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ABSTRACT: Composites of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) and reduced graphene oxide (rGO) have been prepared by solution mixing and
applied as electrocatalysts for oxygen reduction reaction (ORR) after treatment with
concentrated H,SO,. The blending of rGO induces the conformational change of PEDOT
chains from benzoid to quionoid structure and charge transfer from rGO to PEDOT. H,SO,,
post-treatment can remove part of insulating PSS from the surface of the PEDOT:PSS/rGO
composite film, resulting in a significant conductivity enhancement of the composite. This
synergistic effect makes the H,SO,-treated PEDOT:PSS/rGO composite a promising
catalyst for ORR. It exhibits enhanced electrocatalytic activity, better tolerance to a methanol

crossover effect and CO poisoning, and longer durability than those of the platinum/carbon

catalyst.
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1. INTRODUCTION

Oxygen reduction reaction (ORR) at the cathodes of fuel cells
or metal—air batteries plays a key role on their electrochemical
performances.'~” Platinum (Pt) and its alloy are known to be
the best ORR catalysts."**~'* However, commercialization of
these catalysts has been greatly precluded by the prohibitive
cost of Pt and their weak durability caused by agglomeration
and/or CO poisoning and a methanol crossover effect. 5710
Recently, metal-free ORR electrocatalysts have been widely
explored for replacement of Pt-based catalysts because of their
low cost, high activity, enhanced stability, and improved fuel
tolerance."' ™' An impressive example is poly(3,4-ethyl-
enedioxythiophene) (PEDOT), an intrinsically conductive
polymer (ICP), prepared by vapor-phase polymerization with
high conductivity, improved structural ordering, and stability,
that exhibited competitive activity and improved durability over
Pt nanoparticles for ORR.>* Heteroatom [nitrogen (N), sulfur
(S), boron, and phosphorus]-doped or co-doped carbon (C)
materials also showed excellent electrocatalytic performances
for ORR."7*° One of the pioneering works was carried out by
Dai and co-workers.”*** They reported that N-doped C
nanotubes and graphene had high electrocatalytic activity for
ORR with enhanced durability. Inspired by these findings,
much effort has been devoted to this field and great progress
has been achieved."*™'® Nevertheless, some major challenges
still retain on the way to the practical applications of these
metal-free catalysts. Particularly, the preparation of these ICP
and/or C-based catalysts usually requires rigorous reaction
conditions, tedious procedures, and special instruments.' '
Thus, the development of a new type of metal-free ORR
catalysts under mild conditions is still extremely desirable and
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can be considered to be one of the highest priorities in the
development of fuel cells and metal—air batteries.

As part of our interest in the development of metal-free ORR
catalysts,”>™>” herein, we report a facile method for the
preparation of ORR catalysts through mixing of aqueous
suspensions of commercially available PEDOT:poly-
(styrenesulfonate) (PEDOT:PSS) and reduced graphene
oxide (rGO), followed by treatment of the drop-casted
composite films with concentrated H,SO,. The design rationale
for the composite catalyst is illustrated in Figure 1.
PEDOT:PSS chains can be assembled onto the surfaces of
rGO sheets through sz-stacking interactions between both
components.”**° Hybridization of PEDOT:PSS with rGO and
the subsequent treatment with H,SO, can significantly increase
the electrical conductivity of PEDOT because of alternation of
the PEDOT resonating ground states through strong 7—7
interaction and segregation and partial removal of PSS chains
from PEDOT:PSS.>"** On the other hand, the positively
charged PEDOT backbones have electron-withdrawing ability
to create net positive charges on rGO sheets via intermolecular
charge transfer. This case is similar to the previously reported
composites of positively charged poly-
(diallyldimethylammonium chloride) (PDDA) and C nano-
tubes or rGO.*>** It was proposed that the positively charged
C atoms on rGO sheets induced by PDDA facilitate O,
adsorption and also can readily attract electrons from the
anode to accelerate ORR.*** Accordingly, the resultant
PEDOT:PSS/rGO composite films are expected to exhibit
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Figure 1. Schematic illustration of the preparation of a PEDOT:PSS/rGO composite and the design rationale for ORR.

synergistically enhanced electrocatalytic activity for ORR.
Furthermore, the solution-processing method developed here
has merits of mild conditions, excellent amenability to
operation, and scalability for industrial utilization.

2. RESULTS AND DISCUSSION

Structures of the PEDOT:PSS/rGO Composites. The
morphologies of rGO and the PEDOT:PSS/rGO composite
were investigated by transmission electron microscopy (TEM)
and atomic force microscopy (AFM). rGO sheets have smooth
surfaces with slight wrinkles (Figure 2a). On the other hand,
the PEDOT:PSS/rGO composite has a homogeneous sheetlike
structure with granular PEDOT:PSS distributed on rGO
surfaces (Figure 2b). AFM images show that the rGO sheets
have an average thickness of 0.9 nm (Figure 2c), whereas the
PEDOT:PSS/rGO composite sheet has an average thickness of
around 5.0 nm (Figure 2d), indicating that PEDOT:PSS was
noncovalently functionalized on the surface of the rGO
nanosheet.”*>°

Raman spectroscopy was employed to study the changes that
occurred at the molecular level upon interaction between
PEDOT:PSS and rGO. As shown in Figure 3a, the pristine
PEDOT:PSS exhibits a prominent peak at 1444 cm™,
corresponding to the C,=C; symmetrical stretching vibration
of the five-membered thiophene rings.>> Upon mixing with
rGO, this peak is red-shifted to 1433 cm™. It is known that
PEDOT has two resonant structures of benzoid and quinoid in
the ground state, in which the benzoid structure is favored for a
coil conformation, whereas the quinoid structure is character-
istic of a linear or expanded coil structure.® Thus, it is
reasonable to conclude that the introduction of rGO induced
the conformational change of PEDOT chains from benzoid to
quionoid structure because of the strong 7-stacking interactions
between PEDOT and the rGO basal plane. This intermolecular
interaction was also supported by monitoring the Raman
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Figure 2. TEM (a and b) and AFM (c and d) images of rtGO (a and c)
and the PEDOT:PSS/rGO composite (b and d).

spectral changes of rGO before and after mixing with
PEDOT:PSS because the G band of rGO is sensitive to
intermolecular charge transfer.** As expected, rGO displays two
dominant peaks at 1348 and 1592 cm™, which correspond to
the D and G bands, respectively.37’3’8 Upon mixing rGO with
PEDOT:PSS, the G band of rGO is blue-shifted by 8 cm™,
indicating intermolecular electron transfer from rGO to
PEDOT. Charge transfer will create net positive charges at
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Figure 3. (a) Raman spectra of PEDOT:PSS, rGO, and PEDOT:PSS/rGO composites before and after treatment with concentrated H,SO,. (b) S
2p XPS spectra of PEDOT:PSS/rGO films before and after treatment with concentrated H,SO,.

the C atoms of the rGO sheets of the composite, facilitating its
electrocatalysis of ORR.>>**

The Raman spectral features of PEDOT and rGO in the
composite are scarcely changed upon treatment with
concentrated H,SO,. To further elucidate the composition
changes of the PEDOT:PSS/rGO composite upon this post-
treatment, X-ray photoelectron spectroscopy (XPS) spectra of
PEDOT:PSS/rGO before and after H,SO, treatment were
recorded (Figure 3b). The S 2p peak with a binding energy of
168.1 eV is the S signal from PSS, whereas those at 163.9 and
165.0 eV are the S 2p bands of the S atoms from PEDOT.*
The intensity ratios of the S 2p peaks related to PEDOT and
PSS increased from 1:2.88 to 1:1.16 after H,SO, treatment,
signifying removal of about 59% PSS from the film surface.
Thus, the significant conductivity enhancement of the
composite upon H,SO, treatment is attributed to partial
removal of the PSS component from the composite film
(Figure S1 in the Supporting Information, SI). It is also clear
that the loss of PSS from the PEDOT:PSS/rGO composite is
less than that of PEDOT:PSS (Figure S2 in the SI). This is
possibly due to the strong interaction between PSS and rGO,
thus suppressing removal of PSS from the PEDOT:PSS/rGO
composite with respect to PEDOT:PSS. The residual PSS
would facilitate adsorption of O, on the rGO surface, being
favorable for ORR, as reported for the sulfonated hyper-
branched poly(ether ketone)-grafted multiwalled C nano-
tubes.® Moreover, Fourier transform infrared spectra of the
PEDOT:PSS/rGO composites before and after H,SO, treat-
ment were recorded. The H,SO,-treated composite exhibits a
weak band near 600 cm™" (Figure S3 in the SI), attributed to
the S—O stretching modes of the sulfate ions.** This
observation suggests that some sulfate ions remain in the
composite film even after careful rinsing with ample water.

Electrocatalytic Activity of the PEDOT:PSS/rGO Com-
posites for ORR. The conductivity enhancement of PEDOT
as well as electron transfer observed in PEDOT:PSS/rGO
would endow PEDOT and rGO with improved electrocatalytic
activities for ORR. Cyclic voltammograms (CVs) in an O,-
saturated 0.1 M KOH solution on H,SO,-treated PEDOT:PSS,
rGO, and PEDOT:PSS/rGO electrodes were collected to
evaluate the possibility of these materials as catalysts for ORR
(Figure 4a). The CVs of these three catalysts show ORR waves
with reduction peaks around —0.43, —0.32, and —0.27 V,
respectively. The onset potentials of ORR were read at —0.30,
—0.21, and —0.16 V, correspondingly. Notably, the PE-
DOT:PSS/rGO composite exhibits much higher cathodic
current density together with positively shifted onset and
peak potentials of ORR with respect to those of the individual
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components. Linear-sweep voltammograms (LSVs) performed
on a rotating disk electrode (RDE) further demonstrated that
the H,SO,-treated PEDOT:PSS/rGO composite has the most
positive onset potential of —0.14 V. The LSV of this H,SO,-
treated composite also shows the strongest limiting diffusion
current at —0.8 V, being about 1.5 times stronger than those of
the H,SO,-treated PEDOT:PSS and rGO electrodes (Figure
4b). Accordingly, H,SO, post-treatment improved the electro-
catalytic performances of the PEDOT:PSS/rGO composite for
ORR. This is mainly due to the conductivity increase of
PEDOT and the further reduction of rGO by concentrated
H,SO, (Figure S4 in the SI), which can further improve the
electron-transfer kinetics, exhibiting synergistic enhancement of
its electrocatalytic activity.

RDE voltammetry measurements at various rotation rates
were performed to explore the mechanism of ORR catalyzed by
the H,SO,-treated PEDOT:PSS/rGO composite. As shown in
Figure 4c, the limiting current density of ORR at the
PEDOT:PSS/rGO electrode increases with the rotation rate
in the range of 400—2025 rpm, indicating that ORR is
controlled by mass diffusion. Moreover, at a given rotation rate,
the limiting current density of ORR at the composite electrode
is much stronger than those at the electrodes of individual
components (Figure S5 in the SI). The Koutecky—Levich (K—
L) equation was applied to estimate the transferred electron
number per oxygen molecule involved in ORR.*' It can be seen
that the K—L plots (j' vs @™"?) have good linearity for
PEDOT:PSS, rGO, and PEDOT:PSS/rGO composite electro-
des at various potentials (Figure S6 in the SI and Figure 4d).
The electron-transfer number (1) for ORR at the composite
electrode was estimated to be 3.3—3.8 at potentials ranging
from —0.4 to —0.7 V, always being higher than those at the
PEDOT:PSS (2.0-2.2) or rGO (2.3—2.8) electrode (Figure
4e). These results demonstrated that the ORR process at the
PEDOT:PSS/rGO composite electrode is nearly a four-
electron pathway, whereas a two-electron process dominates
the ORR reaction on the PEDOT:PSS or rGO electrode.
Rotation ring disk electrode (RRDE) studies were conducted
to further validate the ORR pathway by monitoring the
intermediate peroxide species of HO,™ generated at the disk
electrode in an alkaline medium during the ORR process. As
shown in Figure 4f, all three catalysts generated ring currents
over the potential range from —02 to —0.8 V for ORR.
Notably, both individual components exhibited much stronger
ring currents than the composite at —0.8 V. The HO,™ yields
derived from the RRDE results for PEDOT:PSS, rGO, and the
composite were 74%, 59%, and 33%, respectively, at a potential
of —0.8 V. Accordingly, the electron-transfer numbers (n) were
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Figure 4. (a) CVs of ORR on H,SO,-treated PEDOT:PSS, rGO, and PEDOT:PSS/rGO composites in an O,-saturated 0.1 mol L™' KOH solution
at a scan rate of 100 mV s’ (b) LSV curves of PEDOT:PSS, rGO, and PEDOT:PSS/rGO composites with and without post-treatment by
concentrated H,SO, at 1600 rpm. (c) RDE voltammograms of H,SO,-treated PEDOT:PSS/rGO at different rotating rates in an O,-saturated 0.1
mol L' KOH solution at a scan rate of 10 mV s~%. (d) K—L plots of j~! versus @~"/? obtained from the RDE data at different electrode potentials.
(e) Electron-transfer numbers as a function of the overpotential of H,SO,-treated PEDOT:PSS, rGO, and PEDOT:PSS/rGO composites. (f) RRDE
volatmmograms of H,SO,-treated PEDOT:PSS, rGO, and PEDOT:PSS/rGO electrodes in O,-saturated 0.1 M KOH at 1600 rpm. The ring

electrode was polarized at —0.5 V.

measured over the potential range of —0.4 to —0.7 V to be 2.3—
24 for PEDOT:PSS, 2.7-2.8 for rGO, and 3.1-3.4 for
PEDOT:PSS/rGO, being consistent with the RDE results. All
of these observations described above reflect the synergistically
enhanced electrocatalytic efficiency of the composite catalyst.
The composites with different mass ratios of PEDOT:PSS to
rGO (w/w) were prepared to optimize the electrocatalytic
performances of the composites for ORR based on RDE
measurements (Figures S7—S10 in the SI). It was observed that
PEDOT:PSS/rGO (2:1) exhibits a higher ORR cathodic
current than the other composites with the highest positive
onset potential of —0.14 V. The electron-transfer numbers as a
function of the overpotential for the different composites were
estimated based on the K—L plots, and PEDOT:PSS/rGO
(2:1) has the highest electron-transfer number (3.3—3.8). The
dependence of the onset potential, peak current, and electron-
transfer number on the mass ratios of PEDOT:PSS to rGO
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further proves the synergistically enhanced electrochemical
activities of PEDOT:PSS and rGO in the composite for ORR.**

Durability of the PEDOT:PSS/rGO Composite Catalyst
for ORR. Poor fuel tolerance and CO poisoning are critical
issues for the Pt-based ORR catalysts. To further verify the
remarkable electrocatalytic performances of the composites,
chronoamperometric responses for ORR at the PEDOT:PSS/
rGO and commercial Pt/C electrodes in the electrolyte
containing methanol or CO were illustrated in Figure S. It is
clear that a distinct decrease in the cathodic current was
observed for the Pt/C electrode upon the addition of 3 M
methanol or 10% CO to the O,-saturated electrolyte, whereas
no obvious interference to the PEDOT:PSS/rGO composite
was detected under identical conditions. These results indicate
that the composite catalyst has a stronger tolerance to the
methanol crossover effect and it is insensitive to CO. The
durability of the PEDOT:PSS/rGO composite with respect to
commercial Pt/C for ORR was assessed via chronoamper-

dx.doi.org/10.1021/am405771y | ACS Appl. Mater. Interfaces 2014, 6, 3587—3593



ACS Applied Materials & Interfaces

Research Article

@00
S
= 751
o
3 504 3M methanol
[}
2
T sl —PEDOT/{GO/H,SO,
o —20% PYC
0 T T v T
0 400 800 1200 1600
Time/s
b)100
ES
= 751
@
3
3 10% CO
o 501
2
< 251 ——PEDOT/IGO/H,S0,
o —20% PYC
0 T T r r
0 400 800 1200 1600
Time/s
C)100 {prmmactuniences
BN ety Lo
R
S 801
5
[&]
2
£ 60-
° —PEDOT/'GO/M,S0,
——20% PtC
40 T v y
0 2500 5000 7500 10000
Time /s

Figure S. Chronoamperometric responses of H,SO,-treated PE-
DOT:PSS/rGO and Pt/C at —0.5 V in an O,-saturated 0.1 M KOH
solution with a rotation speed of 900 rpm: (a) 3.0 M methanol added;
(b) 10% CO added; (c) without additional additives.

omieric tests at —0.5 V in O,-saturated 0.1 M KOH at a
rotation rate of 900 rpm. As revealed in Figure Sc, the
composite exhibits very slow attenuation with a high current
retention of 95% after 10000 s. In sharp contrast, the
commercial Pt/C shows a much faster current decrease with
80% retention, indicating that the PEDOT:PSS/rGO electro-
catalyst is much more stable than the commercial Pt/C catalyst.

3. CONCLUSIONS

We have developed a solution-processed method for fabrication
of the metal-free ORR electrocatalyst via a simple solution
blending of PEDOT:PSS and rGO combined with a facile
H,SO, post-treatment process at room temperature. The
resultant PEDOT:PSS/rGO composite exhibits synergistically
enhanced ORR electrocatalytic activity with a quasi-four-
electron pathway, better tolerance to the methanol crossover
effect and CO poisoning, and improved durability over that of
the Pt/C electrode. We believe that the present findings not
only will provide an important clue to developing metal-free
ORR catalysts based on the solution assembly of conducting
polymers but also can be further extended to develop
conducting polymer/rGO composites for other electrochemical
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applications, such as sensors and energy storage and conversion
devices.

4. EXPERIMENTAL SECTION

Synthesis of GO. GO was prepared by the modified Hummers’
method.*® Briefly, graphite powder (325 mesh, 3.0 g) was slowly
added to concentrated sulfuric acid (70 mL) in a beaker under
constant stirring at room temperature, and then sodium nitrate (1.5 g)
was added. The beaker was transferred to an ice bath for cooling to 0
°C under vigorous agitation, and potassium permanganate (9.0 g) was
then added slowly to keep the temperature of the suspension lower
than 20 °C. Subsequently, the reaction mixture was taken from the ice
bath and transferred to a 35—40 °C water bath with stirring for about
0.5 h to form a thick paste. Then 140 mL of water was dripped into
the mixture, and the solution was stirred for another 15 min. An
additional 500 mL of water and 15 mL of H,0, (30% aqueous
solution) were added to terminate the reaction, turning the solution
from brown to yellow. The solution was filtered and washed with a
1:10 HCI aqueous solution to remove metal ions followed by washing
with ample water to remove the residual acid. The resultant solid was
then dispersed in distilled water under an ultrasonication bath to make
a GO aqueous suspension. The obtained GO was purified by repeated
centrifugation at 4000 rpm and then dialysis for 1 week to remove
graphite oxide particles and the residual metal species. The final pure
aqueous GO was diluted to the desired concentration for subsequent
applications.

Synthesis of rGO. rGO was prepared under alkaline conditions
according to the reported method.** Briefly, the as-prepared GO was
diluted by distilled water to 1 mg mL™". A total of 100 mL of a yellow-
brown GO suspension (1 mg mL™") mixed with a 1 mL KOH solution
(8 M) was poured into a serum bottle. Then, the solution was
submitted to a mild sonication (25 W, 40 kHz) at a constant
temperature of 80 °C for 6 h. The resultant black suspension was
purified by repeated centrifugation and washing with distilled water to
obtain rGO for subsequent characterization.

Preparation of the Electrodes. A total of 10 uL of the
PEDOT:PSS/rGO mixed solution (1 mg mL™') with a given
composition was drop-casted onto a glassy carbon (GC) electrode
and dried under room temperature. Then the as-prepared modified
electrodes were treated with concentrated H,SO, for 1 h.
Subsequently, the electrodes were rinsed with deionized water to
remove H,SO, and dried under ambient conditions. For RDE and
RRDE voltammograms, 30 yL of the mixed solution was drop-casted
onto the surface of the disk electrode (disk area = 0.25 cm® and ring
area = 0.19 cm?) followed by the treatments outlined above.

Characterizations. TEM images were collected on a H-76501B
(Hitachi) transmission electron microscope. AFM images were
obtained using a Nanoscope III MultiMode SPM (Digital Instru-
ments). XPS was performed using an ESCALAB 250 photoelectron
spectrometer (ThermoFisher Scientific) with Al Ka (1486.6 eV) as the
X-ray source set at 150 W and a pass energy of 30 eV for a high-
resolution scan. Raman spectra were recorded on a RM 2000Micro-
scopic confocal Raman spectrometer (Renishaw PLC, England) using
a 514 nm laser beam. The electrical conductivities were measured
using a four-probe conductivity test meter (KDY-1, Kunde
Technology Co., Ltd.) at room temperature.

Electrochemical Measurements. Electrochemical measurements
were carried out in a typical three-electrode cell on a potentiostat
(CHI 760D, CH instrument, Inc.) using a Pt wire as the counter
electrode and Ag/AgCl (KCl saturated) as the counter electrode. The
catalyst-modified GC electrode was used as the working electrode with
a 0.1 M KOH aqueous solution as the electrolyte for ORR. The
electrolyte solution was bubbled with N, or O, for 30 min before each
measurement to ensure that the solution was O,-free or saturated and
kept bubbling throughout the tests. RDE or RRDE voltammetry was
performed on a MSRX electrode rotator (Pine Instrument) coupled
with a CHI 760D potentiostat at a scan rate of 10 mV s™".
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