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In this study nanocomposite ﬁlms of PtW nanoparticles deposited on a poly
ethylen dioxy thiophene/graphene nanoplates/gas diﬀusion layer (PEDOT/GNP/
GDL) electrode are fabricated via an electrochemical route involving a series of
electrochemical process. GNPs are in situ reduced on carbon paper covered with
3, 4 ethylen dioxy thiophene during the in situ polymerization of EDOT. PtW
nanoparticles 18.57nm in average size are prepared by electrodeposition on the
surface of PEDOT/GNP/GDL. Field emission scanning electronic microscopy
(FESEM) images showed spongy aggregates of PEDOT densely cover the surface
and edges of the GNP layers, implying the existence of a strong interaction between
PEDOT and GNP. Based on electrochemical characterization, it was found that
the as prepared electrode exhibited comparable activity for the methanol oxidation
(MEOH) reaction with respect to commercial Pt/C/GDL based on the traditional
sprayed method. A signiﬁcant reduction in the potential of the CO electro-oxidation
peak from 0.92V for Pt/C to 0.75V for the PtW/PEDOT/GNP/GDL electrode
indicates that an increase in the activity for CO electro-oxidation is achieved by
replacing Pt with PtW. This may be attributed to structural changes caused by
alloying and the increased conductivity and high speciﬁc surface area of PEDOT
and GNPs catalyst support, respectively. CV scanning results showed that the PtW/
PEDOT/GNP/GDL electrode has greater stability than the Pt/C/GDL electrode
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1. Introduction
Proton exchange membrane fuel cells (PEMFCs)
have drawn a great deal of attention as energy
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conversion devices in recent years due to their high
eﬃciency and low/zero emissions. Direct methanol
fuel cells (DMFC) have been attracting huge research
interest as power sources for vehicles and portable
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electronic devices [1-4]. However, to become
commercially viable, PEMFCs have to overcome the
barrier of high catalyst cost caused by the exclusive
use of platinum and platinum-based electrocatalysts
[5, 6] in both oxidation of fuel and reduction of
oxygen at the fuel-cell electrodes. Recently, many
researches about fuel cells have been dedicated to
the electrode material, including various forms of
carbon, transition metal oxides, and conducting
polymers, relating to the development of bimetallic/
alloy Pt–based electrocatalysts [7-14]. Among the Pt
alloys, the PtRu system has been the most extensively
investigated for DMFC applications. However, there
is increasing interest in the exploration of other Pt
alloy systems involving metals such as Ni, Fe, Sn,
Mo, Os and W [15-20]. Recently high throughput
combinatorial studies have demonstrated that PtW
alloy ﬁlms present superior catalytic activities in
methanol oxidation [21-23]. Based on these literature
ﬁndings, we deem it meaningful to explore the
carbon supported PtW catalysts eﬀective for DMFC
applications. In comparison with other Pt bimetalic
electrocatalyst samples, PtW oﬀers several beneﬁts:
(i) the amount of Pt can be reduced dramatically
due to the low Pt content (~35 wt%) in a PtW (1:2)
bimetallic catalyst, whereas other PtM bimetallic
electrocatalyst (with a Pt:M of 3:1, where M = Co,
Ni, etc.) have Pt contents of more than 90 wt%; (ii)
a PtW electrocatalyst will not damage a fuel cell
even if it diﬀuses to the anode due to dissolution;
in another words, W has high tolerances towards
anode catalyst poisons [24]; and (iii) a recent study
showed that W itself is utilized as a catalyst for H2O2
decomposition, thus PtW eﬀectively inhibits naﬁon
membrane damage due to H O formation [25].
Furthermore, the catalytic performance of DMFC
depends on the nature of its support material and
preparation techniques. Conducting polymers
(CPs) have received much attention owing to their
high surface area, high electrical conductivity,
and high stability [26]. Electrically conducting
polymers have also been intensively investigated as
electrode materials because of their electrochemical
reversibilities, fast switching, high conductivity,

mechanical ﬂexibility, low toxicity, and low cost
[27-29]. Given their conductive and stable three
dimensional construction, CPs can act as appropriate
supports for low temperature fuel cell catalysts.
Unlike carbon and ceramic materials where the
catalyst is localized on the support surface (2D),
in conductive polymer support the catalyst can be
also dispersed inside the matrix (3D) depending
on the deposition method, catalyst loading, and
polymer thickness [30]. Conducting polymer/
metal–nanoparticle composites allow a facile ﬂow
of electronic charges through the polymer chain
during the electrochemical process. Moreover, CPs
provide a low ohmic drop for the electron transfer
between the metallic catalyst and the supports.
CPs with porous constructions and high surface
areas are employed as a matrix to integrate metallic
catalysts for some vital electrochemical reactions
used for application in fuel cells such as methanol
oxidation [30]. Among conducting polymers, poly
3,4-ethylenedioxythiophene (PEDOT) can be used
as the active electrode material due to its remarkably
high conducting and unusual environmental stability
in PEMFC condition [31]. Composites of PEDOT
and several kinds of carbon nanomaterials, i.e,
CNTs and graphene, are usually prepared to improve
electrochemical performance [32-35]. Lota et al.
reported the capacitance properties of PEDOT/
CNT composite material in 2004 [36]. Chen et
al. synthesized core-shell PEDOT/poly (sodium
4-styrenesulfonate) / CNT as an electrochemical
supercapacitor [37]. Chu et al. [38] synthesized
PEDOT-modiﬁed graphene composite materials as
ﬂexible electrodes for energy storage and conversion
applications. Hence, PEDOT is viewed as a suitable
candidate for energy storage applications on
nanocarbon surfaces.
Graphene, a one-atom thick layer of sp carbon
atoms ﬁrmly packed into a honeycomb lattice,
have potential application as a catalyst support in
DMFCs owing to its high surface areas, supreme
electric conductivities, and distinguished mechanical
properties. As described in our previous paper [39],
the acute problems associated with the investigation
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of graphene sheets as catalyst support in chemical
method, speciﬁcally irreversible agglomerates of
reduced graphene sheets because of Vander Walls
interaction and even recumulate to form graphite
in the reduction from graphene oxide suspension
or drying procedures, have been resolved using an
electrochemical reduction system. Moreover, it is
vital for the Pt particles to be located in the threephase reaction zones. In the conventional chemical
method the inactive sites are not in good contact with
the electrolyte phase; consequently, the catalyst is
not fully utilized. Electrodeposition as a green in-situ
method oﬀers a unique way to deposit many metals,
selectively, at desired sites in the substrate through
simply controlling the nucleation and growth of
the metal nanoparticles. Using this method insures
that the catalyst ions in the plating bath would pass
through the electrolyte to the support materials and
be deposited on those regions where protonic and
electronic conduction coincided. More information
about the electrochemical method as a green in-situ
method in reducing the graphene oxide to graphene
nanoplates and electrodeposition of catalyst on
substrate can be ﬁnd in our previous work [39].
In this study, 3 principle approaches have been
explored to reduce the cost of fuel cell catalysts: (i)
increase Pt catalytic activity and reduce Pt content
through alloying with other transition metals such
as W, (ii) Enhancement of electrocatalytic eﬃciency
by using high electrically conductivity and more
stable support, and (iii) Improve Pt utilization
by both increasing the surface area/dispersion of
Pt nanoparticles using high-surface area support
and using the galvanostatic electrodeposition
method. These approaches eﬀectively create
electrocatalysts with robust activity towards the
methanol oxidation reaction. Accordingly, this study
focuses on the electrodeposition of bimetallic PtW
on reduced graphene nanoplates (GNPs) on the gas
diﬀusion layer (GDL, carbon paper) in PEDOT
electropolymerized in constant voltage, here after
known as the PtW/PEDOT/GNP/GDL electrode.
Compared to our previous study [39], this new
research proposes a design to enable synergistic
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eﬀects in GNP, PEDOT, and PtW by using PtW
as a more eﬀective electrocatalyst for DMFC
application. PtW is more eﬀective due to its high
tolerances towards anode catalyst poisons, while
PEDOT is a conductive polymer which may favor
adhesion onto the graphene surface and is highly
conductive which is beneﬁcial for electronic and
ionic transport.

2. Experimental
2.1 Materials
Most of the material used in this work are
similar to our previous work [39] except for
Tungsten chloride (99.999%), 3, 4(ethylene dioxy
thyophene, 97%), sodium dodecyl sulfate (SDS)
which were all obtained from Sigma Aldrich,
and CO (99.99%) gas which was purchased from
Canadian Sigma Inc.
2.2 Methods
2.2.1 Electro- polymerization of EDOT on GNP

An electrolyte of 0.1M H2SO +0.01M EDOT
+0.01M SDS was used for PEDOT deposition. The
electrodeposition was carried out potentiostatically
at 0.9V as reported by Patra et al. [40]. The solubility
problem of the monomer (EDOT) in water was
resolved by adding chosen surfactants, which can
be anionic, such as sodium dodecyl sulfate (SDS)
[41, 42]. Also as reported in the literature, the SDS
exhibited an electrocatalytic eﬀect, characterized
by a decrease of the EDOT oxidation potential (the
oxidation potential of thiophene (1.8 V) is higher
than that of water (1.23V) [43], which may result
from strong electrostatic interactions between the
EDOT cation radical and SDS anions [41]. Fig.
1 shows the quantity of PEDOT deposited on the
substrate.
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Fig. 1. The quantity of PEDOT deposited on the substrate

2.2.2 Synthesis of PtW Nanoparticles on PEDOT/GNP
based Carbon Paper

The procedure of the synthesis of PtW nanoparticles
on PEDOT/GNP based carbon paper are the same as
our previous work [39] with only slight changes as
explained below:
The PEDOT/GNP on GDL served as a cathode and
the Pt foil as an anode electrode. Electrodeposition
was performed in a plating bath containing a solution
of 4mM H Pt Cl .6H O + 10mM WCl dissolved
in 0.5 M NaCl. The concentration values of 4mM
for H PtCL .6H O and 10mM WCl were selected
because in these concentration the optimum atomic
ratio of 1:1 PtW were found to provide the highest
performance (not bring here). Total amount of charge
was 1,200mCcm-2 (Fig. 2).
It must be mentioned that the chemical preparation of
graphene oxide (GO), electrode preparation, and in
situ electrochemical reduction of graphene nanoplates
(GNP) were conducted in the same manner as our
previous published work and the details are reported
in [39]. In brief this study involved three chemical
electrochemical procedures. Exfoliated graphene
oxide was ﬁrst prepared by using the modiﬁed
method of Hummers and Oﬀeman [44, 45]. The
nanocomposite ﬁlm of PtW nanoparticles deposited
on the electropolymerized PEDOT on the exfoliated
graphene sheet/carbon paper was then obtained using

a two successive electrochemical reduction and
deposition routes.
2.3 Characterization
All of the equipment used to analyze the characteristics
of the samples are the same as reported in our
previous work [39]. Additional items are as follows:
The electrical conductivity of the ﬁlm samples was
measured on a ZCLT3A using a four point
conﬁguration. The electrochemical reduction of
graphene, electropolymerization of EDOT, and PtW
electrodeposition as well as cyclic voltammetry
measurements, methanol oxidation and CO stripping
experiments were carried out using a potensiostat/
galvanostat model Iviumstat XRi electrochemical
Interface System.

3. Results and discussion
3.1 Fabrication of Electrochemically Reduced
Graphene Nanoplates (GNP) on a Carbon based
Electrode
The resultsof the fabrication of electrochemically
reduced GNP on a carbon based electrode have been
discussed in a prior paper [39]. Only the number of
CV scans in the electrochemical reduction of GO
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Fig. 2. The quantity of PtW deposited on the substrate

Fig. 3. Cyclic voltammetry curves of GNP ﬁlm on carbon paper electrode in the aqueous solution of 0.1M KCl at a scan rate of
10 mVs-1 for 10 segments

in the former was 5, while the present work was
conducted in 10 segments (Fig. 3).
3.2 Deposition proﬁle of PEDOT on electrode
surface
The electrochemical procedures used for EDOT
polymerization were ﬁxed potentials of 0.9V vs.
SCE during 300s. The deposition of PEDOT polymer
at the electrode surface is indicated by the increase
in the charge from 0 to 110mC for 300s (Fig 4.) This
condition is expected to ensure the polymerization of
the monomer but avoid the degradative cross-linking

reactions that typically take place at higher potentials.
Uniform, adherent, insoluble, and dark-blue polymer
ﬁlms grew on the surface of the electrode. Fig. 4
shows the resulting chronoamperogram obtained for
the oxidation of a 1mM EDOT aqueous solution with
10Mm SDS. The electrodeposition curve of PEDOT
from a monomer solution at a constant potential of
0.9V for 300s shows a trend characteristic of thiophene
oxidation [46]. As soon as the potential is applied the
current rises spontaneously and a peak is observed at
0.45 mA due to the double-layer capacitance charge,
which is immediately followed by an exponential
decay. The current density stabilizes at 0.15mAcm2
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for PEDOT electropolymerization in the presence of
SDS. In fact, a plateau corresponds to polymerization
and the smooth deposition of the PEDOT ﬁlm on
the electrode surface for the subsequent duration of
deposition. A similar trend for current–time transient
was observed by others [47] for EDOT-oxidation and
electropolymerization in a protonic organic electrolyte.
The CV curves of the PEDOT/GNP/GDL and
GNP/GDL electrode in 0.1M KCl solution with a
scanning rate of 50mVcm-1 are displayed in Fig. 5.
The electrodes were cycled between0.24V and 1.2V.
Generally, the rectangular shape of CV curves (no
oxidative or reductive peak) explains the typical

behavior of the electrical double layer (EDL) capacitive
behavior [48]. As can be seen in Fig. 5, the curves of
the electrodes in the current study exhibit oblique
and narrow CV loops. This behavior is attributed to
the poor electrolyte/electrode interfacial contact [49,
50]. However, the closed CV loop of the GNP/GDL is
very small signifying low capacitance value due to the
deﬁcient of electroactive sites on the surface. Whereas,
the PEDOT/GNP/GDL illustrates a larger closed CV
loop compared with GNP/GDL revealing higher EDL
capacitance values. The explanation agreed with the
calculated capacitance value of the polymers from the
CV measurement.

Fig. 4. Chronoamperograms recorded for oxidation of a 0.01 M 3,4-ethylendioxythiophene solution in 0.1M H SO4 +0.01 M SDS
on PEDOT/GNP/GDL electrode by applying a constant potential 0f 0.9V for a polymerization time of 300s

Fig. 5. The CV curves of PEDOT/GNP/GDL and GNP/GDL electrode in 0.1M KCl solution with a scanning rate of 50mVs -1
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3.3 Topography of electrodes
Figure 6 shows an AFM image of PEDOT polymerized
on graphene nanoplates along with corresponding
height proﬁle. As seen from the Fig. 6, PEDOT
closely covers the surface and the edges of the GNP
layers during the in situ electropolymerization of
3,4-ethylenedioxythiophene. Explanation about the
AFM image of the GDL surfaces with and without
graphene nanoplates produced by electrochemical
reduction from dispersed graphene oxide were given
in [39].
3.4 Morphology and Structural Characterization
of Prepared Electrode
Fig. 7 shows the FT-IR spectra of PEDOT
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electropolymerizied on GNPs. In the PEDOT/GNP/
GDL electrode the successful formation of PEDOT
on GNP is evidenced by the presence of peaks at
1513, 1540, 1556 ,1650 and 1330cm-1 (C = C and C- C
stretching vibrations of the thiophene ring), 1064
and 1089cm-1 (C- O- C bond stretching), and 981,
844, and 667cm-1 (C -S bond in the thiophene ring)
[51]. The peak at 1513cm-1, which is related to the
asymmetric C = C stretching vibration of the quinoidal
structure originating from the thiophene ring, was
clearly observed. Additionally, the stretching of C=C
in the thiophene ring is related to the peak around
1461cm-1 to 1833cm-1 [52-55]. The peak at 1330cm-1
in the literature [56] is the C-C stretching mode,
which shifted to 1336cm-1. The peaks at 1207 and
1137 cm-1 are attributed to the vibration modes of the
ethylenedioxy group in the molecule of PEDOT [57].

Fig. 6. AFM topography images of electropolymerizied PEDOT on GNP

Fig. 7. FT-IR spectra of PEDOT on in situ reduced graphene nanoplates harvested from the carbon paper substrate
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The C-O-C deformation modes, which are reported
at 1060 and 1086 cm-1 in the literature, shifted to
1064 and 1089cm-1, respectively. C-S bonds in the
thiophene ring are seen in 667, 844, and 981cm-1.
The oxyethylene ring deformation ﬆretching mode,
which was reported at 840cm-1 in the literature,
was seen at 844cm-1. Finally, the symmetric C-S-C
deformation, which was reported at 691cm-1 in
the literature, appeared in 667cm-1 [56]. Thus, the
discrepancies in above-mentioned peaks suggeﬆed
that the PEDOT was successfully grown on the
subﬆrate. The FTIR spectra of the priﬆine graphite,
graphene oxide (GO), and electrochemical reduced
GNPs were to a great extent reported in our previous
work [39].
Fig. 8 shows the typical Raman spectra of PEDOT
polymerized on GNP/GDL. The Raman spectrum of
the PEDOT/GNP/GDL electrode reveals the main
peaks of PEDOT to be 1436cm-1 (C=C symmetric
ﬆretching) and 1512cm-1 (C=C asymmetric
ﬆretching). The G and 2D peaks were observed at
1588 and 2614cm-1, respectively. However, the
characteriﬆic peaks of PEDOT in the region of
D and G peaks make it diﬃcult to conﬁrm these
peaks in the hybrid electrode. The Raman bands,
which show the fundamental vibrations modes of
PEDOT, were located at 1364, 1432 and 1512cm-1.
They are assigned to the single C-C ﬆretching,
C=C symmetric ﬆretching, and C=C asymmetric
ﬆretching, respectively [58, 59]. The Raman

spectrum of GO and GNP were also reported in [39].
Fig. 9 shows the X-ray diﬀraction patterns of the
PtW/PEDOT/GNP/GDL and Pt/C/GDL electrodes,
which reveal the diﬀraction peaks of both carbon and
platinum. The sharper and narrow diﬀraction peaks at
2θ=26.53 ͦ (002) and 54.507 ͦ (004) are characteriﬆics
of the parallel graphene layers in the PtW/PEDOT/
GNP/GDL electrode, which indicate the highly
graphitic and cryﬆallinity ordered ﬆructure of GNP
in planes of (002) and (004), respectively, while a
ﬆrong peak at about 2θ=26.45 ͦ in the Pt/C/GDL
electrode could be attributed to XC-72 carbon present
in commercial Pt/C of the fuel cell earth.
High resolution XRD spectra obtained over the range
2θ=35-90 ͦ from the electrodes are given in Fig 9.b.
The peaks at the Bragg angles of 41.46 ͦ, 45.48 ͦ,
69.28 ͦ, and 86.77 ͦ corresponds to the (111), (200),
(220) and (222) cryﬆalline plane diﬀraction peaks,
respectively. All peaks can be indexed as the Pt face
centered cubic (fcc) phase. The formation of PtW
alloy in the PtW/PEDOT/GNP/GDL electrode was
conﬁrmed by a slight shift of XRD patterns to higher
angles due to the contraction of lattice relative to the
Pt/C/GDL electrode, signifying that the interatomic
diﬆance of platinum has been diminished by
replacement of the smaller W atom into the Pt lattice
(Table1). Furthermore, there were no well-deﬁned
diﬀraction peaks conforming to the presence of any
metallic W or oxide phases. This is possibly because
the W loading was relatively low and any metal

Fig. 8. Raman spectrum of PEDOT on GNP
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(a)

(b)
Fig. 9. X-ray diﬀractograms of the a)PtW/GNP/GDL and Pt/C/GDL electrodes, b) High resolution XRD spectra obtained over
the range 2θ=35-90 from the electrodes
Table 1. Chemical composition and structural parameters of Pt/C/GDL and PtW/PEDOT/GNP/GDL electrodes, EDS composition,
lattice parameters (nm), W atomic fraction in the alloy(x), and crystal size.
Electrode

Lattice
EDS composition
(Pt/W)
parameter/nm

x

2θ

cryﬆallite size
(XRD)/nm

d-spacing/nm

Pt/C/GDL

-

0.3907

0

-

39.4

4.20

0.2256

PtW/PEDOT/GNP/GDL

59:41

0.3690

0.131

0.28

41.46

18.57

0.2176

W species present were greatly dispersed or were
amorphous and therefore could not be identiﬁed. The
peaks of the as prepared PtW/PEDOT/GNP/GDL
electrode are sharper than those of the Pt/C/GDL
electrode, demonstrating that they have larger particle
sizes than the commercial supported platinum. The

average size of Pt particles were considered from the
Debby-Scherrer equation using the full width at half
maximum (fwhm) of the (111) reﬂection. Pt (111)
plane was chosen for Scherrer analysis because it has
the highest intensity value.
Considering that Vegard’s law applies to the
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PtW/PEDOT/GNP/GDL electrode, the degree of
alloying and W atomic fraction in the PtW alloy (x)
according to the variation of lattice parameter on
cobalt content was calculated from the expressions
below:
a  a0
ac  a0

(1)

x  X a  xc

(2)

Xa 

Where a0 and ac are the lattice parameter of supported
platinum (0.3907nm) and the lattice parameter
assuming that all the tungﬆen is alloyed (0.3164nm),
respectively [60]. a is the experimental lattice
parameter of PtW (0.3690nm), and xc is the W
atomic fraction (0.47) in the PtW catalyﬆ. The values
of Xa and W atomic fraction in the alloy (x) are
presented in Table 1.
Fig. 10 shows the surface morphology of the in

(a)

situ reduced graphene nanoplates on carbon paper,
the PtW electrodeposited on PEDOT coved in situ
reduced graphene nanoplates on carbon paper, and the
Pt/C nanoparticles sprayed on the carbon paper. Fig.
10(a) shows the SEM image of GNP, which displays
an ensemble of two-dimensional micrometer-sized
graphene plates with obvious spacing among the
plates. A relatively high density of in situ reduced
graphene nanoplates over all the surface of the
ﬁbers of the carbon paper subﬆrate is seen from
Fig. 10(a). Fig. 10(b) shows the FSEM after the
electrodeposition of PEDOT on the GNP/GDL and
illuﬆrates that many white particulates have grown
on the wrinkled sheets of the graphene. Sponge and
porous morphology can be observed in Fig. 10(c)
after coating PEDOT on the graphene plates on GDL
to form the PEDOT/GNP/GDL.These aggregates of
PEDOT densely cover the surface and the edges of
the GNP layers, implying the exiﬆence of a ﬆrong

(b)

(c)

(d)

Fig. 10. FE-SEM images of the a) in situ reduced graphene nanoplates on carbon paper b,c) electropolymerized PEDOT on GNP
d)PtW electrodeposited on PEDOT/GNP/GDL
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interaction between PEDOT and GNP. The highmagniﬁcation FSEM image in the inset of Fig.10(c)
reveals the sheet-like spongy ﬆructure of PEDOT,
which is approximately several hundred nanometers
in particle size. Fig. 10(d) shows the SEM image after
the electrodeposition of PtW catalyﬆ on PEDOT/
GNP/GDL, and there are spherical PtW particles on
the PEDOT/GNP/GDL with a higher density. Fig.
11 compares the SEM images of PtW/PEDOT/GNP/
GDL and Pt/C deposition on GDL.
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solution. Oxygen, S and F are also derived from
Naﬁon. A small segment of oxygen may be resulting
from the incomplete reduction from graphenen oxide
to graphene. In addition to Pt, W, O, C and F, the
element of Si and K were noticed as well. The ﬆrong
peak of Si is due to the silicon subﬆrate used in
FESEM analysis. The relatively trivial amount of K
observed in the EDS image is basically from the KCl
electrolyte used in the plating bath. The exiﬆence
of a sulfur element for PEDOT/GNP/GDL conﬁrms
again the successful polymerization of EDOT.
3.5 Electrical conductivity of the nanocomposite
The electrical conductivity of the ﬁlm samples of
GNP/GDL and PEDOT/GNP/GDL was measured
on ZCLT3A using a four point conﬁguration
method according to ASTM Standards F43-93 at
room temperature. The results showed considerable
conductivity for 3, 4 ethylen dioxy thiophene on
nanoplates of graphene on a gas diﬀusion electrode
with the value of 56 S/cm with respect to the
nanplates of graphene on a gas diﬀusion electrode
with the value of 43 S/cm.
3.6 Electrochemical analysis

Fig. 11. SEM images of the (up) PtW/PEDOT/GNP/GDL
(down) Pt/C nanoparticles on ﬁbers of carbon paper

Further
characterization
on
the
PEDOT
synthesized on the GNP in the electrochemical cell,
complementary to FTIR measurements, was carried
out using EDS. Fig. 12 shows the typical EDS
pattern of the PtW/PEDOT/GNP/GDL electrode. It
shows that the prepared electrode contains both of Pt
and W elements. The EDS pattern shows that C, O
and F are the major portion of spectra. The C signal
comes from the graphene nanoplates and Naﬁon

Fig. 13 shows typical ﬆeady–ﬆate cyclic
voltammograms of Pt/C/GDL and PtW/PEDOT/
GNP/GDL electrodes prepared using galvanoﬆatic
pulse electrodeposition. For cyclic voltammetry
(CV) measurements, the working electrode was
immersed in 0.5 M H2SO4 solution saturated by
high purity (99.9995%) nitrogen with the potential
range between -0.24 and 1.2V vs Ag/AgCl (saturated
KCl). The scan rate was set at 50mVs-1. Before the
experiment a Naﬁon solution was impregnated to
develop the three-dimensional reaction zones in the
electrode. All given potentials were converted and
reported in the reversible hydrogen electrode (RHE)
scale.
The electrochemical Pt surface areas of catalyﬆs
(SESA), the real speciﬁc area, SCSA(m2g-1) (one of the
moﬆ important parameters characterizing the surface
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Fig. 12. EDX pattern of PtW deposited on PEDOT/GNP/GDL

Fig. 13. Cyclic voltamograms of PtW/PEDOT/GNP/GDL and Pt/C/GDL in 0.5M H 2SO4 solution scan rate: 50 mVs-1
Table2. Electrochemical surface area of Pt/C/GDL and PtW/PEDOT/GNP/GDL electrodes in N 2 saturated solution of 0.5M H2SO4
Electrode

Pt loading /mgcm-2

SESA/m2Ptmg-1Pt

SCSA/ m2Ptmg-1Pt

Pt/C/GDL

1

35.37

66.75

53

PtW/PEDOT/GNP/GDL

0.57

14.48

15.09

96

of solid electrodes for the crystallites), and the Pt
utilization eﬃciency were determined by equations
presented in a former work [39]. Table 2 presents the
corresponding calculated values of SESA, SCSA and
γPt.
It must be mentioned that the real chemical surface
area is diﬀerent from the geometric area. In contrast to
liquid electrodes (i.e. mercury), the surface of a solid
electrode is always not smooth and its real area
exceeds the geometric one [61]. In the case of

γ

electrocatalytic materials the SCSA may even be 1000
times greater that the geometric area [62] and this
diﬀers for diﬀerent electrodes.
The real chemical surface area (SCSA) of the prepared
electrocatalyst can be calculated using Eq. 3:
SCSA 

6  103
d

(3)

Where ρ is the density of Pt (21.4 gcm-2) and d is the
mean diameter of the Pt nanoparticles obtained from

Iranian Journal of Hydrogen & Fuel Cell 1(2019) 39-58
XRD (in nm).
The compression of cyclic voltammograms of Pt/C/
GDL and PtW/PEDOT/GNP/GDL electrodes in
Fig.13 shows that tthe double-layer thickness of
the PtW/PEDOT/GNP/GDL electrode is somewhat
inferior than the Pt/C/GDL electrode due to the
addition of W. Moreover, the current density of the
hydrogen release region increases with the addition
of W, revealing the change in electrochemical active
surface area with the addition of W within the
catalyst. The electrochemical surface areas (ESA) of
Pt/C/GDL and PtW/PEDOT/GNP/GDL electrodes
are tabulated in Table 2. It can be seen that the
bimetallic PtW/PEDOT/GNP/GDL electrode had
a lower Pt surface area (15.09 m2.mgPt-1) than the
monometallic Pt/C/GDL electrode (66.75 m2.mgPt-1).
This was predictable because some Pt surface atoms
are covered by W atoms. However, the PtW/PEDOT/
GNP/GDL electrode depicts greater utilization than
the Pt/C/GDL electrode. This behavior has been
reported by others in Pt-Co [63], Pt-Pd systems
[13], etc. It is clear that nanoparticles in the PtW/
PEDOT/GNP/GDL electrode were deposited
favorably on electrochemically more active sites, i.e,
PEDOT covered graphene edges and torsions, giving
escalation to a strong interaction with the substrate
and a deterministic increase of utilization eﬃciency.
To the best of our knowledge, such utilization, (96%)
for the PtW alloy considering the mean particle size, is
outstanding when compared to the published results.
The smaller electrochemical surface area value of
the PtW/PEDOT/GNP/GDL electrode in comparison
to the Pt/C/GDL electrode can also be explained by
XRD results. The reduced Pt surface area of the PtW/
PEDOT/GNP/GDL electrode is consistent with its
higher particle size produced by alloying.
3.7. Performance Evaluation of Catalyst through
the Methanol Oxidation Reaction (MOR) and CO
Tolerance
Fig. 14 displays the cyclic voltammograms for the
PtW/PEDOT/GNP/GDL and commercial Pt/C/GDL
recorded in 0.5M H2SO4+1M CH3OH at a scan rate
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of 50mVs-1. As can be seen, the ﬁrst methanol
electro-oxidation peak potential in the forward
scan is located at around 0.69V for PtW/PEDOT/
GNP/GDL, which is slightly lower than that of the
Pt/C/GDL ( 0.71V), suggesting higher activity for
methanol oxidation on the PtW/PEDOT/GNP/GDL
electrode. Also, the PtW/PEDOT/GNP/GDL catalyst
displays a particularly higher current density of
4.45 mAmgPt-1 at a lower onset of 0.21V potential
compared with that of 3.61 mA mgPt-1 and 0.43V
for the Pt/C/GDL electrode, demonstrating that
PtW/PEDOT/GNP/GDL exhibits a higher catalytic
activity for methanol electro-oxidation than Pt/C/
GDL. In addition, the observation of much higher If/
Ib values on PtW/PEDOT/GNP/GDL (1.82 vs 1.78
on Pt/C/GDL) signiﬁes that methanol molecules
are more eﬀectively oxidized on PtW/PEDOT/
GNP/GDL during the forward potential scan,
generating much less poisoning species compared
with commercial Pt/C/GDL. This could be due
to the mixed-conducting nature of PEDOT which
enhances proton and electron transport within the
anode catalyst or the synergistic eﬀects between
Pt nanoparticles and the PEDOT/GNP support [64,
65]. From the above obtained results, it is concluded
that the PtW/PEDOT/GNP/GDL electrode showed a
superior performance for methanol electro-oxidation
than that of Pt/C/GDL.
Further examination was made into transport
behavior of methanol on the nanocomposite
electrocatalyst. From Fig. 15, it can be seen that the
peak current density of methanol oxidation increases
with the increase of scan rates and the peak potential
has almost no signiﬁcant change. The inset in Fig. 15
indicates that the anodic peak current densities are
linearly proportional to the square root of the scan
rate, which reveals that the electrocatalytic oxidation
of methanol on the nanocomposite electrocatalyst is
a diﬀusion-controlled process [66].
As CO species are the main poisoning intermediates
during the methanol electro-oxidation, a ﬁne
electrocatalyst for methanol oxidation should possess
exceptional CO electro-oxidation ability and high
tolerance, which can be evaluated by CO stripping
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Fig. 14. Cyclic voltamograms of methanol oxidation of PtW/PEDOT/GNP/GDL and Pt/C/GDL in 0.5M H 2SO4 +1M CH3OH
solution scan rate: 50 mVs-1

Fig. 15. The anodic peak current densities of PtW/PEDOT/GNP/GDL in 0.5M H 2SO4 +1M CH3OH solution at diﬀerent scan rates.
The inset shows the dependence of the anodic peak current densities on the square root of scan rates.

voltammetry. Fig 16 shows the CO stripping
voltammograms on PtW/PEDOT/GNP/GDL and
Pt/C/GDL, which was performed by electrooxidation of pre-adsorbed CO. The peak at about
0.75V and 0.92V vs Ag/AgCl represents the electrooxidation of the irreversibly adsorbed CO on PtW/
PEDOT/GNP/GDL and Pt/C/GDL, respectively. The
intended peak charge, QCO, is related to the reaction:
Pt  CO  H 2O  Pt  CO2  2e   2 H 

(4)

the charge QCO (mCcm-2) was used to compare the
active surface area of the catalyst ESACO, from the

equation reported in [67].
The ESA values calculated from the CO electrooxidation area, ESA-CO are 11.09 and 5.63 m2g-1.
for the PtW/PEDOT/GNP/GDL catalyst and Pt/C/
GDL, respectively. The higher ESA-CO of the PtW/
PEDOT/GNP/GDL catalyst indicates higher Pt
utilization in the PtW/PEDOT/GNP/GDL electrode.
Therefore, the PtW/PEDOT/GNP/GDL electrode
could contribute to enhanced activity toward CO
oxidation. Also, the electro-oxidation current of
the COads species on the PtW/PEDOT/GNP/GDL is
around 1.78 mAcm-2, which is higher than that of
Pt/C/GDL, indicating that the PtW/PEDOT/GNP/
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Fig. 16. CO stripping results for PtW/PEDOT/GNP/GDL and Pt/C/GDL catalysts in 0.5 M H2SO4 solution, scan rate:50 mVs-1

GDL electrode is more tolerant to CO poisoning
than the Pt/C/GDL electrode. One more interesting
ﬁnding from the CO stripping study is related to the
CO electro-oxidation onset potential, which can be
further used to characterize the ease of CO oxidation.
The onset and peak potential of CO on PtW/PEDOT/
GNP/GDL (0.49V, 0.75V) is much lower than that
of Pt/C/GDL (0.69V, 0.92V), respectively, which
suggest that the PtW/PEDOT/GNP/GDL electrode
has a higher CO oxidation ability and improved
activity.
One more interesting ﬁnding is the diﬀerence between
desorption area values of H+ and CO in the prepared
catalysts. The ESA values from H+ adsorption and
CO stripping areas are as follows: (ESACO=13.09,
ESAH+=14.48m2g-1) and (ESACO=5.63, ESAH+=
35.37m2g-1) for PtW/PEDOT/GNP/GDL and Pt/C/
GDL electrode, respectively.
3.8 Short term stability
Chronoamperometric experiments were performed
to observe the stability and possible poisoning of
the composite electrocatalyst under short periods of
continuous operation in 0.5M H2SO4 +1M CH3OH
at 0.4V. As seen from Fig.17, the current density of
the prepared PtW/PEDOT/GNP/GDL electrode and
the commercial Pt/C/GDL decayed rapidly at the
initial stage, which might be due to the formation of
intermediate species, such as COads and CHads, during

methanol oxidation. The current gradually reached a
relatively steady state after a brief transient period.
It is clear from Fig.17 that the current density for the
PtW/PEDOT/GNP/GDL electrode is much higher
than that of the Pt/C/GDL in a longer time, indicating
PEDOT electropolymerizied on a graphene support
can improve the electrocatalytic activity and stability
of the composite. These results again conﬁrm the high
tolerance to the intermediate species and superior
electrocatalytic performance of the prepared PtW/
PEDOT/GNP/GDL composite catalyst in MOR.
Also, the stability of each electrode was examined by
cyclic voltammetry in N2 saturated 0.5M H2SO4 .The
potential sweep was from -0.24 to 1.2V vs Ag/AgCl
(saturated) at 50mVs-1 . Fig. 18 a and b show the CV
curves after continuous potential scanning obtained for
Pt/C/GDL and PtW/PEDOT/GNP/GDL electrodes.
As shown, the ECSA loss appeared on both catalysts
under the potential cycling due to Pt dissolution
or agglomeration. The results clearly revealed that
the PtW/PEDOT/GNP/GDL electrode was more
electrochemically stable than the Pt/C/GDL electrode.

4. Conclusion
The present study clearly demonstrated the potential
of the PtW bimetallic alloy for use in methanol
fuel cells. In this work several electrochemical
process were used to foabricate Pt-based binary
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Fig. 17. Chronoamperometric curves of PtW/PEDOT/GNP/GDL and Pt/C/GDL catalysts in N 2 saturated aqueous solution of 0.5M
H2SO4 containing 1M CH3OH at ﬁxed potential of 0.4V for 1h

Fig. 18. CV of (a) Pt/C/GDL and (b) PtW/PEDOT/GNP/GDL electrodes in 0.5M H 2SO4 solution scan rate:50 mVs-1

alloys, polymerization of monomer, and reduction
of support on gas diﬀusion layer to obtain a thin ﬁlm
with high activity for MOR. In the electrochemical
measurements the PtW/PEDOT/GNP/GDL exhibited
a higher CO electro-oxidation peak potential and
much higher methanol electro-oxidation current
density in comparison with that of Pt/C/GDL.
Additionally, the PtW/PEDOT/GNP/GDL system
showed good stability compared to the Pt/C/GDL
electrode. These ﬁndings imply that PtW/PEDOT/
GNP/GDL could be a very promising catalyst for
anode applications with superior MOR activity and
high CO tolerance in high–performance DMFCs.

Based on the electrochemical results it can be
concluded that PEDOT covered graphene nanoplates
possess a greater electrochemical activity than
carbon used in Pt/C containing ink sprayed on carbon
paper. Also, the results indicate a noticeable increase
in the catalyst utilization due to the deposition of
catalyst particles taking place only in the threephase reaction zone. In conclusion, we present an
eﬀective and environmentally benign strategy to
deposit electrocatalyst particles on GDL using an
electrochemical method. The proposed technique
could be very useful in the design and fabrication of
DMFC electrodes.
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