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Abstract The conductive polymer poly(neutral red)
polymerized on a graphite electrode (PNR/graphite) as a
support material was used for catalytic oxidation of ethanol
in acidic solution and investigated by electrochemical
methods. Pt particles loaded on the surface of PNR/graphite
electrode exhibited higher electrocatalytic activity for eth-
anol oxidation in comparison with Pt particles supported
directly on graphite. With the equivalent loading mass of Pt
catalyst, the special activity (S4) at peak a of the Pt/PNR/
graphite electrode polymerized for 10 cyclesin 5 x 107*M
NR + 0.5 M H,SO, solution is 3,478 A C~! and about 2.20
times higher than that of the Pt/graphite electrode
(1,582 A CY). The results show that the electrochemical
performance of Pt catalyst for ethanol oxidation is improved
by the addition of PNR

Keywords Poly(neutral red) - Polymer - Platinum -
Ethanol electrooxidation

1 Introduction

Direct ethanol fuel cells (DEFCs) have received great

attention due to their high energy-conversion efficiency
and low operating temperature. Among several alcohols
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which can be used in direct alcohol fuel cells (DAFCs),
ethanol possesses distinct characteristics such as lower
toxicity, low permeability across proton exchange mem-
branes [1] and high energy density (8.01 kW h kg~' for
ethanol versus 6.09 kW h kg_1 for methanol) [2]. In par-
ticular, ethanol is a facile and abundant fuel which is easily
produced in large quantities from agricultural products and
through the fermentation of biomass.

Despite the merits of ethanol, the cleavage of the C-C
bond is crucial and determines the fuel efficiency and
electrical energy yield. Considerable efforts have been
devoted towards the improvement of the activity and
endurance of the anode electrocatalyst. These catalysts
include Pt [3-5], Pt-based alloys [6—8] and oxide catalysts
[9-13]. In addition, the choice of a suitable supporting
material is also an important factor that may affect the
performance of supported electrocatalysts owing to inter-
actions between the electrocatalyst and the supporting
material and surface reactivity [14]. Conductive polymers
(such as polyaniline (PANI) [15, 16], polypyrrole (PPy)
[17, 18], polythiophene (PTh) [19, 20], poly(o-phenylene-
diamine) (PoPD) [20], poly(N-acetylaniline) (PAANI)
[21], poly(methylene blue) (PMB) [16]) have been shown
to be suitable host matrices for dispersing metallic particles
due to their very good conducting and mechanical prop-
erties and high stability [22]. Recently, neutral red (NR), an
aniline derivative, containing a primary amino group, has
received increasing attention. In particular, the electropo-
lymerization of NR from both neutral [23-25] and acidic
[23, 26, 27] aqueous solutions on various electrodes has
been studied. Poly(neutral red) (PNR) possesses very good
electrocatalytic activity toward the redox of small molec-
ular compounds, e.g. electrooxidation of NO [28] and
NADH [29, 30], and electroreduction of NO, , 1057,
BrO;~ [23] and NAD™" [29].
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Surprisingly, there are few investigations aimed at PNR
as supports for electrocatalysts in DEFCs. From the fore-
going viewpoint, this paper focuses mainly on the
properties of PNR film as support for Pt particles in the
electrocatalytic oxidation of ethanol. A PNR matrix was
synthesized through electropolymerization. Pt particles
were deposited on the PNR film by electrodeposition to
obtain the Pt/PNR/graphite electrode; this showed much
higher activity and stability for ethanol oxidation in acidic
medium than Pt particles directly loaded on to a graphite
electrode. PNR film may have potential application in
DEFCs.

2 Experimental
2.1 Chemicals and instruments

A graphite substrate (6.0 mm in width, 11.8 mm in length,
and 3.2 mm in height) was used as the working electrode.
The apparent surface area of the working electrode was
0.71 cm”. A standard three-electrode cell was employed
with Pt wire as the counter electrode and a saturated cal-
omel electrode (SCE) as the reference electrode. A
CHI660A electrochemical workstation (CH Instruments,
Inc) was employed for the electropolymerization of NR,
the electrochemical deposition of Pt and electrochemical
studies of these electrodes.

All chemicals were of analytical grade. All experiments
were carried out at ambient temperature (298 K). All the
potentials were referred to SCE. Freshly double-distilled
water was used throughout.

The morphology and elemental composition of the Pt/
PNR/graphite electrode were investigated by scanning
electron microscopy (SEM, JSM 6700 F, operating at 20
kV), and energy dispersive X-ray spectroscopy (EDS,
Vantage 4105, NORAN), respectively.

2.2 Preparation of the Pt/PNR/graphite electrode
and electrochemical studies

Before the polymerization of NR, the graphite electrode was
pretreated in 30 wt.% HNO; aqueous solution for 2 h to
eliminate impurities at the surface and to activate the
graphite substrate. To further increase the electrochemical
activity, the electrode was cycled for 60 cycles in a 0.1 M
H,SO, aqueous solution in the potential range —0.15 ~ 1.3
V at a sweep rate of 50 mV s~ '. The PNR/graphite electrode
was prepared from 5 x 10™* M NR in a 0.5 M H,SO, by
typical cycle voltammetry (CV) in the potential range —0.2
~ 0.8 V at a sweep rate of 50 mV s~'. The PNR/graphite
electrode was then rinsed with double-distilled water three
times and Pt particles were electrodeposited on the surface of
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the PNR-modified graphite electrode by a potential-step
deposition method from N, saturated 1.5 mM H,PtClg
aqueous solution. The potential jumped from the open-cir-
cuit potential to —0.15 V (vs. SCE) with a pulse width of
0.001 s and the electrodeposition of Pt particles was carried
out successively until a predetermined Pt deposition charge
(Quep) was reached. After Pt deposition, the samples were
washed in double-distilled water. To investigate the effect of
the polymerization cycle number of NR on the electrocata-
lytic activity of the corresponding Pt/PNR/graphite
electrodes for ethanol electrooxidation, a series of Pt/PNR/
graphite electrodes, in which PNR was obtained with dif-
ferent polymerization cycle numbers, were prepared
according to the process detailed above. In typical experi-
ments, the polymerization cycle numbers were 5, 10, 15, 25,
150 cycles, and the corresponding Pt/PNR/graphite elec-
trodes are labelled as Pt/PNR/graphite-1, Pt/PNR/graphite-
2, Pt/PNR/graphite-3, Pt/PNR/graphite-4 and Pt/PNR/
graphite-5, respectively.

Electrochemical properties of the Pt/PNR/graphite
electrodes for ethanol electrooxidation were investigated in
1.0 M CH3CH,OH + 0.1 M H,SO, aqueous solution by
CV and chronoamperometry (CA). For comparison a Pt/
graphite electrode without PNR was prepared according to
the same procedure mentioned above and the correspond-
ing electrochemical performance was also investigated.

3 Results and discussion

3.1 Electropolymerization of NR on the graphite
electrode

The electrochemical polymerization of NR on the graphite
electrode was performed by consecutive cyclic voltam-
metry from —0.2 to 0.8 V in 0.1 M H,SO, solution
containing 5 x 10~* M NR. The cyclic voltammograms for
the growth of PNR film are shown in Fig. 1, in whichi — E
curves from the first to the tenth cycle were recorded. One
redox couple, which corresponds to the NR redox reaction
[23, 26, 27], can be observed at about —0.06 V. The current
of the redox couple at about —0.06 V increases with
increase in cycle number, indicating progressive growth of
the PNR film.

3.2 The micrography and elemental composition
of the Pt/PNR/graphite electrode

The morphology of the Pt particles dispersed on the PNR
conducting polymer and the elemental composition of Pt/
PNR/graphite electrode-2 were investigated by SEM and
EDS. The results are shown in Figs. 2 and 3. Figure 2a
shows that the graphite electrode is covered with PNR film.
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Fig. 1 Cyclic voltammograms for the electropolymerization of
neutral red in 5 x 107 M NR + 0.5 M H,SO, solution. Scan rate
50 mV s~

From Fig. 2b, most of Pt particles are seen to be electro-
deposited on the PNR film and few Pt particles are
observed on the graphite substrate. This indicates that PNR
is suitable as the host material for Pt particles. For com-
parison, the SEM image of the Pt/graphite electrode with
similar Pt deposition charge is shown in Fig. 2c. Pt parti-
cles are deposited homogeneously on the graphite
substrate. Although the size of Pt/PNR particles is larger
than that of Pt particles on the Pt/graphite electrode, the
sizes of Pt particles on both Pt/PNR/graphite electrode and
Pt/graphite electrode are similar. However, the electrocat-
alytic properties of Pt particles may be enhanced when
“hard” interaction between Pt and graphite is changed to
“soft” interaction between Pt and PNR. On the other hand,
the EDS pattern of Pt/PNR/graphite electrode shown in
Fig. 3 indicates that Pt and C are the major elements. The
EDS result further confirms that Pt particles are success-
fully loaded onto the surface of the PNR/graphite electrode.

3.3 Electrocatalytic properties of the Pt/PNR/graphite
electrode for ethanol oxidation

Electrochemical properties of the Pt/PNR/graphite elec-
trode-2 were investigated by CV in 1.0 M CH3;CH,OH +
0.1 M H,SO, aqueous solutions. For comparison, electro-
chemical properties of graphite, PNR/graphite and Pt/
graphite electrodes were also investigated under the same
conditions. The corresponding cyclic voltammograms
(CVs) are shown in Fig. 4. From Fig. 4a, a pair of redox
peaks at about 0.3 ~ 0.4 V (vs. SCE) can be observed on
both PNR/graphite and graphite electrodes. This may cor-
relate with the redox behavior of the functional groups
(such as -COOH, —OH) on carbon which are attributable to
activation of the graphite electrode in acidic aqueous

NONE

Fig. 2 SEM images of the PNR/graphite electrode (a), Pt/PNR/
graphite electrode-2 (b) (Pt deposition charge, 4.71 uC cm~2) and Pt/
graphite electrode (¢) (Pt deposition charge 4.36 pC cm™2)
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Fig. 3 EDS pattern of the Pt/PNR/graphite electrode-2 (Pt deposition
charge 4.71 pC cm™2)
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Fig. 4 Cyclic voltammograms of various electrodes at 50 mV s~'in
1.0 M CH;3CH,OH + 0.1 M H,SO, aqueous solution. (a) PNR/
graphite (curve 1) and graphite (curve 2) electrodes; (b) Pt/PNR/
graphite electrode-2 (curve 1, Pt deposition charge, 4.71 pC cm™2),
Pt/graphite electrode (curve 2, Pt deposition charge 4.36 pC cm™?)
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solution. The CV current density of the electrode increases
in the presence of PNR. Also, no current peaks corre-
sponding to ethanol oxidation can be seen in Fig. 4a, which
indicates that both PNR and graphite substrate have no
electrocatalytic activity for ethanol oxidation, whereas, the
typical cyclic voltammograms of ethanol oxidation can be
observed at both Pt/PNR/graphite electrode-2 and Pt/
graphite electrode (curves 1 and 2 in Fig. 4b). Typical
features of ethanol oxidation, agreeing with other work
[30], are observed in Fig. 4b. Among these, two oxidation
peaks are found at ~0.585 V and ~0.975 V (vs. SCE)
during the forward scan. The first oxidation peak (peak a)
corresponds mainly to the formation of CO,, the second
(peak b) corresponds mainly to the formation of
CH;COOH, and the third (peak c) in the reverse scan
corresponds mainly to the formation of CH3;CHO [30, 31].
The onset potential for ethanol electrooxidation on Pt/PNR/
graphite electrode-2 is lower than that on Pt/graphite. The
addition of PNR leads to a negative shift of the onset
potential for ethanol electrooxidation. On the other hand,
the specific activity (S4) defined by peak current density
per unit of catalyst deposition charge is introduced and
calculated by the following equation [32]:

Sy = 1000i,,/Q (1)

where i,, (mA cmfz) is the peak current density obtained
from the forward CV scan (peak a), and Q (nC cm™?) is the
deposition charge of Pt catalyst (it is assumed that the
charge efficiency for Pt electrochemical deposition is the
same (100%) on both the graphite and PNR/graphite elec-
trodes.). According to Eq. 1, the S, of the Pt/PNR/graphite
electrode-2 at peak a can be calculated and is 3,478 A cl,
which is about 2.20 times higher than that of the Pt/graphite
electrode (1,582 A Cfl). Higher S, values at peaks b and ¢
are also observed at the Pt/PNR/graphite electrode-2. These
imply that the electrocatalytic activities of the Pt/graphite
electrode are enhanced by the introduction of PNR. This
may be explained as follows: (1) the presence of PNR film is
beneficial to the stabilization of the Pt nanocluster struc-
tures; (2) the donor-acceptor ability of PNR is favorable for
accumulating and transferring oxygen-containing species
(OH,4s) or H [21]. These species may react with CO-like
intermediate species on the surface of Pt particles to release
the active sites for further ethanol oxidation; (3) compared
with the “hard” interaction between Pt and graphite in the
Pt/graphite electrode, the “soft” interaction between Pt and
PNR film may enhance the electrocatalytic properties of the
Pt/PNR/graphite electrode. The exact reasons for the
electrocatalytic activity of Pt enhanced by the PNR film are
still not clear and require more experimental investigation.

Figure 5 shows the chronoamperograms (CAs) of the Pt/
graphite electrode and the Pt/PNR/graphite electrode-2 at
0.5 V in 1.0 M CH3;CH,OH + 0.1 M H,SO, aqueous
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Fig. 5 Chronoamperograms of Pt/PNR/graphite electrode-2 (curve 1,
Pt deposition charge 4.71 pC cm~?) and Pt/graphite electrode (curve
2, Pt deposition charge, 4.36 pC cm~?) at 0.5 V in 1.0 M CH;CH,OH
+ 0.1 M H,SO, aqueous solution

solutions. When the potential is fixed at 0.5 V, a gradual
decay of current density with time is observed on both the
Pt/graphite electrode and the Pt/PNR/graphite electrode-2.
As seen from Fig. 5, the current density of ethanol oxida-
tion on the Pt/PNR/graphite electrode-2 decreases more
slowly for the whole time (curve 1 in Fig. 5), compared
with that on the Pt/graphite electrode (curve 2 in Fig. 5).
After 1,800 s the current density remains 15.59 and 10.79%
of the onset current density for the Pt/PNR/graphite elec-
trode-2 and the Pt/graphite electrode, respectively.
Moreover, the current density on the Pt/PNR/graphite
electrode-2 (1.15 mA cm ™2 is about 3.38 times higher than
that on the Pt/graphite electrode (0.34 mA cm™?). This
implies further that the Pt/PNR/graphite electrode-2
exhibits higher electrocatalytic activity than the Pt/graphite
electrode. The improved activity and better stability of the
Pt/PNR/graphite electrode-2 may result from the assistance
of PNR, which may reduce the accumulation of poisonous
specious (such as CO,4s) on the surface of the Pt particles.

3.4 Effect of the polymerization cycle number of NR
on ethanol electrooxidation

In order to investigate the effect of NR polymer thickness
on ethanol oxidation, the relation of polymerization cycle
number and S, of peak a on different electrodes for ethanol
electrooxidation was studied. The results are shown in
Fig. 6. The S4 order of peak a on different Pt/PNR/graphite
electrodes is as follows: Pt/PNR/graphite electrode-2 (3,478
A C™") > Pt/PNR/graphite electrode-1 (2,943 A C™') > Pt/
PNR/graphite electrode-3 (2,915 A C™') > Pt/PNR/graphite
electrode-4 (2,156 A C™') > Pt/PNR/graphite electrode-5
(1,591 A C") > Pt/graphite (1,582 A C™"). This means that
the polymerization cycle number affects the S, of peak a. In

Polymerization Cycle Number

Fig. 6 Variation of the specific activity (S4) of peak a of ethanol
electrooxidation on different electrodes in 1.0 M CH3;CH,OH + 0.1
M H,SO, aqueous solution with polymerization cycle number of
neutral red (NR). Scan rate 50 mV s~

the range of investigation, the S, of peak a for the Pt/PNR/
graphite electrode increases with increase in polymerization
cycle number and the maximum value is obtained at the
tenth cycle. When the polymerization cycle number
increases further the S, of peak a decreases.

3.5 Long-term cycle stability of the Pt/PNR/graphite
electrode

After the CVs of the Pt/PNR/graphite electrode-2 investi-
gated in 1.0 M CH3CH,OH + 0.1 M H,SO, aqueous
solution were stable, the long-term cycle stability of the Pt/
PNR/graphite electrode-2 was investigated in the same
solution by CV and the corresponding results are shown in
Fig. 7. When the potential was cycled continuously for 250
cycles, 31% loss of peak current density obtained at the
forward scan (i,,) was observed for the Pt/PNR/graphite
electrode-2 (curve 1). However, for the Pt/graphite elec-
trode (curve 2), a larger decrease (49.81%) was observed.
The reasons for the decay of i, may be as follows: accu-
mulation of poisonous specious (such as CO,q) on the
surface of the Pt particles, ethanol consumption during
the successive scans and change in the surface structure of
the Pt catalyst. The results from Fig.7 imply that the
presence of PNR is helpful in improving the long-term
cycle stability of Pt catalyst during ethanol electrooxida-
tion. The increased stability was related to the reduction of
the accumulation of poisonous species (such as CO,q4s) on
the surface of the Pt particles and stabilization of nano-
structures by the PNR coating environment. The adsorption
of CO on the PNR supported Pt surface may be less stable
in comparison with that on bare Pt [21].

@ Springer



J Appl Electrochem (2008) 38:1665-1670

1670
1.2
1.0 !
Sr
g 1
~6t
~
s 2
4r
2 F
0.0 ' r r r r
0 50 100 150 200 250 300

Cycle Numbers

Fig. 7 Long-term cycle stability of the Pt/PNR/graphite electrode-2
(curve 1, Pt deposition charge 4.71 pC cm~2) and Pt/graphite
electrode (curve 2, Pt deposition charge 4.36 pC cm™2) in 1.0 M
CH;CH,OH + 0.1 M H,SO,4 aqueous solution at 50 mV s7L ipq, the
peak current density of peak a; i, (), the peak current density of peak
a at the first cycle

After 250 cycles, the electrode was stored in double-
distilled water for 24 h, and the CV experiments were
carried out again in fresh ethanol solution. The peak cur-
rent density of the Pt/PNR/graphite electrode-2 still retains
88.56% of the value of the iy, (the peak current density
for peak a at the first cycle). Whereas, for the Pt/graphite
electrode, only 63.31% of the value of i,,.;) was retained.
This further confirms that the Pt/PNR/graphite electrode
has better long-term stability and storage properties than
the Pt/graphite electrode, thus indicating that PNR is a
promising matrix for dispersing metallic particles.

4 Conclusions

PNR/graphite as a support material for Pt was prepared and
used for ethanol electrooxidation in acidic medium. The
electrocatalytic activity of the resulting electrode, namely
the Pt/PNR/graphite electrode, was investigated by elec-
trochemical methods. The specific activity (S4) at peak a of
the Pt/PNR/graphite electrode-2 in which NR was poly-
merized for 10 cycles in 5 x 10* M NR + 0.5 M H,SO,4
solution was 3,478 A C" and about 2.20 times higher than
that of Pt/graphite electrode (1,582 A C™'). Good elec-
trochemical performance (higher electrocatalytic activity,
good long-term cycle stability) of Pt loaded on the surface
of the PNR/graphite electrode is attributable to the fact that
the PNR provides a favourable environment for stabilizing
the Pt and extracting intermediates and poisoning species.
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