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ABSTRACT: With an aim of accelerating the charge transfer
between polyaniline (PANi) and graphene, polyaniline−
graphene (PANi−graphene) complexes are synthesized by
a reflux technique and employed as counter electrodes (CEs)
for dye−sensitized solar cells (DSSCs). Because of the easy
charge-transfer between PANi (N atoms) and graphene
(C atoms) by a covalent bond, electrical conduction and electrocatalysis of PANi-graphene complex CEs, and therefore
power conversion efficiency of their DSSCs have been elevated in comparison with that of PANi−only CE. The resultant PANi−
graphene complex CEs are characterized by spectral analysis, morphology observation, and electrochemical tests. The DSSC
employing PANi−8 wt ‰ graphene complex CE gives an impressive power conversion efficiency of 7.78%, which is higher than
6.24% from PANi−only and 6.52% from Pt−only CE−based DSSCs.
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■ INTRODUCTION

Dye−sensitized solar cells (DSSCs) have attracted intensive
attention because of their merits on low fabrication cost,
relatively high power conversion efficiency, and environmental
friendliness.1 A typical DSSC device comprises a dye−sensitized
TiO2 photoanode, redox electrolyte, and a counter electrode
(CE). The CE is a crucial component for achieving high photo-
voltaic performances for a DSSC device. Pt−related materials
often serve as CEs because of good electron−conducting ability
and high electrochemical activity toward triiodide reduction,
however, Pt is relatively expensive because of its scarce resource
in the earth.2 Therefore, it is highly desirable to develop
competent substitutes in order to reduce the overall fabrication
cost with no sacrifice of photovoltaic performances of DSSCs.
Conducting polymers, such as polyaniline (PANi),3,4 poly-
pyrrole,5,6 and poly(3,4−ethylenedioxythiophene) (PEDOT),7,8
are promising alternative materials in CEs. Among them, PANi
has been considered as one of the most preferred CE material
owing to its easy fabrication, low cost, high electrochemical
activity, and environmental stability. However, the electric-
conducting ability of PANi is relatively low in comparison with
Pt−based materials, which may cause photocurrent loss in the
cell circuit and further drag on photovoltaic performances.
Except for PANi, graphene (a single−layer material of sp2−

bonded carbon atoms in a hexagonal lattice) has an excellent
electrical conduction in two dimensions, high strength, and
surface area.9,10 However, one of the drawbacks of graphene is
its unsatisfactory redox behaviors. A compromise approach of
fabricating efficient CE materials is to integrate the rapid charge
transfer ability of graphene with good redox performance of
PANi.11,12 However, low solubility of pristine graphene in most
organic solvents has been the main barrier for their chemical
manipulation, quantitative characterization and potential use.
Many efforts have been made to overcome this disadvantage,

a routine approach is the in−situ polymerization of aniline mono-
mers in graphene oxide and obtain reduced PANi/graphene
through a reduction step.11 Although the use of graphene oxide
can improve the dispersion of reduced graphene in polymers,
they always suffer from chemical reduction which is not easy to
control O/C ratio and can destroy the well-defined conjugated
alignment. The oxidation is expected to weaken the physical,
chemical, and electrochemical properties of graphene. Moreover,
PANi/graphene composites can also be directly prepared by
chemical, physical or electrochemical codeposition method,
giving an insurmountable weakness for CE applications: The
physical combination of PANi and graphene results in a relatively
high interfacial resistance and therefore low charge-transfer
kinetics between them. In other words, graphene does not fulfill
its good charge−transfer function and transfer returned electrons
(the electrons from external circuit to CE) to PANi for
participating reduction reaction of triiodides. Therefore, the
power conversion efficiencies of the resultant DSSCs based on
PANi/graphene CEs are still not satisfactory.
In the search for more robust PANi-graphene composite CEs,

here we pioneerly report that aniline monomers can be employed
to functionalize and solubilize graphene by forming donor−
acceptor complexes during a reflux process. As shown in Figure 1,
there are covalent bonds between aniline (N atoms) and
graphene (C atoms) in the resultant aniline−graphene complex,
therefore, the returned electrons can be easily transferred from
graphene to PANi by covalent bonds. The structure,
morphology, and electrochemical performances of the PANi−
graphene complex CEs are characterized. Results reveal that
the PANi−graphene complexes can enhance photovoltaic
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performances of DSSCs because of their improved charge−
transfer kinetics.

■ EXPERIMENTAL SECTION
Reflux Synthesis of Aniline−Graphene Complexes. The

aniline−graphene complexes were synthesized by a reflux process. In
details, five aniline−graphenemixtures at graphene dosages of 1, 4, 8, 10,
and 15 wt ‰ were sealed in a three−neck flask filled with high−purity
N2 gas. Themixtures were refluxed in dark for 6 h at 184 °C to obtain the
target aniline−graphene complexes, which were subsequently stored in a
dark and cold atmosphere.
Fabrication of PANi−Graphene Complex CEs. Fifty milliliters of

aqueous solution consisting of HCl (1 M) and (NH4)2S2O8 (APS) was
dipped into 50 ml of a mixture consisting of HCl (1 M) and aniline-
graphene complex (0.325 M) at 0 °C within 2 h. Before polymerization
reaction, pretreated fluorine−doped tin oxide (FTO, sheet resistance
was 12 Ω sq−1) glass substrate was horizontally put at the bottom of a
container. After reaction at 4 °C for 10 h, the FTO glass substrate was
successively rinsed with 1 M HCl aqueous solution and deionized water
to remove unreacted aniline monomers and oligomers. Finally, the FTO
supported PANi−graphene complex CEs were vacuumly desiccated at
50 °C for 24 h. As a comparison, PANi−only CE was also prepared
under the same conditions.
Assembly of DSSCs. A layer of TiO2 nanocrystal anode film with a

thickness of 10 μm was prepared by a sol−hydrothermal method. After
air drying, the colloid was calcined at 450 °C for 30 min to obtain TiO2
nanocrystal anode film which were subsequently immersed into a
0.5 mM ethanol solution of N719 dye ([cis-di(thiocyanato)-N,N′-
bis(2,2′-bipyridyl-4-carboxylic acid)-4-tetrabutylammonium carboxy-
late], purchased from Dyesol LTD, Australia). The DSSC with an
active area of 0.25 cm2 was fabricated by combining a dye-sensitized
TiO2 anode and an FTO supported PANi-graphene complex CEs. A
redox electrolyte consisted of 100 mM tetraethylammonium iodide,
100 mM tetramethylammonium iodide, 100 mM tetrabutylammonium
iodide, 100 mM NaI, 100 mM KI, 100 mM LiI, 50 mM I2, and 500 mM
4-tert-butyl-pyridine in 50 mL of acetonitrile.
Electrochemical Characterizations. The electrochemical per-

formances were recorded on a conventional three−electrode cell
comprising an Ag/AgCl reference electrode, a CE of platinum sheet,
and a working electrode of FTO glass supported PANi−graphene
complex. The cyclic voltammetry (CV) curves were recorded from
−0.5 to +1.6V and back to−0.5 V. Before themeasurement, the supporting
electrolyte consisting of 50 mM LiI, 10 mM I2, and 500 mM LiClO4 in
acetonitrile was degassed using nitrogen for 10 min. Electrochemical
impedance spectroscopy (EIS) measurements were also carried out on the
CHI660E electrochemical workstation (CHI660E, Shanghai Chenhua
DeviceCompany, China) in a frequency range of 0.01Hz∼ 105 kHz and an

ac amplitude of 10 mV at room temperature. The resultant impedance
spectra were analyzed using the Z−view software. Tafel polarization curves
were recorded on the same workstation by assembling symmetric cell
consisting of FTO−PANi−graphene complex|electrolyte|FTO−PANi−
graphene complex. The curves were recorded by scanning potential window
of −1 to 1 V at a scan rate of 10 mV s−1.

Photovoltaic Tests. The photovoltaic tests of the DSSC were
carried out by measuring the current-voltage (J−V) characteristic curves
using an electrochemical workstation under irradiation of a simulated
solar light from a 100 W Xenon arc lamp (XQ−500 W) in ambient
atmosphere. The incident light intensity was controlled at 100mW cm−2

(AM1.5) which was calibrated using a FZ−A type radiometer from
Beijing Normal University Photoelectric Instrument Factory. Each
DSSC device was measured five times to eliminate experimental error
and a compromise J−V curve was employed.

Other Characterizations. The morphologies of the resultant PANi
or PANi−graphene complex CEs were observed with a scanning
electron microscope (SEM, S4800). Fourier transform infrared
spectrometry (FTIR) spectra were recorded on a PerkinElmer spectrum
1760 FTIR spectrometer. The UV−vis spectra were measured on a
UV−3200 spectrophotometer by dissolving the samples in deionizedwater.
The fluorescence emission spectra were recorded at room temperature
using a Fluorolog3−P spectrophotometer. The emission spectrum was
collected using a conventional setup at excitation wavelengths of 500 nm.

■ RESULTS AND DISCUSSION

To reveal the complexing mechanism of aniline monomers
onto graphene, UV−vis adsorption spectra of graphene, aniline,
aniline−8 wt ‰ graphene mixture, and aniline−graphene
complexes with various graphene dosages are diluted in acetone.
As is shown in Figure 2, no peak is observed in the UV−vis
spectrum ranging from 350 to 700 nm. In comparison with the
UV−vis spectrum of aniline−graphene mixture, new absorption
peaks at 366, 458, 513, and 552 nm are detected in aniline−
graphene complexes, suggesting that aniline-graphene complexes
have been successfully formed during the reflux process.13,14 At
elevated temperature, such as 184 °C, graphene and aniline are
believed to form a charge−transfer complex in its ground state
because graphene is a good electron acceptor, whereas aniline is a
fairly good electron donor, as evidenced by the appearance of the
new absorptions.
The polymerization of conjugated PANi suffers from dimers,

trimers, oligomers and polymer in the presence of APS and
protonic acid.15 As shown in Figure 1, each imine group
(−NH−) has a pair of lone-electrons which can share with a

Figure 1. Synthesis route and proposed complexation mechanism between PANi and graphene by a reflux procedure.
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carbon atom in conjugation structure of graphene (−C) to
form a covalent bond. There is a consensus that the chemical
bonding between PANi and graphene can accelerate the charge-
transfer.16−18 Furthermore, previous research also validates that
the resultant PANi chains are intertwisted to form agglomerated
nanoparticles in traditional chemical polymerization because of
the strong intramolecular and intermolecular hydrogen bond-
ing,19,20 resulting in low electron delocalization, short−range
charge−transfer, and therefore poor electrical and electro-
chemical performances. The parallel bonding can enhance the
well−aligned arrangement of PANi chains along the surface of
graphene, which is expected to give extraordinary synergistic
effect in accelerating charge transfer along PANi chains.
A prerequisite of fabricating robust PANi−graphene com-

plexes with rapid charge−transfer is the successful attachment of
aniline onto graphene. Figure 3a gives fluorescence emission
spectra of graphene, pure aniline, and resultant aniline−graphene
complexes diluted with acetone solvent. The maximum emissions
in acetone are at around 575 and 620 nm, whereas the fluorescence
spectra of graphene and pure aniline are generally quenched. The
fluorescence excitation spectra of the aniline−graphene complexes
are quite different from the absorption spectra of the individual
components, indicating the formation of a new light−absorbing
species. It is noteworthy to mention that the red shift of maximum
emission, as is shown in Figure 3b−f, is in an order of acetone,
toluene, and methanol, which are believed to be the major
contributions of their polarities to π−π stacking resulted from the
electrostatic interactions and hydrophobic effects.21

Figure 4 displays the FTIR spectra of PANi and PANi−
graphene complexes at various graphene dosages. The main
absorptionbands situated at ca. 795, 1093, 1296, 1480, and1560 cm−1

are attributed to the following vibration modes: bending of C−H
(out-of-plane) on benzene ring (B), bending of C−H (in-plane),
mode of Nquinoid ring (Q)N, stretching of aromatic-N,
stretching of N−B−N, and stretching of NQN.22,23 In
comparison with PANi, the FTIR spectra of PANi-graphene
complexes determine the appearance of the 1034 cm−1 band,
especially at a high graphene dosage. The appearance of this
vibration absorption band indicates a charge-transfer and a
selective interaction of the graphene fragments with quinoid
rings of PANi backbones.24 A similar interaction between carbon
nanotubes and PANi quinoid rings has also been detected in
PANi/multiwalled carbon nanotubes.25

The microstructure of the bared PANi coated FTO electrode
is observed by SEM, as shown in Figure 5a, suggesting that the
PANi are composed of compact aggregations because of strong
intramolecular and intermolecular hydrogen-bonding. This
closely packed structure provides increased interfacial resistance
for charger transfer and penetration resistance for exchange of
I−/I3

− redox couples. It is expected that PANi−8 wt‰ graphene
complex CE has a looser and porous structure, as shown in
Figure 5b. The homogeneous nanostructures suggest that PANi
molecular chains have been parallelly attached on graphene
surface by covalent bonds. The morphological observation
further validates the rationality of the proposed complexation
mechanism in Figure 1. The porous structure is expected to
enhance the electrolyte loading and to facilitate the migration of
I−/I3

− redox couples within PANi−graphene complex CEs.
CV is an efficient tool for analyzing the electrocatalytic

activities of CEs toward I−/I3
− redox species. The CV curves of

the resultant complex CEs in liquid electrolyte were recorded.
As a reference, PANi−only CE was also performed at the same
conditions. As is shown in Figure 6, the peak positions and shapes
of the CV curves from PANi−graphene complex CEs are
very similar to those of Pt and PANi−only CE, revealing that
PANi−graphene complex CEs have a similar electrocatalytic
activity to Pt CE. Considering that the task of CE is to reduce
I−/I3

− redox species, mediators in regenerating the sensitizer
after electron injection in a liquid−state DSSC, the electro-
reduction reaction of I3

− + 2e→ 3I− can be employed to elevate
the electrocatalytic activity of PANi−graphene complex CEs (see
the inset). Notably, the combination of graphene with PANi
increases the peak current density and decreases the peak−to−
peak separation. The higher peak current densities and lower
peak−to−peak separation suggest an enhanced electroreductive
behavior to I−/I3

− redox couples. It is noteworthy to mention
that the PANi−8 wt ‰ graphene complex CE has the highest
electrocatalytic activity toward triiodide reduction. The increase
in the number of bonding sites between PANi and graphene
in graphene dosage of 1−8 wt ‰ has a promotion effect on
electrocatalytic performance of PANi-graphene complex CE.
However, the resultant PANi-graphene complexes have less bonding
sites because of aggregations of disordered graphene, which results in
a low charge−transfer kinetics between PANi and graphene.
From the stacking CV curves of PANi−8 wt ‰ graphene

complex CE at different scan rates, one can find an outward
extension of all the redox peaks (Figure 7a). Linear relationships
are observed by plotting peak current density corresponding to
I3
− ↔ I− versus square root of scan rate, as shown in Figure 7b.

This result indicates the redox reaction of iodides within PANi−
8 wt ‰ graphene complex CE is controlled by ionic diffusion in
the electrolyte, and the transfer rate of both electrons and ions are
fast enough for the reduction rate of triiodides on the surface of
PANi−8 wt ‰ graphene complex CE. This result also suggests
that the adsorption of iodide species is hardly affected by the redox
reaction on the PANi−8 wt‰ graphene complex CE surface and
no specific interaction occurred between I−/ I3

− and the CE.26

With an aim of further elucidating the catalytic activities of
PANi−graphene complex CEs toward the reduction reaction
of I3

−→ I−, EIS experiments were carried out in a symmetric cell
fabricated by two identical CEs. Nyquist plots in Figure 8
illustrate impedence characteristics of PANi−only and PANi−
graphene complex CEs. According to the equivalent circuit
(inset of Figure 8), the intercept on the real axis represents the
series resistance (Rs). The arc arises from the charge−transfer
resistance (Rct) at CE/electrolyte interface, which changes inversely

Figure 2.UV−vis absorption spectra of graphene, aniline, aniline−8 wt %
graphene mixture, and aniline−graphene complexes diluted in acetone at
graphene dosages of 1, 4, 8, 10, and 15 wt‰.
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with the electrocatalytic activity of CEs on the reduction of
triiodide, whereas W represents the Nernst diffusion impedance
corresponding to the diffusion resistance of I−/I3

− redox species.
Constant phase element (CPE) is frequently used as a substitute
for a capacitor in an equivalent circuit to fit the impedance
behavior of the electrical double layer. These electrochemical
parameters were obtained by fitting EIS spectra using a Z−view
software and summarized in Table 1. There is a good agreement
betweenmeasured and fitted curves. The PANi-8 wt‰ graphene
complex CE has the smallest Rct, indicating the highest
electrocatalytic activity toward triiodide reduction. Moreover,
the order of W, diffusion resistance of I−/I3

−, against graphene
dosage is the same to that of Rct. For the complex CEs at high
graphene dosages, the increased number in covalent bonds can
accelerate the electron transfer from graphene to PANi and

participate in the reduction reaction of triiodides, once the
triiodides are reduced to iodides, they will diffuse to anode/
electrolyte interface for dye recovery. Therefore, the enhance-
ment in electrocatalytic performance by increasing graphene
dosage has an acceleration effect on the diffusion of redox species.
The conclusions for the electrocatalytic activity and diffusion
derived from EIS and CV data are consistent.
Tafel polarization curves were recorded to further reveal the

interfacial charge-transfer properties at the CE/electrolyte
interface, as presented in Figure 9. The larger slope for the
anodic or cathodic branch indicates a higher exchange current
density (J0) on the electrode and better catalytic activity toward
triiodide reduction. Apparently, the obtained J0 from PANi−
graphene complex CEs are larger than that of Pt−only or PANi−
only CE, indicating that the charge−transfer ability has been

Figure 3. (a) Emission spectra of graphene, aniline, and aniline−graphene complexes in acetone at graphene dosages of 1, 4, 8, 10, and 15 wt ‰.
Emission spectra of aniline−graphene complexes at graphene dosages of (b) 1, (c) 4, (d) 8, (e) 10, and (f) 15 wt‰ diluted in organic solvents: acetone,
toluene, and methanol. The excitation wavelength was 500 nm. All the solutions were in their saturation states.
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enhanced by fabricating complexes. In comparison with PANi−only
CE, the enhanced J0 fromPANi−graphene complex derives from the
porous structure and easy charge−transfer, as shown in SEM image
and proposed mechanism.27 The intersection of the cathodic branch
with the Y−axis can be considered as the limiting diffusion current
density (Jlim), depending on the diffusion coefficient of I

−/I3
− couples

in electrolyte, which determined by the diffusion properties of the
redox couple and theCE catalysts.28 The diffusion coefficient (Dn) of
redox couples is in linear with Jlim according to eq 129

=D lJ nFC/2n lim (1)

where l is the spacer thickness and C is the concentration of triiodide
ions. From the stacking tafel curves, it is apparently that most of the

PANi−graphene complex CEs have larger Jlim than that of pure Pt
andPANiCEs.The results suggest enhanceddiffusion kinetics for I−/
I3
− redox species in liquid electrolyte by employing PANi-graphene

complex CEs. And the PANi−8 wt‰ graphene complex CE shows
the highest Dn, which is consistent with CV and EIS ananlysis.
Figure 10 shows the photovoltaic characteristics of DSSCs

from pure PANi and PANi−graphene complex CEs and the
parameters reflecting DSSC properties are summarized in Table 2.
The DSSCs employing PANi-graphene complex CEs achieve
higher Jsc than that fabricated using a PANi−only CE. This
might be attributed to the good dispersion of PANi−graphene
complexes, which provides larger active surface areas for triiodides

Figure 4. FTIR spectra of (a) PANi and PANi−graphene complexes at
graphene dosages of (b) 1, (c) 4, (d) 8, (e) 10, and (f) 15 wt ‰.

Figure 5. SEM photographs of (a) PANi and (b) PANi−8 wt ‰ graphene complex CEs.

Figure 6. CV curves of Pt, PANi, and PANi-graphene complex CEs for
I−/I3

− redox species recorded at a scan rate of 50 mV s−1. The inset is the
figure on magnified CV curves for the first reduction peak in a potential
scale of −0.6−0.25 V.Table 1. Parameters for Equivalent Circuit Obtained by

Fitting EIS Data Using a Z−View Software

CEs
Rs

(Ω cm2)
Rct

(Ω cm2) CPE-T CPE-P W (Ω cm2)

PANi 147.40 188.80 7.78 × 10−4 0.72 8.90
PANi−1 wt ‰
graphene complex

6.03 48.24 2.65 × 10−3 0.71 5.24

PANi−4 wt ‰
graphene complex

6.81 14.64 3.30 × 10−3 0.81 0.81

PANi−8 wt ‰
graphene complex

7.64 4.96 8.41 × 10−3 0.74 0.66

PANi−10 wt ‰
graphene complex

8.74 79.54 1.35 × 10−3 0.72 28.93

PANi−15 wt ‰
graphene complex

3.12 142.20 2.54 × 10−3 0.74 29.22

Pt 23.40 13.00 1.29 × 10−5 0.94 1.75

Table 2. Comparison of Short−Circuit Current Density (Jsc),
Open−Circuit Voltage (Voc), Fill Factor (FF), and Power
Conversion Efficiency (η) in the Resultant DSSCs

photovoltaic parameters

CEs
Jsc (mA
cm−2) Voc (V) FF η (%)

PANi 11.96 0.712 0.73 6.24
PANi−1 wt ‰ graphene complex 13.84 0.726 0.67 6.71
PANi−4 wt ‰ graphene complex 15.68 0.696 0.64 7.03
PANi−8 wt ‰ graphene complex 14.85 0.737 0.71 7.78
PANi−10 wt‰ graphene complex 16.33 0.705 0.63 7.24
PANi−15 wt‰ graphene complex 14.97 0.712 0.65 6.89
Pt 13.93 0.714 0.66 6.52
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reduction. The PANi−graphene complex, prepared at the optimal
condition in this study, improves the charge−transfer ability within
CEs, which is evident in the higher Jsc observed for the DSSCs.
There is a significant enhancement in η of the resultant DSSC, and
the highest η is 7.78% in PANi−8 wt ‰ graphene complex CE

based DSSC in comparison with that of 6.24% from PANi−only
CE and 6.52% frompure PtCE. After performing a comprehensive
analysis of the DSSCs, it can be concluded that the photovoltaic
performance is in agreement with the EIS and Tafel polarization
results.

■ CONCLUSIONS
In conclusion, we have demonstrated that fabrication of
PANi−graphene complex CEs by a reflux technique is an
effective strategy for accelerating the charge transfer with the
complexes. New light−absorbing species and absorption bands
can be detected from the fluorescence excitation and UV−vis
absorption spectra of aniline-graphene complexes. Covalent
bonds between PANi (−NH−) and graphene (−C) are
expected to accelerate the charge transfer. The DSSC from
PANi−8 wt ‰ graphene complex CE provides an impressive
power conversion efficiency of 7.78% in comparison with that of
6.24% from pure PANi CE and 6.52% from Pt CE. The research
presented here is far from being optimized but these profound
advantages along with low−cost synthesis and scalable materials
promise the new PANi−graphene complex CEs to be strong
candidates in robust DSSCs.
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Figure 10. J−V characteristics of DSSCs from pure PANi and PANi−
graphene complex CEs.
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