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a  b  s  t  r  a  c  t

Electrodeposition  of platinum  is  comparatively  performed  on four  carbon-based  supports:  bare  glassy
carbon  electrode  (GCE),  bare  solid  carbon  paste  electrode  (sCPE),  and  a conducting  polymer  film  coated
GCE  and sCPE.  Both  the  sCPE  and  poly(2-amino-5-mercapto-1,3,4-thiadiazole)  (PAMT)  are  first  used  to
deposit  Pt, with  an  aim  of  improving  electrocatalytic  activity  of  Pt toward  methanol  oxidation.  Scanning
electron  microscopy  shows  that  chestnut  bur-like  Pt  particles  with  numerous  nanothorns  are  deposited
on all  the  supports  by  controlling  deposition  potential  and  time,  and  the particles  on the  PAMT film
supported  on  the both  substrates  are found  in  two  size  fractions  (<1  �m  and  2–3  �m).  Voltammetric  data
onducting polymer
-Amino-5-mercapto-1,3,4-thiadiazole
lectrocatalysis
irect methanol fuel cell

indicate  that  both  the  sCPE  and  the  PAMT  contribute  to increase  electrochemical  active  area  of  Pt  catalyst
and  therefore  have  a positive  effect  on  Pt’s electrocatalytic  activity,  in comparison  with  the  GCE  and  the
uncoated  supports,  respectively.  Moreover,  impedance  spectroscopy  reveals  that  the  sCPE-supported
PAMT  facilitates  the electron  transfer  kinetics  of  methanol  oxidation,  whereas  the  GCE-supported  PAMT
gives  an  opposite  effect  on the  electron  transfer.  This  work  shows  that  the  solid  carbon  paste  is  superior
to  glassy  carbon  for  use  in combination  with  a conducting  polymer  as  a support  of  Pt  electrocatalyst.
. Introduction

Direct methanol fuel cell (DMFC) is considered a promising
ower source for electric vehicles and electronic portable devices
ue to its simple design, low operating temperature, and conve-
ient fuel storage and supply [1,2]. One of the major interest in
urrent research on DMFCs is how to minimize the loadings of
oble metals (mainly platinum or Pt-based alloys), meanwhile to

mprove the relatively slow kinetics of methanol oxidation reac-
ion. As a general strategy for this problem, such metal catalysts
re highly dispersed on conductive supports [2,3]. The character-
stics of the catalyst supports, i.e., chemical composition, surface
unctional group, specific surface area, porosity, morphology, elec-
ronic conductivity and corrosion resistance, have strong effects on
he properties and performance of the supported catalysts, such as

etal particle size, size distribution, morphology, dispersion and
tability [1,3,4].

Carbon materials, such as glassy carbon [3,5], carbon black
6], carbon nanotube (CNT) [4,6], graphene [7],  carbon nanofiber

8,9], carbon nanocoil [10] and mesoporous carbon [11], are
he most common catalyst supports because of their good elec-
ric conductivity, relative stability in various media and high

∗ Corresponding author. Tel.: +86 551 2901288; fax: +86 551 2901450.
E-mail address: jbhe@hfut.edu.cn (J.-B. He).
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specific surface area. In recent years, hybrid carbon-based mate-
rials, including carbon-polymer [2,12,13], carbon-polymer-oxide
[14], carbon–ceramic [15], carbon–ceramic-polymer [16], etc. have
been extensively studied as fuel cell catalyst supports. These hybrid
materials, possessing the properties of each component, or even
with a synergistic effect, would present improved characteristics
and electrocatalytic activity with respect to the individual compo-
nents [17].

Conducting polymers (CPs) deposited on carbon substrates are
very favorable and attractive hybrid supports for catalyst par-
ticles, and some promising results were recently reported for
Pt-based nanocatalysts dispersed on CPs, such as polyaniline
(PANI) [2,3] and PANI-containing composites [13,18],  polyin-
dole (PIn) [12,19],  poly (o-phenylenediamine) (PoPD) [16,20],
poly (3,4-ethylenedioxythiophene) (PEDOT) [14,21,22],  polytyra-
mine (PTy) [23], poly(3-methylthiophene) (P3MT) [24,25], poly
(o-aminophenols) (PoAP) [26], poly(N-acetylaniline) [27] and poly
(m-toluidine) (PMT) [28]. CPs offer great advantages of high acces-
sible surface area, low resistance, good stability [29] and desirable
film thickness, and allow straightforward electrochemical prepa-
ration on the substrates. CPs function as redox mediators not only
by electron but also proton transfer [29] between the electrodes

and the electroactive reactants, compensating for the shortcom-
ing of plain carbon materials that do not contribute to proton
transport involved in fuel electrooxidation reactions [20]. In addi-
ton, CP matrixes with high surface area are suitable for highly

dx.doi.org/10.1016/j.jpowsour.2012.01.062
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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ispersed deposition of Pt particles [13,23].  Such Pt particles with
ery small sizes are less able to form multiple metal–carbon bonds
han bulk Pt, therefore display higher resistance to self-poisoning
y CO formed during methanol oxidation [28–30].

Recent years, various liquid oil-bound carbon pastes are
lso used as the substrates of CP films for catalytic oxida-
ion of methanol, prepared from graphite powders and paraffin
19,31–34],  multi-walled carbon nanotubes (MWCNTs) and paraf-
n [35], graphite powders and MWCNTs and paraffin [28,36],
raphite powders and silicon oil [37], etc. The carbon paste elec-
rodes offer great advantages of low noise and background currents
n a wide range of potentials, and allow simple renewal and easy

odification on their surfaces [38,39].
In the present work, four carbon-based supports are selected

or electrodeposition of Pt particles, with a hope to affect the par-
icle size, size distribution and morphology, and then improve the
lectrocatalytic activity of Pt particles toward methanol oxidation
n acidic media. The supports include bare glassy carbon elec-
rode (GCE), bare solid carbon paste electrode (sCPE), and a CP film
oated GCE and sCPE. The CP film is composed of poly(2-amino-5-
ercapto-1,3,4-thiadiazole) (PAMT) that is electrodeposited onto

he GCE and sCPE surfaces. Both the sCPE substrate and the PAMT
lm are used for the first time to deposit Pt. Solid paraffin wax
s an uncommon binder of carbon powders results in ‘solid-like’
r ‘pseudo’ carbon pastes that have significant advantages over
he common liquid oil-bound ones, such as robust in operation,
mproved reproducibility, low residual currents, and better stability
gainst organic solvents [39,40]. As for the PAMT film, its excellent
harge transfer properties have been evidenced in a recent work of
ur group, in which a PAMT modified electrode was  fabricated for
he purpose of electroanalysis [41].

. Experimental

.1. Chemicals and solutions

Spectrograde graphite powders (320 mesh) and spectrograde
araffin wax (solidification point 56–58 ◦C) were purchased from
hina-Reagent group for preparing the solid carbon paste elec-
rode. 2-Amino-5-mercapto-1,3,4-thiadiazole (AMT, ≥98%) was
urchased from Alfa Aesar. H2PtCl6·6H2O (≥37.0% Pt) and sulfuric
cid (AR) were from Chemical Regent Company of Shanghai, and
ere used as received. All other chemicals were of analytical grade

rom China-Reagent group. High pure N2 was used to deaerate
he solutions. Doubly-distilled water from an all-glass distillatory
pparatus was used as solvent.

The monomer solution for electropolymerization was
.5 mmol  dm−3 AMT  in 0.1 mol  dm−3 H2SO4. The solution for
lectrodeposition of platinum particles contained 5.0 mmol  dm−3

2PtCl6 and 0.5 mol  dm−3 H2SO4. The supporting electrolytes for
ethanol oxidation were 0.5 mol  dm−3 H2SO4 plus CH3OH with

ifferent concentrations.

.2. Electrode preparation

The solid carbon paste was made from dry graphite powders
nd paraffin wax (5:2, w/w). The electrode body was a polystyrene
ollow tube with inner diameter of 3.0 mm.  The tube was tightly

mpacted with a copper rod, leaving a cavity of 2 mm depth at
ne end. The solid wax was heated until molten, and then mixed
ith the graphite powders in a watch glass with a glass rod until
 well blended paste was obtained. The paste was  firmly pressed
nto the cavity of the electrode body forming a bare sCPE with

 geometric area of 0.0707 cm2. This area was used for calcula-
ion of current density (j). A commercial available glassy carbon
urces 205 (2012) 164– 172 165

disk electrode with the same diameter as the sCPE was used for
comparison.

The bare sCPE and GCE were polished successively with 1000
and 4000 grit emery papers followed by ultrasonically cleaning:
the former was rinsed in double distilled water for 5 s, the latter
was  in 1:1 (v/v) ethanol, 1:1 (v/v) nitric acid and distilled water
each for 2 min, respectively. Prior to use, the cleaned substrates
were subjected to repetitive potential cycling between −0.4 and
1.6 V at 0.5 V s−1 in 1.0 mol  dm−3 KCl until the background current
was  obtained.

The cleaned substrates were modified by cyclic potential scan
between −0.2 and 1.7 V (vs. SCE) at 50 mV  s−1 in the AMT  monomer
solution. The cycle number for the electropolymerization was  opti-
mized in the range of 0–100 cycles according to the electrocatalytic
activity toward methanol oxidation. In this way, PAMT film was
electrodeposited on the substrate surface forming PAMT-modified
carbon paste electrode (PAMT/sCPE) or PAMT-modified glass car-
bon electrode (PAMT/GCE). The prepared electrode was  rinsed with
distilled water and cleaned by potential cycling in 1.0 mol  dm−3 KCl
to remove adsorbed substances.

Platinum particles were electrodeposited onto both the sCPE
and GCE substrates with or without the PAMT coatings, at a
constant potential of −0.2 V (vs. SCE) in the H2PtCl6-containing
solution. Current was monitored for the intended duration of elec-
trodeposition, and the charge was  calculated for estimating the
level of Pt loading. The final Pt-loaded electrodes are denoted as
Pt/sCPE, Pt/GCE, Pt/PAMT/sCPE and Pt/PAMT/GCE.

After Pt particles incorporation, the electrodes were rinsed with
distilled water and cleaned in 0.5 mol  dm−3 H2SO4 by potential
cycling between −0.3 V and 1.3 V at v = 50 mV s−1 until a repro-
ducible cyclic voltammogram was  obtained.

2.3. Apparatus and procedures

Cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS) and chronoamperometry were performed on the CHI
660C electrochemical workstation (CH Instruments Co., Shanghai,
China). A three-electrode system was used, which was com-
posed of a saturated calomel reference electrode (SCE), a platinum
coil counter electrode, and a working electrode. The Pt-loaded
working electrodes included Pt/sCPE, Pt/PAMT/sCPE, Pt/GCE and
Pt/PAMT/GCE for comparison. The electrolyte solutions were deaer-
ated with high pure N2 for about 15 min  prior to experimentation.
All experiments were carried out at room temperatures (approxi-
mately 25 ◦C).

Field-emission scanning electron microscope (FESEM) images of
the four Pt-loaded electrodes were collected using a FEI Sirion 200
field-emission scanning electron microscope coupled with Oxford
EDAX energy dispersion spectrum (EDS) analyzer.

3. Results and discussion

3.1. Electrodeposition of PAMT and Pt

Electrooxidative polymerization of AMT  monomer on GCE or
sCPE was carried out by multi-cycle potential scan in an acidic
aqueous electrolyte, to form a polymer coating on the substrates
according to the reaction [41]:
The CVs for the polymerization of AMT  on GCE  and sCPE are
shown in Fig. 1, in which the voltammetric parameters were
selected on the basis of reference [41]. The cycle number for the
polymerization was  set in a range of 5–75 cycles to study the effect
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Fig. 1. CVs for electropolymerization of AMT  on GCE (a) and sCPE (b) in
0.5  mmol  dm−3 AMT  + 0.5 mol  dm−3 H2SO4. GCE and sCPE area: 0.0707 cm2, scan
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ate: 50 mV s−1, cycle number: 50 cycles. Inset: voltammetric charge as a function
f cycle number.

f PAMT loading level on methanol oxidation. For this purpose,
he amount of coulombic charge consumed for the polymeriza-
ion was estimated by integrating the multi-cycle voltammetric
urrent with time. The resulting area-specific charges (qPAMT)
resent nearly linear increase with cycle number (inset of Fig. 1),
ielding two slopes of 21.2 and 16.4 mC  cm−2 per cycle for the sub-
trates GCE and sCPE, respectively. The value of qPAMT was  used
o calculate the area-specific mass (mPAMT) of PAMT according to
araday law, mPAMT = qPAMTMAMT/nF,  where n the electron trans-
er number per molecule of AMT  (n = 3), MAMT the molar mass of
MT (133.2 g mol−1), and F the Faraday constant (96484.6 C mol−1).
rom the two slopes above, the area-specific masses of the PAMT
eposited on GCE and sCPE per cycle were estimated to be 9.7 and
.5 �g cm−2, respectively.

For deposition of Pt particles, both potentiostatic and multi-

ycle potentiodynamic methods were comparatively attempted
n a solution containing 0.5 mmol  dm−3 H2PtCl6 and 0.5 mol  dm−3

2SO4, and the former with a constant potential of −0.2 V (vs. SCE)

ig. 2. FESEM images of Pt/GCE (A), Pt/PAMT/GCE (B), Pt/sCPE (C) and Pt/PAMT/sCPE (D). T
2SO4 by CV scan between −0.2 V and 1.7 V (vs. SCE) at 50 mV  s−1 for 50 cycles. The Pt
onstant potential of −0.20 V (vs. SCE) for 20 min.
urces 205 (2012) 164– 172

was  selected in the following experiments. The time for Pt deposi-
tion was  set from 5 to 75 min  to study the effect of Pt loading level
on methanol oxidation. The area-specific charges (qPt) consumed
during Pt deposition were obtained by integrating the experimen-
tal chronoamperometric curves. There is a difficulty, however, in
determining the exact charges consumed for Pt deposition, due
to the side reactions such as proton reduction occurring on the
already deposited Pt. As an approximation, a current efficiency
of 52% reported in Ref. [42] was taken for estimating the area-
specific mass (mPt) of Pt loading: mPt = (qPtMPt/nF) × 0.52 (n = 4,
MPt = 195.1 g mol−1). For example, 20 min  of deposition at −0.2 V
produced 0.30 and 0.27 mg  cm−2 Pt on the sCPE and PAMT/sCPE,
respectively.

3.2. Morphology of Pt deposits

The surface morphologies of the four Pt-loaded electrodes were
characterized with FESEM. Fig. 2 shows the micrographs of Pt/GCE,
Pt/PAMT/GCE, Pt/sCPE and Pt/PAMT/sCPE prepared under identi-
cal conditions. Nano/microspheres, typically in diameters from 0.1
to 1 �m,  were formed on all the four supports, and their chemi-
cal composition was  confirmed as platinum by EDX analysis (data
not shown). Moreover, agglomerated Pt particles with diameters
mostly from 2 to 3 �m were observed on the two  PAMT-coated sub-
strates (Fig. 2B and D). These agglomerates are generally considered
to be formed by successive nucleation: primary nucleation of a Pt
deposit followed by secondary nucleation on the predeposited Pt
surface [22]. This suggests that the PAMT film-supported Pt parti-
cles possess high activity of surface defects allowing the secondary
nucleation. The aggregated structure was  therefore formed, accom-
panied by a decrease in degree of surface coverage by Pt particles,
as observed from comparison of Fig. 2A and C with B and D. A previ-
ous study focusing on the influence of particle agglomeration [43]
surface defects, may  show remarkably enhanced catalytic activity
in comparison to either isolated Pt nanopraticles or polycrystalline
Pt foil.

he PAMT on the substrates was  deposited from 0.5 mmol dm−3 AMT  + 0.5 mol dm−3

 particles were deposited from 5.0 mmol dm−3 H2PtCl6 + 0.5 mol dm−3 H2SO4 at a
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the forward and reverse scans, respectively. The peak PF at around
0.65 V is assigned to the oxidation of methanol in multiple steps,
producing carboxyl intermediates together with strongly adsorbed
CO species [25,28,46].  With the scan positive-going, the peak PF
ig. 3. FESEM images of Pt/GCE (A), Pt/PAMT/GCE (B), Pt/sCPE (C) and Pt/PAMT/sCP

There is not discernible difference in shape, size, size distribu-
ion and surface uniformity between the Pt particles deposited on
he bare GCE and on the bare sCPE (compare the Fig. 2A and C),
lthough there were great differences in substrate composition
containing wax or not) and carbon structure between the two
are substrates. In the presence of the PAMT film, however, the
ize of the isolated Pt praticles was reduced considerably only on
he PAMT/sCPE (mostly 0.1–0.5 �m,  Fig. 2D), contributing to the
ncrease in specific surface area of the particles.

Fig. 3 shows the micrographs of the four electrodes at a higher
agnification. It can be seen that the Pt particles on all the four

upports show an impressive chestnut bur-like morphology with
umerous nanoscale thorns. The nanothorns have sharp needle-
oints and are arranged on the surface in the radial direction.
his chestnut bur-like structure, rarely or never reported for Pt
articles, is expected to be favorable for improving the catalytic
ctivity due to the highly developed specific surface with various
ctive sites. A similar hedgehog-shaped morphology, with many
anoscale leaf-like flakes on the surface, was recently prepared

or gold particles from electrodeposition, resulting in enhanced
oltammetric responses [44].

.3. Electrochemical active surface area of Pt deposits

The electrochemical active surface areas of Pt deposits on the
our supports were determined by the voltammetric measure-

ents in 0.5 mol  dm−3 H2SO4. Fig. 4 shows the typical multiple
eaks in the lower potential range of −0.2 to 0.1 V, which are related
o hydrogen reductive adsorption/oxidative desorption on a Pt sur-
ace [16]. The anodic peak at the higher potentials around 0.8 V and
ts cathodic counterpart at about 0.55 V are due to the formation
nd reduction of the Pt oxide monolayer [6].

The coulombic charge for hydrogen oxidative desorption from
he Pt surface was determined by integrating the anodic cur-
ent between −0.2 and 0.1 V after subtraction of the double layer

urrent. The obtained charges can be used to characterize the elec-
rochemical active surface area (AEAS) of Pt deposits [6],  assuming

 specific charge of 210 �C cm−2 [45] for hydrogen desorption
rom an atomically smooth Pt surface. The AEAS values were
n a higher magnification than in Fig. 2. The inset shows a picture of a chestnut bur.

calculated to be 19, 28, 36, and 60.5 (cm2 Pt)/(cm2 geometric area
of electrode), respectively, for the Pt/GCE, Pt/PAMT/GCE, Pt/sCPE
and Pt/PAMT/sCPE used in Fig. 4. The active specific surface areas
of Pt particles on the four electrodes were then estimated to
be 105, 155, 120 and 224 cm2 mg−1 sequentially, considering the
specific masses of Pt deposits as in Section 3.1. The highest spe-
cific surface was obtained at Pt/PAMT/sCPE (approximately with
0.375 mg  PAMT cm−2 and 0.27 mg  Pt cm−2), suggesting that the
sCPE-supported PAMT film is the most promising candidate as a
Pt support among the four electrodes. In addition, the bare sCPE
is a better direct support for Pt than the bare GCE, although with
smaller real area than the latter due to the presence of wax.

3.4. Catalytic oxidation of methanol by Pt deposits

Methanol oxidation at the Pt surface showed the characteristic
double voltammetric peaks (PF and PR, Fig. 5A) that appeared in
Fig. 4. CVs of Pt/GCE (a), Pt/PAMT/GCE (b), Pt/sCPE (c) and Pt/PAMT/sCPE (d) in
0.5  mol  dm−3 H2SO4. GCE and sCPE area: 0.0707 cm2, scan rate: 50 mV s−1. The four
electrodes were prepared under the same conditions as in Fig. 2.
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Fig. 5. CVs of Pt/GCE (a), Pt/PAMT/GCE (b), Pt/sCPE (c) and Pt/PAMT/sCPE (d) in 0.5 mol  dm−3 H2SO4 + 0.5 mol  dm−3 CH3OH. GCE and sCPE area: 0.0707 cm2, scan rate:
50  mV  s−1. The four anodes were prepared under the same conditions as in Fig. 2. The lower three panels show the PF peak current density at Pt/PAMT/sCPEs as a function of
c . The P
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ycle  number for PAMT deposition (B), Pt loading (C) and CH3OH concentration (D)

as followed by a current drop due to the formation of Pt oxide
PtO) that passivated the surface, and subsequently by a current
ise arising from the potential-driven oxidation on the surface of Pt
xide [25]. The Pt/PAMT/sCPE showed the highest PF peak current
ensity (jp) of 80 mA  cm−2 that is about two times as high as that
f the Pt/sCPE (38 mA  cm−2). Similarly, the Pt/PAMT/GCE yielded

 significantly higher peak current density (50 mA  cm−2) than did
he Pt/GCE (30 mA  cm−2). Therefore, the PAMT film on both the
ubstrates played an important role in promoting methanol oxida-
ion at Pt particles. In addition, the substrate sCPE contributed more
han the GCE to the catalytic activity of Pt, whether with or without
AMT film on them. The enhancement of the catalytic activity can
e attributed to the increase in electrochemical active surface area
described in Section 3.3) of Pt deposits as well as the occurrence
f the Pt agglomerates on the PAMT film (Fig. 2B and D).

The reverse anodic peak PR at around 0.5 V is attributed to the
xidative removal of CO and other residual carbon species formed
n the electrodes in the forward scan [7].  Their oxidation reactions
nusually occurred at relatively negative potentials, following the
lectroreduction of Pt oxide (as indicated by the first cathodic peak
n Fig. 4) that produced a rather reduced/non-poisoned Pt surface
25].

Fig. 5B shows the PF peak current as a function of the PAMT
mount deposited on the sCPE. The peak current of methanol oxida-

ion at Pt/PAMT/sCPE increased significantly with increasing circle
umber for the PAMT deposition from the monomer solution, until
he cycle number was up to about 50 cycles. Fig. 5C shows the PF
eak current as a function of the area-specific mass of Pt deposits
t/PAMT/sCPEs were prepared under the same conditions except where indicated.

on the PAMT/sCPE. The mass of Pt was  determined from deposi-
tion time as described in Section 3.1.  The peak current of methanol
oxidation increased continuously with the Pt deposition time in
the test time scale up to 75 min, at first sharply (<20 min) and then
more gradually. The peak currents per unit of Pt mass were then
calculated to be 193, 231, 300, 220, 159 and 140 mA (mg  Pt)−1 for
the deposition time of 5, 10, 20, 30, 50 and 75 min, respectively,
indicating that 20 min  of deposition time resulted in the highest
mass-specific activity of Pt deposits toward methanol oxidation.
Fig. 5D shows the PF peak current as a function of methanol con-
centration. The peak current increased with increasing methanol
concentration up to 3.0 mol  dm−3, sharply below 1.0 mol dm−3 and
then more gradually.

Tables 1 and 2 list some composite electrodes recently reported
for use in catalytic oxidation of methanol. Among these electrodes
the Pt/PoPD/CCE [16] generated the highest methanol peak cur-
rent density, with a porous carbon–ceramic electrode (CCE) as
the support that provided a large surface area for the Pt deposi-
tion (Pt loading, 0.6 mg  cm−2). As shown in Tables 1 and 2, the
Pt/PAMT/sCPE prepared in the present work exhibited excellent
electrocatalytic activity toward methanol oxidation.

3.5. EIS characterization
The charge-transfer properties of the electrode interfaces at
a series of potentials were analyzed using EIS. Fig. 6 shows
the highly potential-dependent Nyquist plots of the four anodes
in 0.5 mol  dm−3 CH3OH + 0.5 mol dm−3 H2SO4. The applied bias
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Table  1
Recently reported polymer-supported Pt electrodes for electrocatalytic oxidation of methanol in acidic media. All the values of jp are referred to the electrode geometric
areas  available in the respective literature. All the peak potentials quoted in this table were converted to values vs. RHE (reversible hydrogen electrode) in the same solutions
for  comparison.

Composite electrodes CV scan for CH3OH oxidation Refs.

c (mol dm−3) v (mV  s−1) jp (mA  cm−2) Ep (V) vs. RHE

PANI/Pt/GC CH3OH: 3.0
H2SO4: 0.5

50 14 0.90 [2]

Pt/PMI/GC CH3OH: 1.0
H2SO4: 0.5

50 68 0.92 [12]

Pt/PANI-PAMA/ITO CH3OH: 0.1
H2SO4: 0.5

10 1.6 0.97 [13]

Pt/PEDOT-V2O5/GC CH3OH: 1.0
H2SO4: 1.0

50 57 1.22 [14]

Pt/PoPD/CCE CH3OH: 0.5
H2SO4: 0.3

50 117 1.08 [16]

Pt/PoPDnanotube/Naf/Gr CH3OH: 1.0
H2SO4: 0.5

50 84 0.98 [20]

Pt/PEDOT/C CH3OH: 1.0
H2SO4: 0.1

5 5.7 0.91 [21]

Pt/PEDOT/C CH3OH: 1.0
H2SO4: 0.1

5 8.8 0.90 [22]

Pt/PTy/GC CH3OH: 3.7
H2SO4: 0.5

50 8.8 0.93 [23]

Pt/P3MT/GC CH3OH: 0.1
HClO4: 0.1

50 4.5 0.92 [24]

Pt/PANI/Nc CH3OH: 0.5
H2SO4: 0.5

50 8.5 0.96 [47]

Pt/PAMT/sCPE
CH3OH: 0.5
H2SO4: 0.5

50 80 0.92
This work

CH3OH: 1.0
H2SO4: 0.5

50 104 0.93

Fig. 6. Nyquist plots of Pt/GCE (A), Pt/PAMT/GCE (B), Pt/sCPE (C) and Pt/PAMT/sCPE (D) in 0.5 mol  dm−3 CH3OH + 0.5 mol dm−3 H2SO4. The electrodes were prepared under
the  same conditions as in Fig. 2. Frequency range: 100 kHz–0.01 Hz; amplitude: 10 mV;  bias potential: 0.3–1.0 V vs. SCE as indicated beside each spectrum. The solid curves
are  the simulated plots using the equivalent circuit shown in the panel (E).
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Table  2
Previously reported carbon paste based electrodes for electrocatalytic oxidation of methanol. All the values of jp are referred to the electrode geometric areas available in the
respective literature. All the peak potentials quoted in this table were converted to values vs. RHE in the same solutions for comparison.

Materials for carbon pastes Modifiers CV scan for CH3OH oxidation Refs.

c (mol dm−3) v  (mV  s−1) jp (mA  cm−2) Ep (V) vs. RHE

Graphite powder + paraffin Pt-Ni/PIn CH3OH: 0.5
HClO4: 1.0

25 45 0.88 [19]

Graphite powder + MWCNT + paraffin Pt/PMT/TX-100 CH3OH: 1.4
H2SO4: 0.5

50 24.8 0.88 [28]

Graphite particles + NiY + paraffin oil Ni-NiY CH3OH: 0.5
NaOH: 0.1

20 13.2 1.79 [31]

Graphite powder + paraffin Ni/PDAN CH3OH: 0.57
NaOH: 0.1

10 1.43 1.63 [32]

Graphite powder + paraffin Ni/CTAB-PMT CH3OH: 0.19
NaOH: 0.1

20 40 1.79 [33]

Graphite powder + paraffin Ni/PANI CH3OH: 0.5
NaOH: 0.1

25 16.7 1.56 [34]

MWCNT + paraffin oil Ni(II)-Qu CH3OH: 0.4
NaOH: 0.1

20 18.5 1.71 [35]

Graphite powder + MWCNT + paraffin Ni/PoT/TX-100 CH3OH: 0.24
NaOH: 0.1

20 18.7 1.66 [36]

Graphite powder + silicon oil Ni/PoAP CH3OH: 0.45
NaOH: 0.1

50 1.65 1.58 [37]

Carbon paste Ni/SDS-PoAP CH3OH: 0.76 20 17.1 1.72 [48]
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NaOH: 0.1
Graphite powder + solid wax Pt/PAMT CH3OH: 0.5

H2SO4: 0.5

otentials started from 0.3 V vs. SCE, i.e., the onset potential of the
oltammetric peak PF (see Fig. 5A). At the lower potentials of 0.3,
.4 and 0.5 V vs. SCE, all the spectra exhibit an irregular circle or arc
f circle, which decreased in size with the potential changing from
.3 to 0.4 V. The smallest impedance arc was obtained at 0.4 V for
ll the anodes, indicating a smallest charge-transfer resistance (Rct)
ue to the efficient removal of the intermediate COads allowed at
his potential. What is more, all the spectra at 0.4 V present a low
requency loop extending to the fourth quadrant, reflecting a typi-
al pseudo-inductive behavior. The same feature was  also observed
t 0.5 V but only for the Pt/sCPE (Fig. 6C). This inductive behavior
as been explained by Müller et al. [49] using the kinetic theory
erived by Harrington and Conway [50] for the reactions involving

ntermediate adsorbates. Oxidative removal of COads lead to the
egeneration of active sites; the resulting relaxation phenomena
ields an increase in potential followed by an increase in current
ith a phase delay, such that the potential-dependent change in

apacitance resembles an inductance [49,51–53].
The pseudo-inductive impedances were fitted using the equiva-

ent circuit [53] shown in Fig. 6E, where Rs is the solution resistance,
PE1 and Rct1 are the high frequency constant phase element and
igh frequency resistance corresponding to the charge-transfer
rocess at the outermost surface of the catalysts, CPE2 and Rct2 are
he constant phase element and charge-transfer resistance within
he porous Pt particles, RL and L are the low frequency resistance
nd low frequency inductance due to the adsorbed CO layer, respec-
ively. The constant phase elements are used instead of capacitors
o account for the inhomogeneity of the film. The fitting (solid)
urves were overlaid in Fig. 6 showing good agreement with the
easured data points.
The fitting parameters are listed in Table 3. The values of Rct1

t Pt/PAMT/GCE under the potentials of 0.3 and 0.4 V were about
.5 and 5 times as large as those at Pt/GCE, respectively, reflect-

ng a negative effect of GCE-supported PAMT film on electron
ransfer kinetics of methanol oxidation. On the contrary, both the
alues of Rct1 and Rct2 at Pt/PAMT/sCPE were smaller than their
espective values at Pt/sCPE under every identical potential, show-

ng a facilitating effect of sCPE-supported PAMT film on electron
ransfer. Similar opposite effects were previously reported based
n the EIS data of a PAMT/GCE [54] and of a PAMT/sCPE [41] in
erri/ferrocyanide solutions, by John’s and our groups, respectively.
50 80 0.92 This work

That is, the charge transfer resistance (Rct) of the ferri/ferrocyanide
redox couple increased with increasing PAMT amount deposited
on the GCE [54], but the opposite change in Rct was obtained when
the sCPE was  used as the substrate [41].

The four insets in Fig. 6 show the Nyquist plots recorded
in the higher potential range, that is, 0.6–0.65 V and 0.75–1.0 V
for Pt/GCE, 0.8–1.0 V for Pt/PAMT/GCE, 0.6–1.0 V for Pt/sCPE
and Pt/PAMT/sCPE, respectively. All the impedances arcs there
increased in size with increasing potential up to 0.9 V, due to the
increasing Pt oxides formed on the Pt surface hindering the oxida-
tion of methanol and COads. The impedances arcs showed no change
or a little decrease in size as the potential was  further shifted from
0.9 to 1.0 V driving the oxidation of COads to CO2 on the surface of Pt
oxides (see Fig. 5A). The same opposite effects of the PAMT film as
described above were also observed in the higher potential range,
by comparing the relative sizes of the impedances arcs among these
anodes. The GCE-supported PAMT film led to an increase in arc size
and therefore in electron transfer resistance (compare the insets
of Fig. 6A and B), whereas the sCPE-supported PAMT film had an
opposite effect on the size of impedance arc (compare the insets of
Fig. 6C and D). Therefore the combination of PAMT and sCPE can
best facilitate the electron transfer kinetics for methanol oxidation
among the four Pt supports.

Some interesting impedance patterns were observed in the mid-
dle potential range. At the potential of 0.5 V, the Nyquist plots of
Pt/GCE and Pt/PAMT/sCPE showed an unusual and unapprehended
inductive loop lying entirely in the first quadrant (Fig. 6A and D).
More unexpectedly, the impedance pattern of Pt/GCE at 0.7 V dis-
played a reverse arc in the second quadrant that was  different from
the impedance arcs at potentials ≤0.65 V or ≥0.75 V (Fig. 6A). The
reverse arc also occurred at Pt/PAMT/GCE even in a wider poten-
tial range, and the size of arc decreased with potential increasing
from 0.5 to 0.7 V (Fig. 6B). The appearance of the reverse impedance
pattern has been considered as a result of the change of rate deter-
mining step from COads oxidation to CH3OH oxidation as COads
[55]. This change occurred at Pt/PAMT/GCE in the wider poten-
tial range than at Pt/GCE, due to the GCE-supported PAMT film

that increased the electron transfer resistance of CH3OH oxida-
tion as described above. The reversing of impedance arc to the
second (and the third) quadrant(s) did not take place at both the
sCPE-supported electrodes, which can be attributed to the faster
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Table  3
Fitting parameters based on the equivalent circuit in Fig. 6E.

Electrode E (V) vs. SCE Rs (� cm2) Y0(CPE1)
(mS  sn cm−2)

Rct1 (� cm2) Y0(CPE2)
(mS sn cm−2)

Rct2 (� cm2) RL (� cm2 L (H cm2)

Pt/GCE
0.3 0.531 12.1

n = 1
108 1.36

n = 0.91
214 – –

0.4  0.523 3.96
n = 1

6.14 3.08
n = 0.83

105 0 1466

Pt/PAMT/GCE
0.3  0.628 4.26

n = 1
167 2.16

n = 0.89
133 – –

0.4  0.604 2.54
n = 0.76

31.8 1.72
n = 1

110 5.15 97.0

Pt/sCPE
0.3  0.672 12.9

n = 1
272 1.21

n = 0.86
367 – –

0.4  0.653 1.72
n = 0.83

38.1 3.03
n = 0.91

138 65.0 951

0.5  0.667 2.52
n = 0.82

18.3 2.04
n = 0.96

385 78.9 298

Pt/PAMT/sCPE
0.3  0.940 16.1 113 1.17 270 – –

12

e
a

3

1
P
t
d
w
c
s
2
p
d
o
t
r
d
o
2
t
s
i
s
s

F
C
(

n = 1
0.4  0.622 4.15

n = 0.81

lectron transfer kinetics of CH3OH oxidation at them, especially
t Pt/PAMT/sCPE.

.6. Chronoamperometric studies

Chronoamperometry data were recorded at 0.81 V (vs. RHE) for
200s as a measure of the catalyst deactivation for Pt/sCPE and
t/PAMT/sCPE (Fig. 7). It has been reported that, at Pt bulk elec-
rodes, the methanol oxidation currents in chronoamperograms
ecayed rapidly with time due to the CO induced poisoning and
as almost zero after 500 s [26,56],  whereas at the same time, the

urrents at Pt nanoparticles were still about one fifth [26] or one
ixth [56] of the initial values. The results after continuous runs for
000s were reported for the Pt nanowires supported on Pt gauze,
ristine Pt gauze, E-TEK and W gauze, showing that the current
ensities decayed to about 8.4%, 9.4%, 9.5%, and 6.4%, respectively,
f their initial values [57]. In the present work, the current densi-
ies shown in Fig. 7 decreased markedly at first, but then became
elatively stable. After 1200s of continuous operation, the current
ensities at the Pt/sCPE and Pt/PAMT/sCPE were about 20% and 23%
f the initial values, respectively, and the current at the latter was
.5 times that at the former due to the role of PAMT. By comparison,
he Pt particles supported on sCPE and on PAMT/sCPE exhibited a

lower current decay over time. The higher tolerance to CO-like
ntermediates may  be attributed to a faster removal rate of the poi-
oning species on the sharp nanothorns arranged on the particle
urface.

ig. 7. Chronoamperograms for methanol oxidation in 0.5 mol  dm−3

H3OH + 0.5 mol dm−3 H2SO4 at 0.81 V (vs. RHE) on Pt/sCPE (a) and Pt/PAMT/sCPEs
b). The electrodes were prepared under the same conditions as in Fig. 2.

[
[

[

n = 0.92
.9 2.57

n = 1
86.8 21.7 131

4. Conclusions

Platinum particles are comparatively deposited on four carbon-
based supports: GCE, sCPE, PAMT/GCE and PAMT/sCPE. The
particles formed on all the supports show an impressive chestnut
bur-like morphology with numerous nanothorns that is favorable
for improving catalytic activity due to the highly developed spe-
cific surface. On the PAMT films supported on the both substrates,
the deposited particles are found in two size fractions (<1 �m and
2–3 �m),  which may  provide high concentration of surface defects
and therefore enhanced activity. Both the sCPE and the PAMT con-
tribute to increase the electrochemical active area of Pt catalyst and
therefore have a positive effect on catalytic activity, in comparison
with the GCE and the uncoated supports, respectively. Moreover,
the sCPE-supported PAMT facilitates the electron transfer kinetics
of the oxidation of methanol, whereas the GCE-supported PAMT
gives an opposite effect on the electron transfer. Based on above, the
Pt/PAMT/sCPE generates the highest voltammetric current density
upon methanol oxidation among the four Pt supports. These find-
ings offer insight into the combination of solid carbon paste and a
conducting polymer as a promising support of Pt catalyst in direct
methanol fuel cell.
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