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Nanoparticles of platinum and hydrous molybdenum oxide (Pt/HyMoOs3;) were successfully elec-
trodeposited onto poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonic acid) (PEDOT-PSS) film by
chronocoulometry (0.2 C). Various loadings of Pt/HyMoOs3 particles onto the PEDOT-PSS electrode were
achieved using the co-deposition technique. The existence of Pt/HyMoOs particles was determined
through characterization by X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) anal-
ysis. XPS results revealed that deposited Pt and molybdenum were metallic Pt and HyMoOs, respectively.

gf/yl_‘g ?\;ZS(SB XRD analysis showed a decrease of Pt crystalline facets for the incorporation of HyMo0O3 into PEDOT-PSS-
PEDOT-PSS Pt, indicating a strong interaction between Pt and HyMoOs. Scanning electron microscopy (SEM) results
XPS revealed a uniform dispersion of Pt/HyMoOs particles, with the particle size of 70-90 nm, in the PEDOT-
SEM PSS matrix. The cyclic voltammetry study and chronopotentiometry measurements demonstrated that the

PEDOT-PSS-Pt/HMoOs3 electrode had superior electrocatalytic activity of methanol oxidation with less
CO poisoning. The presence of amorphous HyMoOj3 particles on the Pt surface minimized CO poisoning of

Methanol oxidation

methanol oxidation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) are considered a promising
solution to future energy problems because of their high-energy
conversion efficiency, low pollutant emission, low operating tem-
perature, and the simplicity of handling and processing liquid fuel
[1,2]. The development of DMFCs has the problem of slow methanol
oxidation reaction kinetics at the Pt anode catalyst. This is mainly
due to the self-poisoning of Pt surfaces caused by the adsorp-
tion of reaction intermediates CO and CO-like species [3]. A few
researchers have attempted to reduce the amount of adsorbed CO
on Pt surfaces by employing added metal catalysts such as Ru, Sn,
W, Mo, and Os to promote CO oxidation [4-6]. Molybdenum can
improve the activity of platinum toward the oxidation of methanol
when it is added into platinum as an alloy element or a compound
[7,8]. The mechanism of methanol oxidation on Pt in the pres-
ence of molybdenum oxide species has been reported in literature
[9-12]. The Mo oxide species in Pt promote the oxidative removal
of adsorbed CO intermediates. The enhancement of surface cat-
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alytic activity by Pt-Mo oxide interaction and the large surface area
achieved with low loading levels improves DMFCs.

Conducting polymer matrix is a solid support alternative to
carbon that can be used as a DMFC electrode catalyst because
it provides uniform distribution of metal nanoparticles into the
polymer matrix in a 3D manner. Pt particles dispersed in the poly-
mer matrix (PEDOT-PSS) exhibit interesting catalytic properties
[13-16] because of the large number of catalytic sites. In the past
few years, several articles have been published on the electro-
catalytic properties of platinum alloys such as Pt-Ru incorporated
into conducting polymeric matrix [17,18]. It has been shown that a
modified electrode with polymer has better catalytic performance
than a modified electrode without polymer toward the oxidation
of methanol. The high surface area of conducting polymers has
made them popular as supporting materials in the development of
new electrocatalysts [19,20]. Because of the relatively high electric
conductivity of conducting polymers, it is possible to shuttle the
electrons through polymer chains between the electrodes and dis-
persed metal particles where the electrocatalytic reaction occurs.
Thus, an efficient electrocatalyst can be achieved in the composite
materials.

In the present study, a composite form of conducting polymer,
PEDOT-PSS, was used as a 3D-random matrix for loading Pt and


http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:tcwen@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.07.060

808 C.-W. Kuo et al. / Journal of Power Sources 185 (2008) 807-814

HxMoOs5 particles. PEDOT is a high surface area conducting poly-
mer with good environmental stability, high electrical conductivity,
very good film forming properties, and a high degree of doping com-
pared to PANI and other conducting polymers [21]. It can be used
as an electrode catalyst support for Pt particles for the oxidation of
small organic molecules such as methanol. Ghosh and Inganas [21]
reported that PEDOT-PSS is a non-stoichiometric polyelectrolyte
complex of PEDOT and PSS, with an excess of the latter component.
PEDOT-PSS is commercially available as stable aqueous dispersion.
The network structure and SO3~ groups of PEDOT-PSS [22] permit
increased uptake of Pt** ions [13] and facilitate the uniform dis-
tribution of Pt particles in a polymer matrix. The polymer matrix
is used as a protective layer to prevent nanoparticles aggregation
after their formation. Since HyMoO3; can promote the oxidative
removal of adsorbed CO intermediates on Pt surfaces [23,24], dif-
ferent methods of loading Pt/HyMoO particles entrapped in the
PEDOT-PSS matrix are examined to find the best electrocatalytic
activity and stability toward methanol oxidation.

2. Experimental

A PEDOT-PSS (Alfa, 1.34 wt%) matrix electrode was prepared by
spin coating 100 pl (2 drops) of dispersion onto indium-tin oxide
(ITO) substrate at 2000 rpm for 1 min. After the completion of the
spin coating process, films were dried at 150°C for 3 min. A thin
film of PEDOT-PSS formed over a cleaned indium-tin oxide elec-
trode (1.0 cm x 1.0 cm). Before each experiment, ITO coated glass
was cleaned in an ultrasonic bath using detergent, double distilled
water, and isopropanol, then dried with a dry nitrogen flow fol-
lowed by UV-03 treatments for 30 min.

Pt, HxMoO3, and Pt/HyMoO3 particles were incorporated
into the PEDOT-PSS film by electrochemical deposition/co-
deposition from 0.01 M HCl+0.1 M KCI solution containing 5mM
H,PtClg-6H,0 (PEDOT-PSS-Pt), 1mM Na;MoO4-2H,0 (PEDOT-
pSS-HXMOO3 ), 5mM H2PtC16-6H20, and 1mM N32M004-2H20
(PEDOT-PSS-Pt/HyMoO3) at a constant potential of —0.2V (vs.
Ag/AgCl). For comparison purposes, Pt, HtMoOs3, and Pt/HxMoO3
particles were also deposited on a bare ITO electrode (E-Pt, E-
HxMoOs3, and Pt/HxMoOs3) with a process similar to the deposition
of Pt, HyMoOs3, and Pt/HxMoOs3 particles onto PEDOT-PSS, respec-
tively. Constant deposition charge of 0.2C was maintained for
all deposition processes, except that PEDOT-PSS-HyMoOs5 and E-
HxMoOs3 electrodes were kept at 0.04C. After deposition, the
electrodes were rinsed with double distilled water for 5min and
then dried at 150 °C for 3 min.

Electrochemical characterizations of PEDOT-PSS-Pt, PEDOT-
PSS-HxMo0Os3, and PEDOT-PSS-Pt/HyMoO3 composite electrodes
were carried out using a PGSTAT20 electrochemical analyzer,
AUTOLAB Electrochemical Instrument (The Netherlands). All exper-
iments were performed in a three-component cell. An Ag/AgCl
electrode (in 3M KCl), Pt wire, and ITO coated glass plate (1 cm?
area) were used as reference, counter, and working electrodes,
respectively. A Luggin capillary, whose tip was set at a distance
of 1-2mm from the surface of the working electrode, was used
to minimize errors due to the iR drop in the electrolytes. The cat-
alytic activities of E-HyMoOs3, E-Pt/HyMoO3, PEDOT-PSS-Pt, and
PEDOT-PSS-Pt/HyMoO3; composite electrodes were examined in
0.1 M CH30H +0.5 M H,S04 solution at the potential range of —0.2
to 1.0V with a scanning rate of 50mVs~1,

X-ray photoelectron spectroscopy (XPS) was performed
using ESCA 210 spectrometers. XPS spectra employed Mg Ko
(hv=1253.6eV) irradiation as the photon source, with a primary
tension of 12 kV. The pressure during the scans was approximately
10~19 mbar. Morphological and crystalline behavior changes among
electrodes fabricated with indium-tin oxide as the substrate, and

E-Pt/HyMoO3, PEDOT-PSS-Pt, and PEDOT-PSS-Pt/HyMoOs3 films
were compared using scanning electron microscopy (SEM) (Philips
X1-40 FEG.), energy dispersive spectroscopy (EDS), and X-ray
diffraction (XRD) analysis, respectively. X-ray diffraction spectra
for the as-prepared electrodes were obtained by exposing the
samples to a Sieman D5000 X-ray source with Cu Ko (1.542 A) as
a target in diffraction angles (20) ranging from 10° to 90° with
a scanning rate of 4°min~!. An Impedance Spectrum Analyzer,
IM6 (ZAHNER, Germany), with Thales software was employed
to measure and analyze the ac impedance spectra of electrodes
obtained at various element resistances. The potential amplitude
of ac was kept at 10 mV and a frequency range of 50 mHz to 100 kHz
was used.

3. Results and discussion

Conducting PEDOT-PSS film used as a catalyst support was
formed in ITO glass by the spin coating process. The PEDOT-PSS
film thickness (202 nm) and electrochemical stability were mea-
sured by ellipsometry and the cyclic voltammetry (CV) technique
as described elsewhere [13]. To investigate the electrocatalytic
activity of Pt/HyMoO3 nanoparticles loaded PEDOT-PSS film, two
different approaches were taken: (i) electrocodeposition of various
amounts Pt/HyMoO3 particles onto PEDOT-PSS and (ii) electrode-
position of various amounts of HyMoOs particles onto constant Pt
(0.1 mg cm~2) particles incorporated PEDOT-PSS film. The detailed
procedure of the deposition of Pt/HyMoOs3 particles in the PEDOT-
PSS film was described in Section 2. The cyclic voltammetry
technique was chosen to characterize the Pt and Pt/HyMoOs3 par-
ticles embedded in PEDOT-PSS film in 0.5 M H,SO4 and compared
with bare E-Pt, E-Pt/HyMoO3 electrodes.

3.1. Deposition of Pt and co-deposition of Pt/HyMoO3 particles on
the PEDOT-PSS electrode

Pt and Pt/HyMoO3; nanoparticles were electrodeposited on
PEDOT-PSS film using the chronocoulometry technique. The
detailed procedure of the deposition of Pt and Pt/HyMoO3 par-
ticles is described in Section 2. Fig. 1 shows the typical cyclic
voltammograms of Pt and Pt/HyMoO;3 particles loaded PEDOT-
PSS film in the potential range of —0.2 and 1.0V vs. Ag/AgCl at
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Fig. 1. Cyclic voltammograms of (a) PEDOT-PSS-Pt/HyMoOs; prepared using the co-
deposition technique, (b) PEDOT-PSS-Pt and (c) PEDOT-PSS-Pt/H,MoO3 obtained
by the deposition of HiMoO3; on PEDOT-PSS-Pt electrodes in 0.5M H,SO4 with a
potential range of —0.2 and 1.0V at a scanning rate of 50 mVs~!.
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Fig. 2. (a)S 2p XPS core-level spectra of (I) PEDOT-PSS, (II) PEDOT-PSS-Pt, and (I1I) PEDOT-PSS-Pt/H,Mo0s. (b) Mo 3d XPS core-level spectra of (I) E-HyMoOs, (II) PEDOT-PSS-
HxMoOs, (IlI) E-Pt/HyMoOs, and (IV) PEDOT-PSS-Pt/HyMoOs. (¢) Supplementary deconvolution of Mo 3d core level spectra of PEDOT-PSS-Pt/HyMoOs. (d) Pt 4f XPS core-level

spectra of (I) E-Pt, (II) PEDOT-PSS-Pt, (III) E-Pt/H,Mo03, and (IV) PEDOT-PSS-Pt/H,MoOs.

a scanning rate of 50mVs~! in 0.5M H,SO4. A clear skin tex-
ture of hydrogen adsorption-desorption of Pt nanoparticles with
no sharp peaks was observed [20] in the potential range of —0.2
and 0.1V, which indicates that the Pt particles were dispersed uni-
formly in the PEDOT-PSS 3D-random matrix (curve a). Because
of the PEDOT-PSS matrix, the electrodeposited Pt and Pt/HxMoO3
nanoparticles have a high surface area (1.978 mC cm~2 for PEDOT-
PSS-Pt and 3.220mCcm~2 for PEDOT-PSS-Pt/HyMo03) compared
to Pt and Pt/HxMoOj3 particles deposited on the bare ITO electrode
(figure not shown). An additional new redox peak was observed
at 0.254V on the anode side and a broad peak at 0.282V on
the cathode side for Pt/HyMoO3 particle loaded PEDOT-PSS film
(curve a). This indicates that the particles of HyMoO3 were co-
deposited with Pt particles and that a trioxide of Mo exists in the
redox transition between +4 and +6 states with non-stoichiometric
mixed valences (HyMoO3/HyMoO3; 0<y<x<2), which is similar
to the hydrogen molybdenum bronze obtained by the reduction
of molybdates in acid solutions [9,24,25]. A close examination
of the hydrogen adsorption-desorption region of CV of PEDOT-
PSS-Pt and PEDOT-PSS-Pt/HyMoO; electrodes produced almost
the same peak current values, indicating that the co-deposited

HxMoO3 particles do not affect the real surface area of Pt particles
in the PEDOT-PSS-Pt/HyMoO3 matrix. During co-deposition pro-
cess, HyMoOs particles are covered on the surface of Pt particles
and hence aggregation of Pt particles is avoided in PEDOT cata-
lyst support. But electrodeposition of Pt particles onto PEDOT-PSS
matrix results Pt particles agglomeration. HyMoOs3 particles may
be located nearby or adjacent to Pt (11 1) surface of Pt particles.
We observed high electro-active surface area and electrocatalytic
activity of PEDOT-PSS-Pt/HxMoOs3 catalyst toward methanol oxi-
dation compared to the catalyst prepared by electrodeposition
of Pt particles on PEDOT-PSS matrix. Hence HyMoQO3 particles
can be assisted to incorporate Pt particles in PEDOT-PSS matrix
with uniform distribution and avoided particles aggregation to
certain extent. However, a reduced electro-active surface of Pt
particles was noticed on the Pt/MoOy/C catalyst prepared by the
impregnation of Pt particles on MoOy/C dispersed in ethanol solu-
tion [24] compared to the PEDOT-PSS-Pt/HyMoO3 catalyst. To
obtain the maximum loading of Pt/HxMoOs particles onto PEDOT-
PSS matrix, co-deposition (deposition charge=0.2C) of various
amounts of HyMoO3 was performed between 0.5 mM of [Na;MoO4]
and 3 mM of [Na;MoO4 ] with constant Pt loading [5 mM of H, PtClg]
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on the PEDOT-PSS electrodes. The surface area (3.220 mCcm~2)
of Pt/HxMoOs3 particles loaded PEDOT-PSS film increased with
increasing [Na;MoO4] until 1 mM of [Na;MoO,4] was reached and
then decreased.

To obtain the highest electro-active surface area of Pt/HxMoO3
particles loaded PEDOT-PSS film, various amounts of HyMoO3 with
a constant Pt particles (100 wgcm~2) amount loaded PEDOT-PSS
electrodes were obtained by chronocoulometric deposition using
a precursor salt solution of Na,MoO4 with the different deposition
charge. A representative voltammogram is shown in Fig. 1 (curve c)
for comparison. All composite electrodes of PEDOT-PSS-Pt/HxMoO3
had a reduced electro-active surface area (1.362 mCcm~2) com-
pared to the composite electrodes prepared using the co-deposition
technique (3.220mCcm~2). The Pt surface area was almost 2.3
times smaller. This is due to the surface blocking of HyMoOs3 par-
ticles onto the real surface area of Pt particles loaded PEDOT-PSS
film. Therefore, the co-deposition technique is more effective for
loading Pt/HxMoOs3 particles into the PEDOT-PSS matrix to get a
high electro-active surface area of the anode catalyst for methanol
oxidation.

3.2. XPS study of Pt and Pt/HxMoO3 particles loaded PEDOT-PSS
film

An XPS study was conducted to analyze the binding energy
related to S 2p core-level spectra of PEDOT-PSS, PEDOT-PSS-Pt, and
PEDOT-PSS-Pt/HxMoOs. The sulfur core level spectrum of PEDOT-
PSS film coated on ITO is shown in Fig. 2a (curve I). The curve shows
large differences in binding energy depending on the S location
of PEDOT and PSS. The peak at 168.5eV corresponds to a spin-
orbit splitting doublet originating from the sulfur atoms of PSS
dopants. The spin-orbit splitting doublet of PEDOT sulfur originates
at 164.5eV [26,27]. These observations are similar to the binding
energy of S 2p core level spectra of PEDOT-PSS film obtained by
sputtering on ITO [28]. By the addition of Pt or Pt/HyMoO3 nanopar-
ticles on PEDOT-PSS film, significant changes occurred in the S 2p
core value of sulfur in both PEDOT and PSS. Curves II and Il show
the formation of a new shoulder peak (C-S-Pt binding energy) at
approximately 161.7 eV. This result is in agreement for typical C-S-
metal bonds appearing in the range of 162 and 161 eV [29]. Jonsson
et al. [27] reported that aluminum/PEDOT-PSS contains an interfa-
cial layer formed by chemical interactions between aluminum and
mainly sulfonic groups of poly(styrenesulfonic acid) (PSS). The sul-
fur atoms of PSS might bond with Pt atoms more easily than with
those of PEDOT. This is due to the fact that PEDOT is doped with an
excess of PSS, which can react easily with the Pt particle surface.
From the analysis of S elements, we concluded that there was a
strong interaction between Pt particles and sulfonic acid groups of
PEDOT-PSS.

The Mo core-level spectra of E-HyMoO3; (HxMoO3 particles
were deposited onto a simple ITO electrode), PEDOT-PSS-HxMoO3,
Pt-HxMo0Os3, and PEDOT-PSS-Pt/HyMoO3 are shown in Fig. 2b.
According to XPS data of binding energy [30], the characteristic
3dsp, and 3ds3), doublet peaks appear at 232.8 and 236.0eV with
a peak separation value of 3.2 eV. This is an evidence of the for-
mation of HyMoO3; (Mo®*) on the ITO electrode (curve I). With the
co-deposition of Pt/HxMoOs particles on ITO (curve IlI) and PEDOT-
PSS (curve IV) electrodes, both peaks were shifted slightly to higher
binding energy values (232.52 eV for Mo 3ds;, and 235.65 eV for
Mo 3ds;) compared to H\MoOs particles deposition on a bare ITO
electrode. An additional broad binding energy peak was observed
at 228.5eV in curve 1V, indicating the existence of HyMoOs3 parti-
cles in the +4 state (Mo**). No predominant 3d spin-orbit coupling
peak was observed at 227.7 eV, which corresponds to metallic Mo
particles formed in the co-deposition process. Further, the Mo

PL111)
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Fig. 3. XRD patterns of (a) E-ITO, (b) PEDOT-PSS-Pt/HxMo0Os, (c) E-Pt/HyMoOs, and
(d) PEDOT-PSS-Pt.

3ds3p, peak of H\MoOs3 diminished after co-deposition with Pt. The
broadness of Mo 3dsj, and 3ds, peaks (curve IV) indicate that
the co-deposited HyMoO5 particles may have different valences of
Mo (Mo®*, Mo>*, and Mo**), which is similar to the co-deposition
of Pt/HyMoOs3 particles on glassy carbon [11], HyMoOs particles
deposited on TiO, [31] electrodes, and the spontaneous spread
of MoO3 on Au (111) surfaces [32]. In order to confirm the exis-
tence of the mixed valence of HyMoO3 in PEDOT-PSS-Pt/HxMoO3
film, supplementary deconvolution of curve IV was performed. The
deconvoluted spectral lines are presented in Fig. 2c. The Mo 3ds,
and 3ds); binding energy peaks at 231.6 and 234.9 eV, respectively
are characteristic of the Mo*> state. The Mo** state of HyMoO3 is
concluded from the 3d spin-orbit binding energy peaks at 229.3
and 232.5eV. These observations are evidence of the formation
of the redox couple of HyMoO3 — Hy,Mo0O3 (0<y<x<2) in the CV
of the PEDOT-PSS-Pt/HyMoO3 electrode. The Pt core-level spectra
of E-Pt (Pt particles were deposited onto a simple ITO electrode),
PEDOT-PSS-Pt, Pt/HxMoO3, and PEDOT-PSS-Pt/HxMoO5 are shown
in Fig. 2d. The intensive Pt 4f binding energy peaks at 71.3 and
74.7 eV is the characteristic of metallic Pt [33]. Therefore, Pt par-
ticles were found in a zero oxidation state in the co-deposition
of Pt/HyMoO3 on PEDOT-PSS electrode. A comparison of Pt 4f
core-level spectra reveals that the spectra for E-Pt, PEDOT-PSS-
Pt, Pt/HxMoOs3, and PEDOT-PSS-Pt/HxMoOj3 are virtually identical.
Hence, the prescribed experimental conditions favor the forma-
tion of Pt/HyMoOs3 particles in the PEDOT-PSS matrix with the
co-deposition process.

3.3. Structural characterization of Pt particles in the absence and
presence of HyMoOs3 in PEDOT-PSS film

The surface morphology of Pt and Pt-HyMoOs3 particles incor-
porated PEDOT-PSS electrodes was examined by XRD analysis, as
shown in Fig. 3. The characteristic diffraction peaks (curve a) of bare
ITO were observed at about 31°, 36°, 51°, and 61°, corresponding to
(222),(400),(440), and (62 2) planes, respectively. The XRD pat-
tern of PEDOT-PSS-Pt obtained using the same preparation method
is shown in curve d. The characteristic diffraction peaks of face cen-
tered cubic (fcc) platinum were observed at 39.95°,46.45°, 68°, and
81°, corresponding to Pt (111), (200), (220), and (311) planes,
respectively. The diffraction peaks of HyMoO3; were not found in
the XRD pattern of PEDOT-PSS-Pt/HyMoO3 and Pt/HyMoOs3 (curves
b and c) due to either the amorphous structure or low-crystallinity
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Fig. 4. (a) SEM images of (I) E-Pt, (II) PEDOT-PSS-Pt, (IlI) E-Pt/HyMoOs3, and (IV) PEDOT-PSS-Pt/HyMoOs. (a)-(d) are magnified x20,000. (b) EDS of Pt and Mo-mapping of

E-Pt/HxMoOj3 from Fig. 3a (IlI) and PEDOT-PSS-Pt/H,MoOs3 from Fig. 3a (IV), respectively.

of HyMoO3 [24]. With the co-deposition of Pt/HyMoO3 particles
onto PEDOT-PSS film, the diffraction peak values of Pt (11 1) and Pt
(200) facets shifted to lower values (39.28° and 45.93°) compared
to the respective Pt facets in bare ITO. The Pt (111) and Pt (200)
facets of PEDOT-PSS-Pt/HyMoO3; become broader than PEDOT-PSS-
Pt, which indicates the dispersing nature of Pt nanoparticles with
less particles aggregation in the PEDOT matrix. This is clearly shown
in the inset of Fig. 3. The reduced peak intensity of Pt (111) and
Pt (200) facets was also observed for both PEDOT-PSS-Pt/HxMoO3
and Pt/HxMoOs, indicating that the crystalline lattice of platinum

might be influenced by the existence of HyMoO3 particles in com-
posite systems and that a strong interaction exists between Pt and
HXM003.

3.4. Surface morphology of Pt, Pt/HxyMoO3 particles in ITO and
PEDOT-PSS film

Fig. 4a and b shows the scanning electron microscopy analysis
of the surface morphology and particles mapping analysis of E-Pt,
PEDOT-PSS-Pt, Pt/HxMoO3, and PEDOT-PSS-Pt/HxMoO3 electrodes.
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The aggregation of Pt particles is clearly shown on bare ITO
for the simple deposition of Pt (picture I)). Smaller Pt particles
(100-200nm) with a high active surface area were observed
for PEDOT-PSS-Pt electrode compared to E-Pt. Since PEDOT-PSS
acts as a 3D-random matrix, SO3~ groups of PEDOT-PSS absorb
Pt#* ions and a protective layer to prevent the aggregation of Pt
nanoparticles after Pt formation. The S 2p core level spectra of XPS
shows that the PEDOT-PSS-Pt electrode has a strong interaction
between platinum and sulfonic groups of PEDOT-PSS. Homoge-
neous distribution of Pt/HyMoOs3 particles can be clearly seen in
the PEDOT-PSS-Pt/HyMoO3; matrix with an average particles size of
50-70 nm after the co-deposition of metal precursor salt solution
using the chronocoulometry technique. In contrast to E-Pt and
PEDOT-PSS-Pt, less aggregation of Pt particles can be observed for
Pt/HxMoO3; and PEDOT-PSS-Pt/HxMoO3. A possible explanation
is that the addition of HyMoO3 might inhibit the agglomeration
of Pt particles [34]. H{MoO3 was not observed for all composite
electrodes in the SEM images. Hence, particles mapping analysis
was conducted to understand their surface morphology. Fig. 4b
shows the Pt and Mo-mapping of E-Pt/HyMoO3; and PEDOT-PSS-
Pt/HxMoOj3 electrodes. The bright spots represent Pt and Mo
elements. The density of HyMoOs3 bright spots in E-Pt/HxMoOs3
is higher than that of in PEDOT-PSS-Pt/HyMoO3; on access to
Pt position. This illustrates that the interaction between Pt and
HxMoOs5 particles is strong after the co-deposition of Pt/HyMoO3
in the PEDOT-PSS matrix, which further supports the XRD
results.

3.5. Electrocatalytic activity of Pt, HyMoOs3, and Pt/HxMoO3
particles loaded on ITO and PEDOT-PSS film

Pt, HyMo0Os3, and Pt/HxMoOj3, particles were loaded onto bare
ITO, and PEDOT-PSS composite electrodes and tested for their elec-
trocatalytic activity of methanol oxidation by cyclic voltammetry.
Fig. 5a shows the voltammograms of E-HyMo0O3, PEDOT-PSS-Pt, and
PEDOT-PSS-Pt/HxMoO3 composite electrodes in 0.5 M H;SO4 solu-
tion containing 0.1 M methanol at a scanning rate of 50mVs-1,
Comparing the CV results of the three electrodes, a significantly
higher oxidation current toward methanol oxidation was observed
for PEDOT-PSS-Pt/HyMo00Os3. A maximum anodic peak current den-
sity of 2.220mAcm~2 was observed for PEDOT-PSS-Pt/HxMoO3
electrode at 0.8 V (compared with PEDOT-PSS-Pt (1.540 mA cm~—2)).
The enhanced catalytic activity of PEDOT-PSS-Pt/HxMoO3 toward
methanol oxidation is attributed to the easy oxidation of methanol
due to the existence of HyMoOj3 particles in PEDOT-PSS-Pt. PEDOT
could not be a poison to Pt. The interaction between PEDOT
and Pt is less than that between Pt and methanol. The mecha-
nism has been proposed for the oxidation of methanol in 0.5M
H,SO4 at the PEDOT-Pt electrode by the dissociative adsorption
process. This renders a series of adsorbed intermediates formed
on the Pt surface. PEDOT is not only nonpoisonous to Pt sur-
face but also reduces CO poison to Pt. The high current density
observed in this study is a result of less CO poisoning of Pt par-
ticles due to the fast reaction between HyMoOj3 particles and Pt-CO
intermediates at lower potentials during methanol oxidation com-
pared with the C-Pt/Ru standard catalyst. In addition, PEDOT-PSS
film is a good 3D polymer matrix, allowing maximum utiliza-
tion of methanol molecules on the surface of Pt/HyMoO3 particles.
The onset of methanol oxidation occurs at about 0.45, 0.51, and
0.54V for PEDOT-PSS-Pt/HxMoO3, Pt/HyMo00O3, and PEDOT-PSS-Pt,
respectively, indicating that PEDOT-PSS-Pt/HyMoO3 has superior
electrocatalytic performance for methanol oxidation. However, the
voltammograms of E-HyMoO3; and PEDOT-PSS-HxMoO5 electrodes
show that no characteristic methanol oxidation peak was present
in 0.5M H,S0O4 solution containing 0.1 M of methanol, indicat-
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Fig.5. Cyclic voltammogram of (a) (I) E-HMoOs (inset), (II) PEDOT-PSS-Pt/H,MoOs3,
(IIT) E-Pt/HyMoOs3, and (IV) PEDOT-PSS-Pt electrodes. (b) Co-deposition (0.2 C) of
various amounts of H{MoO3 with constant Pt loading on PEDOT-PSS electrodes (I)
0.5mM Na;MoO4 +5mM H,PtClg, (II) 1 mM Naz;MoO4 +5mM H;PtClg, (III) 2 mM
Naz;MoO4 +5mM H,PtClg, and (IV) 3mM Na;MoO4 +5mM H,PtClg recorded for
0.1 M CH3O0H oxidation in a potential range of —0.2 and 1.0 V with a scanning rate of
50mVs~!in0.5M H;SO04.

ing that HyMoOs particles are electro-catalytically inactive toward
methanol oxidation. Hence, the PEDOT-PSS-Pt/HxMoO3 electrode
showed an enhanced electrocatalytic activity and is an alternative
anode catalyst for the oxidation of small organic molecules like
methanol.

Fig. 5b shows the voltammograms recorded for 0.1 M methanol
oxidation of various amounts of Pt/HyMoOj3 particles loaded onto
PEDOT-PSS by the co-deposition method in 0.5M H,SO,4 at a scan-
ning rate of 50 mV s~!. By varying [Na;MoQy,] at a fixed Pt precursor
(5 mM of HPtClg), an increase in peak current density of methanol
oxidation was observed until 1 mM of Na,MoO,4 was reached (curve
I). After a further increase of the Mo precursor, a decrease in
trend of methanol oxidation was observed which indicates that the
electro-active surface area of Pt particles was blocked by excess
HxMo0Os3.

The PEDOT-PSS-Pt/HxMoOs3 electrode (Fig. 1, curve a) has a
higher electro-active surface area (1.64 times) than that of PEDOT-
PSS-Pt with the same deposition charge (0.2 C). This is due to the
homogenous distribution of Pt particles with less aggregation after
co-deposition with HyMoOj3 particles. The redox couple of HyMoO3
particles appeared at lower potentials (approximately 0.254V vs.
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Ag/AgCl) with +4 and +5 transition states and was strong enough
to interact with Pt particles before methanol oxidation started.
The existence of HyMo0Os3 particles in the polymer matrix is highly
favored by the presence of PSS in the PEDOT matrix. The free sul-
fonic acid group of PSS provides protons to HyMoO3 when it loses
protons. Hence, the formation of molybdenum trioxide (MoOs3 ) can
be prevented in the PEDOT-PSS matrix and HyMoO3 (0<x<2) can
be kept constant during the methanol oxidation process on the
Pt surface [35]. Fuel cell performances as a function of time of
operation of up to 70 h for the composite membrane. Polystyrene
sulfonate (PSS) membranes have high proton conductivity and low
cost, but it has low tensile modulus and is susceptible to chemi-
cal degradation in the oxidizing environment of the fuel cell [36].
But, PEDOT-PSS polymer is a 3D-network polymer structure, lower
water swelling property, and increases the membrane resistance
time. Hence PEDOT-PSS polymer may have slow rate of membrane
degradation than PSS membrane.

The following mechanism has been proposed for the oxidation of
methanol in 0.5M H;SO4 at the PEDOT-PSS-Pt/HyMoO3 electrode
by the dissociative adsorption process. This results in a series of
adsorbed intermediates forming on the Pt surface [36,37].

CH30H + Pt — Pt-(CHz0)aq+(4—Z)H" + (4—2)e~ (0 <Z < 4)

(1)
Pt-HyMoOs3 +H;0 — Pt-HyMoO3(OH)
(before the onset of methanol oxidation)

The role of HyMoOs particles in platinum-HyMoOj3 catalysts for
methanol oxidation is similar to that of ruthenium in platinum-
ruthenium catalysts [38], in which species on ruthenium can
oxidize the adsorption of CO on platinum [39]. HyMoOs3 helps the
transformation of adsorbed intermediates to carbon dioxide. The
clean Pt surface then becomes available for further oxidation of
methanol.

Pt—(CHZO)ad + Pt—HyMOO3 +H,0 — Pt + Pt-HyMoO3 + CO, (2)

Pt-HxMoO3; — Pt-HyMoOs3 + (x —y)e™ +(x —y)H*

3.6. Chronopotentiometric study of the PEDOT-PSS-Pt/HyMoO3
electrode

The chronopotentiometry technique was used to study the anti-
poisoning effect of catalysts toward methanol oxidation [40,41].
The electrode potentials of all the catalysts increased gradu-
ally for several minutes and then jumped to higher potentials
(Fig. 6). A possible explanation is as follows [41]: during the
chronopotentiometric experiment, CO accumulates on the sur-
face of platinum particles and reduces the electrocatalytic activity
of the catalysts. When the electrocatalysts are poisoned, the
methanol oxidation reaction cannot continue. The onset poten-
tial of methanol oxidation was observed at about 0.47, 0.49, and
0.52V for PEDOT-PSS-Pt/HyMo00O3, Pt/HyMoO3 and PEDOT-PSS-Pt
electrodes, respectively.

The time (T) at which the electrode potential jumps to a higher
potential is introduced to examine the anti-poisoning ability of
the catalyst. The T value of PEDOT-PSS-Pt/HyMoO3 (T=52 min) is
higher than that (T=2 min) of PEDOT-PSS-Pt due to the existence
of HyMo0Os. This can be explained by the fact that the HyMoO3 par-
ticles embedded on the PEDOT-Pt surface enhance the oxidation
of adsorbed CO molecules to CO,. The T value of PEDOT-PSS-
Pt/HxMoOj is higher than that (T=44 min) of the Pt/HyMoOs3 elec-
trode. Here, the PEDOT matrix may influence the electro-oxidation
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Fig. 6. Chronopotentiometric curves of (a) PEDOT-PSS-Pt/HyMoOs;, (b) E-
Pt/HyMoOs, and (c) PEDOT-PSS-Pt electrodes in 0.1 M CH3OH + 0.5 M H, S04 solution
at a constant current of 0.3 mAcm~2,

of small organic molecules [42]. The polymer may: (1) hinder the
formation of strongly absorbed poisonous species; (2) catalyze the
oxidation of strongly adsorbed poisonous species; and (3) catalyze
the oxidation of weekly adsorbed poisonous species. The poisoning
effect may be restricted in the presence of HyMoO3; and PEDOT-
PSS. These results show that the PEDOT-PSS-Pt/HyMoO3 catalyst
has better anti-poisoning ability, which is important for fuel cells,
than that of the reported PANI-Pt/HyMoOs [35].

3.7. Electrochemical impedance spectroscopy measurements

Electrochemical impedance spectroscopy (EIS) was used to
determine the charge-transfer resistance of PEDOT-PSS-Pt, Pt-
HyMoOs3, and PEDOT-PSS-Pt/HxMoO3 electrodes toward methanol
oxidation. Fig. 7 shows the Nyquist plots obtained in 0.1 M
CH30H+0.5M H,S04 solution at an applied potential of 0.40V
vs. Ag/AgCl with an ac amplitude of 10.0mV for PEDOT-PSS-Pt,
Pt/HxMoOs3, and PEDOT-PSS-Pt/HxMoOs3 electrodes. At 0.40V, CO
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Fig. 7. Nyquist plots for PEDOT-PSS-Pt (M), E-Pt/HyMoO; (®), and PEDOT-PSS-
Pt/HyMoOs (a) electrodes in 0.1 M CH30H+0.5M H,S04 solution and an applied
potential of 0.40V vs. Ag/AgCl using an ac amplitude of 10.0 mV. Equivalent circuit
used to fit the impedance spectra (inset).
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was absorbed on the surface of platinum particles during the
methanol oxidation process and HyMoOs3 appears in the higher
oxidation state, which can oxidize CO molecules adsorbed on the
surface of platinum particles. To interpret the impedance results, an
equivalent circuit was used to fit the EIS data in Fig. 7 (inset). In this
Rs(RctCPE) circuit, Rs represents ohmic resistance of the solution,
while RctCPE represents the parallel combination of the charge-
transfer resistance (Rct) and the constant phase element (CPE). The
parallel combination (Rct and CPE) leads to a depressed semicircle
in the corresponding Nyquist impedance plot.

According to experiment data based on the equivalent cir-
cuit, it is clear that the lowest charge-transfer resistance
(Rct=4382) can be observed for PEDOT-PSS-Pt/HyMoOs3; than
PEDOT-PSS-Pt (Rct=14392) due to the presence of HxMoOj3
in the PEDOT-PSS matrix. This can be explained by HxMoOs3
oxidizing the CO on the platinum surface to form CO,. The
charge-transfer resistance of PEDOT-PSS-Pt/HxMoOj3 is lower than
that of Pt-HyMoO3 (Rct=637 2). This means that the embed-
ding of Pt/HyMoO3; nanoparticles inside the PEDOT-PSS matrix
may lead to a faster charge transfer in the parallel PEDOT-
PSS film/solution and Pt/HyMoOs/solution interface than in the
Pt/HxMoO3(microparticles)/solution. The PEDOT-PSS matrix may
also hinder the formation of strongly absorbed poisonous species.

4. Conclusion

A high electro-active surface area (3.220mCcm—2) of
Pt/HxMoO3 particles was successfully electrodeposited into
the PEDOT-PSS matrix for methanol oxidation. The existence of
HxMoOs particles in PEDOT-PSS-Pt/HyMoO3 was verified using
cyclic voltammetry. The 3ds, and 3ds, core level spectra of Mo
further support the existence of HyMoOs3. XPS of S elements ana-
lyzed that PEDOT-PSS-Pt indicates a strong interaction between
platinum and sulfonic groups of PEDOT-PSS. XRD results fur-
ther confirmed that the crystalline lattice of platinum might be
influenced by the existence of amorphous HyMoO3 in composite
systems. The composite PEDOT-PSS-Pt/HxMoO3 based electrode
proved to be a promising catalyst for methanol oxidation. The
PEDOT-PSS-Pt/HxMoOs electrode exhibits a high current density
(2.220mAcm—2) and a low onset potential toward methanol
oxidation. The PEDOT-PSS matrix provides an environment for
dispersing Pt particles with less aggregation, which is evident
from SEM results. H{MoO3 favors the transformation of CO to
carbon dioxide on the platinum surface. A clean Pt surface then
becomes available for the oxidation of methanol. The enhanced
electrocatalytic activity of Pt in PEDOT-PSS might allow a decrease
in the use of Pt content in DMFCs applications.
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