%) films.
CV characterization is another important and efficient tool to

analyze the relationship between ion diffusivity and the catalytic
mechanism acting in an electrochemical system. Figure 7 shows
the CV curves of pristine PPy, carbon, PPy/C, and Pt
electrodes for I−/I3

− redox system (versus Ag/AgCl) in 10
mM LiI, 1 mM I2 acetonictrile solution containing 0.1 M
LiClO4 as the supporting electrolyte. Two typical pairs of
oxidation/reduction peaks were observed for the various
counter electrodes and the corresponding reactions are

shown in Figure 7. In a DSC, the photoexcited electrons
from the dye are injected into the TiO2 conduction band. Then
the oxidized dye is reduced by the I− ion in the electrolyte, and
the resulting I3

− ion are reduced at the CE. Therefore, the
research focus is the characteristics of the left pair of peak,
which is attributed to the reaction of I3

− + 2e− = 3I−.6,31 The
oxidation and reduction peaks observed in the PPy/C are
comparable to those of the Pt electrode, indicating the
possibility of achieving similar electrocatalytic activity, as a
high redox current density of the CE implies a high
electrocatalytic activity for I3

− reduction at this CE. It is
found that pristine PPy and carbon electrodes show a much
lower current density, indicating a poor reduction rate
compared to PPy/C and Pt electrodes. Moreover, the higher
redox current density describes the stronger electrocatalytic
activity toward the reduction of I2 to I3

− ions and increases the
reduction of the I3

− ions to I− ions in the redox couple at the
counter electrode.32 This result coincides with the charge
transfer resistance Rct obtained from the EIS measurements. A
possible reason of the higher electrocatalytic activity in the
PPy/C electrode is that carbon nanoparticles can better
connect with the PPy with a unique nanorod network structure
and high conductivity, which can facilitate electron transfer.
Therefore, PPy/C counter electrode can be used as an efficient
electrocatalyst counter electrode material in DSCs.
Figure 8 shows the J−V curves of the DSCs based on pristine

PPy, carbon, PPy/C(5%, 10%, and 15%) and Pt counter
electrodes under AM 1.5 solar simulator illumination at 100
mW cm−2. The thicknesses of all the counter electrodes are 6
μm. The photovoltaic parameters of the DSCs are summarized
in Table 2. It is found that the PPy/C(10%)-based DSC
exhibits a short-circuit current density (Jsc) of 15.2 mA cm−2,
open-circuit voltage (Voc) of 710 mV, and fill factor (FF) of
66.8%, yielding a relatively energy conversion efficiency(η) of
7.2%. However, the pristine PPy and carbon counter electrodes
reached conversion efficiency of 5.0% and 4.3%, respectively,
which is much lower than that of PPy/C (10%)-based DSC.
Furthermore, the efficiency of 7.2% is the highest among the
free Pt-based DSCs and 92% that of the typical Pt-based DSC
(7.8%), indicating that the PPy/C composite may be a
promising candidate for the counter electrodes for the DSCs.
Compared with photovoltaic parameters between the PPy/C

Figure 6. Schematic diagram of triiodide reduction on the pristine PPy
nanorod networks and PPy/C composite counter electrodes,
respectively.

Figure 7. Cyclic voltammograms of pristine PPy, carbon, PPy/
C(10%), Pt electrodes at a scan rate of 50 mV s−1 in 10 mM LiI, 1 mM
I2 acetonictrile solution containing 0.1 M LiClO4 as the supporting
electrolyte.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am201461c | ACS Appl. Mater. Interfaces 2012, 4, 397−404401



CE and the pristine PPy electrodes, it is observed that the
pristine one shows much lower short-circuit current density and
fill factor, which leads to a poor performance. It has been
demonstrated that the introduction of carbon nanoparticles in
PPy matrix not only decreased the charge-transfer resistance in
the electrolyte/electrode interface, but also reduced the
diffusion impedance of triiodide ions, leading to the high Jsc
and FF for DSCs. Meanwhile, the electron-transport network
formed by PPy also plays an indispensable role in the high
photovoltaic performance. It is found that the commercial
carbon nanoparticles without the PPy nanorod networks exhibit
a very low FF and a poor photovoltaic performance because of
the low catalytic activity, further demonstrating the importance
of PPy/C electron transport network. However, as the carbon
content in the PPy/C composite increases to 15%, the
conversion efficiency of the DSC decreases to 6.5%, which is
lower than the PPy/C(10%)-based DSC. The possible reason is
that more carbon nanoparticles can be a barrier to the contacts
between efficient PPy network and I3

−. This may reduce
electron transport on the CE and the regeneration rate of dye
molecules, leading to the reduced Jsc and FF. Despite the
relatively high efficiency, the PPy/C CE device shows a little
lower efficiency than that of Pt-based DSC, due to the lower FF
and Jsc. The higher internal resistance leads to the reduced FF.
Furthermore, the lower Jsc can be influenced not only by the
internal resistance but also photoreflection properties related to
the counter electrodes, due to the high photoabsorption ability
of black PPy/carbon materials.33 In a word, as the raw materials
of carbon nanoparticles iares commercially available and PPy
nanorod networks can be synthesized in a high yield, this PPy/

carbon composite is a cost-efficient and promising CE material
for DSCs.
It has been reported that the thickness of the counter

electrodes can influence the performance of the DSCs.20,34 In
this work, the effect of the PPy/C(10%) composite thickness
on the performance of the DSCs was also evaluated. To better
understand the influence of the PPy/C(10%) composite
thickness on the performance of the DSCs, we fist measure
the photovoltaic performance of the pristine PPy and carbon
with the thickness of 2 μm, 6 μm, 10 μm, respectively (Table
S2 in the Supporting Information). The photovoltaic
efficiencies of the DSCs based on the pure PPy and carbon
are improved, as the thicknesses of the PPy and carbon films
increase (Table S2 in the Supporting Information). It is found
that the increase of Jsc and FF leads to improvement of the
DSCs. This result can be ascribed to the increasing catalytic
active surface area of the counter electrodes with the increased
thickness, which leads to the increase of the Jsc and FF and
further increase of the efficiency. With regard to the PPy/
C(10%) composite film, it can be observed that the thickness of
the films is about 1, 4, 10, and 16 μm by adjusting the repetition
of the doctor blade process (Figure S1 in the Supporting
Information). Figure 9 and Table 3 show the J−V curves of the

DSCs based on PPy/C(10%) counter electrodes with a
thickness of 1, 4, 10, and 16 μm under AM 1.5 (100 mW
cm−2), respectively. It can be found that the conversion
efficiency of the DSC is only 3.1%, when the PPy/C with a
thickness of 1 μm was used as the counter electrode. This is
attributed to the poor quality of the PPy/C film. It can be
observed by naked eyes that the FTO glass substrate is not fully

Figure 8. Current density−voltage (J−V) curves of the DSCs based on
pristine PPy, carbon, PPy/C(5, 10, and 15%) and Pt counter
electrodes under AM 1.5 (100 mW cm−2).

Table 2. Photovoltaic Parameters of the DSCs by Using
Pristine PPy, Carbon, PPy/C(5, 10, and 15%) and Pt
Counter Electrodes under AM 1.5 (100 mW cm−2)

counter electrode Jsc (mA cm−2) Voc (mV) FF (%) η (%)

PPy 13.3 680 55.5 5.0
carbon 12.9 650 51.2 4.3
PPy/carbon(5%) 14.0 702 62.1 6.1
PPy/carbon(10%) 15.2 710 66.8 7.2
PPy/carbon(15%) 14.1 713 65.1 6.5
Pt 16.2 707 68.3 7.8

Figure 9. Cross-sectional SEM images of the PPy/C(10%) films with
different thicknesses and the current density−voltage (J−V) curves of
the DSCs based on such PPy/C(10%) films with different thicknesses
as counter electrodes under AM 1.5 (100 mW cm−2).

Table 3. Rct Values of the PPy/C(10%) Films with Different
Thicknesses and Photovoltaic Parameters of the DSCs Based
on PPy/C(10%) Films with Different Thickness As Counter
Electrodes under AM1.5 (100 mW cm−2)

smple
thickness(μm)

Rct (Ω
cm2)

Jsc
(mA cm−2)

Voc
(mV)

FF
(%)

η
(%)

1 10.01 9.8 610 51.4 3.0
4 4.02 14.2 690 62.5 6.1
10 4.82 15.5 700 66.3 7.1
16 2.32 15.4 710 66.0 7.2
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covered by the PPy/C composite due to the relatively large PPy
nanorod networks. This makes insufficient PPy/C composite
expose to the electrolyte, leading to a low Jsc and FF. With the
PPy/C film thickness increase to 4 μm, the conversion
efficiency increases to 6.1%. To achieve higher energy
conversion efficiency, the thickness of the PPy/C films is
continually increased. And the efficiency of the DSC based on
the 10-μm-thickness PPy/C film reaches 7.1%, which can be
ascribed to the increasing catalytic active surface area of the PPy
with the increased thickness. With the PPy/C film thickness
further increase to 16 μm, the efficiency of the DSC is 7.2%,
which is almost the same as that of DSC with a 10-μm-
thickness PPy counter electrode. It can be found that the Rct of
PPy/C(10%) films decreases, as the thickness of the PPy/
C(10%) film increases. The reduction of Rct is attributed to the
increase of surface area with the thick PPy/C(10%) film. The
lower Rct implies relatively higher exchange current density on
the PPy/C(10%) electrode according to the following
equation: J0 = RT/nFRct, where R is the molar gas constant,
T is the temperature, F is Faraday constant.35,36 Therefore,
faster reduction rate of I3

− ions with the PPy/C(10%) electrode
can lead to an increase in Jsc, due to the decrease Rct. Compared
to the Pt electrode, the decreased Jsc derives from not only the
lower Rct but also its poor photoreflection property, which is
connected with its high photoabsorption ability of PPy/
C(10%) materials. Further studies to understand the difference
in cell performance with the different thicknesses are currently
underway. Based on the performance of DSCs using PPy CEs
with different thickness, it is concluded that the increase of the
PPy/C film thickness can result in increase of catalytic
performance and further improvement of the conversion
efficiency. Furthermore, the energy conversion efficiency of
DSC based on PPy/C(10%) counter electrode retained 93% of
its initial value after 20 days (Figure S2 in the Supporting
Information). Therefore, the DSC can reach a conversion
efficiency of 7.2% with the optimized PPy/C thickness of 6 μm.

4. CONCLUSIONS
In conclusion, PPy nanorod networks have been successfully
fabricated by a chemical oxidation process in a high yield and
were mixed with commercially available carbon nanoparticles as
efficient CE materials in DSCs. It has been demonstrated that
the PPy/C with 10% carbon nanoparticle content presents
good catalytic activity for the I3

− reduction. The DSC based on
such PPy/C(10%) CE reaches a conversion efficiency of 7.2%,
which is better than the individual pristine PPy and carbon
nanoparticle films-based DSC, and comparable to the sputtered
Pt based-DSC. This is attributed to the superior electrocatalytic
activity and high electrical conductivity derived from the unique
PPy nanorod network structure. Furthermore, the carbon
nanoparticles in the PPy/C composite can not only fill in the
void spaces of the PPy nanorod networks to enhance electron
transfer but also facilitate the formation of PPy/C film.
Therefore, the PPy/C composite with a high photovoltaic
performance is competitive with the conventional and
expensive Pt CE, and a promising CE material candidate for
efficient DSCs.
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