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Abstract In this work, platinum particles decorated nano-
structured poly (1,5-diaminonaphthalene) modified glassy
carbon electrode (Pt/Nano-PDAN/MGCE) is prepared. The
composite catalysts are characterized by scanning electron
microscopy, energy dispersive spectroscopy, and electro-
chemical methods. The electrochemical methanol oxidation
reaction is studied at the surface of this modified electrode. At
same Pt loading, the Pt/Nano-PDAN/MGCE can act as higher
efficient catalyst for methanol oxidation than that Pt/MGCE.
Then, the influence of some parameters such as potential scan
rates, switching potential, and methanol concentration on its
oxidation as well as long-term stability of the modified elec-
trode have studied by electrochemical methods. Also, ability
of the modified electrode toward electrocatalytic oxidation of
formaldehyde as an intermediate in methanol oxidation has
been investigated.

Keywords Nanostructured poly (1,5-diaminonaphthalene)
film - Platinum particles - Methanol - Electrocatalytic
oxidation - Formaldehyde

Introduction

The electrocatalytic oxidation of methanol is a hot topic due to
its relevance in the operation of direct methanol fuel cells.
However, commercialization of these fuel cells has been fac-
ing serious difficulties due to kinetic constraints of the elec-
trochemical methanol oxidation reaction [1-4]. Although
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non-noble metals catalysts have been investigated and used
for methanol electrooxidation [5—7], Pt and its alloys are one
of the best electrocatalysts for use towards the methanol
oxidation. In order to enhance the electrocatalytic activity of
anode catalyst in methanol oxidation, the use of Pt seems
inevitable, but its price is high and it increases the anode cost.
An effective way to decrease the anodes cost is lowering the
amount of Pt by making high dispersed Pt particles on carbon
supports [8—10]. Carbon materials are of special interest due to
their outstanding properties, such as their tunable shape, size,
porosity, corrosion resistance, chemical stability, low cost,
electrical conductivity, and good thermal resistance. The com-
bination of all these characteristics has promoted the use of
these materials as electrode supports.

It is well known that conducting polymers (CPs) with
porous structures and high surface areas have been proved
to be suitable host materials for dispersion of Pt particles
[11-14]. The reason for the incorporation of Pt particles into
the porous matrixes is to increase the specific surface areas
of them and thus improve their electrocatalytic activity.
Another reason is higher tolerance of the Pt particles to
poisoning effect due to adsorption of CO species, in com-
parison with serious problem of poisoning effect on bulk Pt
electrodes. The composites of CPs with Pt particles permit a
facile flow of electronic charges through the polymer matrix
during electrochemical processes. However, the studies of
CPs as supports of Pt particles were centered on polyaniline,
polypyrrole, polythiophene, and their derivatives [15-17].
Therefore, it would be quite interesting to extend such
studies to other CPs which might be suitable materials for
the catalyst particles.

Recently, we have reported nickel/poly (1,5-diaminonaph-
thalene)-modified carbon paste electrode for electrocatalytic
oxidation of methanol and formaldehyde in alkaline medium
[18, 19]. Our literature survey indicates that there is no report
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on the electrochemical oxidation of methanol and formalde-
hyde onto Pt particles decorated nanostructured poly (1,5-
diaminonaphthalene) modified glassy carbon electrode (Pt/
Nano-PDAN/MGCE). Indeed, it is remarkable and important
to investigate new supports for the synthesis of nanomaterials
as potent catalyst for fuel cell applications. In this way, the use
of conducting polymer as 1,5-diaminonaphthalene (DAN) for
enhanced the activity of Pt particles is very interesting. There-
fore, in the this work, in order to investigate the effect of poly
(1,5-diaminonaphthalene) film towards the electrooxidation of
the small organic molecules, PMGCE and Pt/Nano-PDAN/
MGCE were fabricated and characterized by scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS) and
electrochemical methods. It has also described how nano-
PDAN improves the electrocatalytic efficiency of Pt particles
towards electrooxidation of methanol and formaldehyde which
have significant attractions in fuel cells technology.

Experimental
Materials

The solvent used in this work was distilled water. Sulfuric
acid (from Fluka) was used as supporting electrolyte. The
DAN monomer was purchased from Merck. Formaldehyde
and H,PtCls-6H,O from Merck were used as received.
Methanol (from Merck) used in this work was analytical
grade.

Instrumentation

Electrochemical experiments were performed using AUTO-
LAB PGSTAT 30 electrochemical analysis system and GPES
4.9 software package (Eco Chemie, Netherlands). The utilized
three-electrode system was composed of saturated calomel
electrode (SCE) as reference electrode, Pt wire as auxiliary
electrode, and GCE (1.5 mm in diameter, Azar electrode Co.,
Iran) as working electrode substrate. The surface morphology
and elemental composition of the deposits were evaluated by
scanning electron microscope (model VEGA-Tescan, Razi
Metallurgical Research Center) equipped with an energy dis-
persive spectrometer (EDS). All potentials reported in this
work referred to the SCE.

The electrode modification

Prior to the modification of GCE, it was polished with alumina
slurries on a polishing cloth to a mirror finish and then
ultrasonically cleaned for 2.0 min in ethanol. Then, the elec-
trode was rinsed thoroughly with distilled water. The Pt par-
ticles decorated PDAN/MGCE was prepared in two steps: (a)
electrochemical polymerization of DAN monomer by using
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Table 1 Surface parameters of Pt deposited on the GCE

Surface Pt/MGCE Pt/Nano-
parameters PDAN/MGCE
Pt loading/ug cm 2 150 150

A Jem? 0.40 0.47

RF 222 26.1
Specific surface area, S/m” g’ 14.8 17.4
Geometric area, Ag/cm2 0.018 0.018

potential cycling (seven cycles between —0.2 and 0.9 V at v=
100 mV s~ ") in aqueous solution containing 0.5 M H,SO, and
1.0 mM DAN for preparation of PDAN film; (b) the PDAN-
modified GCE was soaked in a freshly prepared 2.0 mM
H,PtCls+0.5 M H,SO, solution for 15.0 min to let metal ions
fully adsorb into the PDAN, then the electrodeposition of the
Pt particles were performed at constant potential of —0.2 V vs.
SCE for fabrication of PPDAN/MGCE. The amount of Pt
particles loaded (m/ug=0.5 QO,¢) onto the PDAN/MGCE was
estimated from the integral of current—time transient response
(Ore/mC) during the deposition process by assuming that the
reduction efficiency of Pt (IV)-Pt (0) is 100% [20-22]. The
Ohet (net charge) consumed for deposition can be calculated

1“

0.8

0.3 0.55
E/V vs. SCE

02 0.05

Fig. 1 Electropolymerization of DAN in 1.0 mM monomer+0.5 M
H,SO, solution onto GCE. The arrows indicate the currents trend
during the cyclic voltammetry at v=0.1 Vs
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Fig. 2 Cyclic voltammograms of the PDAN/MGCE in 0.5 M H,SO4
solution; a at lower values of v: @ 0.005 Vsﬁl, b0.01 Vsﬁl, c0.02 Vsﬁl, d
0.05 Vs', ¢ 0.08 Vs ', and 10.10 Vs ' and ¢ at higher values of v: a

by subtraction of charges obtained from chronoamperogram of
2.0 mM H,PtClg solution and blank solution. In this work, the
amount of deposited Pt was controlled about 2.7 pg which
corresponds to a charge of 0.3 C/cm?. The real surface area (4,)
of the Pt catalysts can be estimated from the integrated charge
in the hydrogen adsorption/desorption region of the cyclic
voltammogram. Similarly, the roughness factor (RF) can be
estimated by dividing 4, to geometric area, 4,, of the electrode.
Table 1 summarizes the surface parameters for the different
modified electrodes. After Pt particles deposition, the electrode
was rinsed with distilled water. At beginning of experiments,
the electrodes were immersed in 0.5 M H,SO, solution and
potentials were cycled between —0.25 to 1.3 Vat v=0.05 Vs '
until repeatable cyclic voltammograms were attained. All
experiments were carried out at ambient temperature.

02 0.05 03 055 08
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fﬁ.mm
he.: £04
0 |
5ol 28
1001 - 54183x+ 41922
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0"2/(mvsh)!?

020 Vs, 040 Vs c060Vs' d080 Vs and £1.0 Vs . The
dependency of peak currents on the v (b) and on the v'? (d)

Results and discussion
Electrochemical polymerization

Figure 1 shows the typical multi-sweep cyclic voltammo-
grams during the electropolymerization of DAN monomer
in 0.5 M H,SO, solution. As can be seen in this figure, in
the first anodic sweep, the oxidation of DAN occurs as a
distinct irreversible anodic peak (£,=0.7 V), corresponding
to the oxidation process of monomer amine groups into their
cationic radicals. A part of the oxidation products is depos-
ited on the electrode, as a poly (1,5-diaminonaphthalene)
film. With consecutive potential cycling, the monomer ox-
idation peak current decreases and several redox peaks (at
about 0.52, 0.54, 0.46, 0.48, 0.05, and 0.36 V) appear due to
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Fig. 3 SEM images of bare GCE (a), Nano-PDAN/MGCE (b), PtMGCE (¢, d), and Pt/Nano-PDAN/MGCE (e, f)

the polymer film formation. Also, the polymer peak currents  be attributed to the soluble oxidation products that can be
increase with increasing of potential cycles [23, 24]. In fact,in ~ adsorb and/or react on the electrode surface. The decreasing
the successive cycles, the shape of the voltammograms  of monomer oxidation current is due to less surface activity
becomes more complicated. The changes in the shape may  when covered with newly formed polymer film.
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Cyclic voltammetry behavior of the PDAN/MGCE

The electrochemical properties of the PDAN were investigat-
ed by cyclic voltammetry in 0.5 M H,SO, solution. Stability
of the prepared film was also checked with cyclic voltamme-
try, which showed the peak currents almost remain constant.
This indicates that PDAN has good stability in H,SO,4 solu-
tion. Furthermore, this film is hard to remove from the GCE
surface. The only way to remove the film is to polish the
electrode surface mechanically, indicating a mechanical sta-
bility. Figure 2 represents cyclic voltammograms of the
PDAN/MGCE at different potential sweep rates (v). Peak-
to-peak potential separation is deviated from the theoretical
value of zero and increases at higher potential sweep rates. As
shown, the peak currents increase with increasing of v and are
proportional to v at v<0.1 Vs~' (Fig. 2a, b), which indicates a
surface-confined redox process [25]. In the higher range of v
(v>0.1 Vs ', Fig. 2c, d), the peak currents depend on v'?,
signifying the dominance of a diffusion process as the rate
limiting step in total redox transition of the film [26-30].

The surface morphology and elemental composition

Figure 3a shows the morphology of a bare GCE after cleaning
process. As can be seen in this image, there are some defects
on the surface obtain during the electrode polishing. The SEM
image of PDAN shows nanostructured film consisting of
small particles less than 100 nm and the surface is homoge-
nously covered with them (Fig. 3b). The structure of this
matrix is beneficial to disperse Pt particles because formation
of the polymer film onto GCE significantly reduces its defects
to make a smooth and uniform surface as nucleation centers

for the formation of metal atoms. It yields large available area
and, in the case of introducing of Pt particles, with better
dispersion and/or distribution. Images (Fig. 3c, d) show the
morphologies of the same Pt/MGCE at different magnifica-
tions. As can be seen, the large spherical aggregates may be
formed through the settlement of several small Pt particles.
Only abundant conjugated Pt particles with diameter of
0.2 um were electrodeposited onto the bare clean GCE.
Images (Fig. 3e, f) show the morphologies of the Pt/Nano-
PDAN/MGCE at different magnifications. Agglomerated par-
ticles (average size, 130 nm) with higher effective surface area
were uniformly distributed on the electrode surface. The poly-
meric structure prevents the Pt particles agglomerating and
coalescing during the electrodeposition and also stabilizes
them on the electrode surface. Furthermore, the microscopy
demonstrates that the Pt particles were located outside (exter-
nal surface) of the polymer film. These results are in agree-
ment with electrochemical experiments.

A typical EDS spectrum for determination of the composite
catalyst composition was presented in Fig. 4. From the EDS
results, Pt is the major element. C is derived from GCE or
PDAN film. Electrochemical evidence for the available Pt
deposit was also obtained by potential cycling the Pt/Nano-
PDAN/MGCE in H,SO, solution in the hydrogen adsorption/
desorption region.

Cyclic voltammetry of the PYMGCE
and Pt/Nano-PDAN/MGCE

After depositing Pt particles, cyclic voltammetry of the elec-
trodes were performed in 0.5 M H,SO, solution and the
electrodes showed typical hydrogen adsorption/desorption

Fig. 4 EDS spectrum of
the Pt/Nano-PDAN.
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Fig. 5 Cyclic voltammograms of the Pt/MGCE (dotted line) and
Pt/Nano-PDAN/MGCE (solid line) in 0.5 M H,SO, solution at
v=0.05 Vs~

peaks (Fig. 5). Also, the two peaks at about 0.38 and 0.48 V
are ascribable to the electrochemical response of the polymer
film. It should be noted that the reduction peak of the polymer
superimposed on the reduction peak of Pt oxide. The charac-
teristic peaks (Pt—H redox peaks) in the negative region
are attributed to the atomic hydrogen adsorption on Pt
surface, and charge under the peaks can reflect the spe-
cific surface area of the Pt particles. Larger peaks are

i

S
02 04 0.6 0.8
E/V vs. SCE

Fig. 6 Electrochemical responses of the Pt/Nano-PDAN/MGCE (dotted
line) and PYMGCE (solid line) in 2.4 M CH;0H+0.5 M H,SOy solution
at v=0.05 Vs~
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Fig. 7 Effect of upper limit potential scanning on the oxidation of
1.8 M methanol onto Pt/Nano-PDAN/MGCE in 0.5 M H,SO, solution
at v=0.05 Vs ', (1) 0.0-0.8 V, (2) 0.0-0.9 V, (3) 0.0-1.0 V, and (4)
0.0-1.1V

observed on the Pt/Nano-PDAN, reflecting high surface
area of the Pt particles. According to Table 1, it is
concluded that larger Pt surface is available at the Pt/
Nano-PDAN/MGCE than that at Pt/MGCE. So, such Pt par-
ticles enhance the active sites towards the electrochemical
oxidation of methanol and formaldehyde.

0.75 1.0

0 0.25 0.5
E/V vs. SCE

Fig. 8 Current—potential curves of the Pt/Nano-PDAN/MGCE in
0.5 M H,SO, solution with different methanol concentrations at v=
0.05Vs ' a047M,50.70 M, ¢ 0.93 M, d 1.8 M, and e 2.4 M. Inset
plot of the anodic peak (/) current as a function of CH;0OH
concentration
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Fig. 9 Cyclic voltammograms of the Pt/Nano-PDAN/MGCE in 0.5 M
H,S0,+2.4 M CH;O0H solutions; a at lower values of v: @ 0.005 Vs ', b
0.01 Vs, ¢0.02 Vs, d0.05Vs" and e 0.08 Vs~' and b at higher

Electrocatalytic oxidation of methanol
on the Pt/Nano-PDAN/MGCE

Figure 6 (dotted line) shows cyclic voltammogram of the Pt/
Nano-PDAN/MGCE in 0.5 M H,SOy, in the presence of 2.4 M
methanol after four cycles. The anodic current of methanol
oxidation is started from about 0.2 V with low current, and by
sweeping to the more positive potentials, the peak current
density is highest at about 0.7 V (peak I). The oxidation peak

Fig. 10 a Chronoamperograms a
of the Pt/MGCE (dotted line)
and Pt/Nano-PDAN/MGCE
(solid line) in 2.4 M CH;0H+
0.5 M H,SO, solution.
Potential was applied from
OCP (open circuit potential) to
0.7 V vs. SCE for 400 s. b
Chronopotentiometric curves
of the Pt/MGCE (solid line)
and Pt/Nano-PDAN/MGCE
(dotted line) at 7,400 mA g,

0 025 05 075 1.0 0 025 05 075 10
E/V vs. SCE

values of v: £0.10 Vs, g 020 Vs, 1040 Vs ', i 0.60 Vs ', 0.80 V
s ', ¢ The dependency of the anodic peak (/) current obtained from a and
b versus v'?

current density decreases at more positive potential than re-
gion I due to the formation of Pt oxides. When the potential
scan is reversed, reduction of Pt oxide to Pt can occur and
clean Pt particle is available. The methanol oxidation takes
place more easily onto clean Pt and therefore peak II appear.
The height of this peak depends on the residue poisoning
species on Pt surfaces.

For comparison, cyclic voltammogram of the Pt/MGCE
towards the methanol oxidation was also shown in Fig. 5

b

' 200
t/s

100

300
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(solid line). The current density (i.e., current normalized per
true surface area/microamperes per square centimeter) differ-
ence between the voltammograms may be attributed to the
larger surface area of the Pt particles in Nano-PDAN film. As
can be seen in the figure, Pt/Nano-PDAN/MGCE yields higher
current density than that of PtMGCE. These observations can
clearly explain the role of PDAN on enhancement of the
electrocatalytic oxidation current. Indeed, the Nano-PDAN is
a proper bed for dispersion of Pt particles.

Effect of switching potentials on the methanol oxidation

In order to reveal the correlation between methanol oxidation
and Pt oxide species, the effect of anodic limit of potential
scanning on methanol oxidation at the Pt/Nano-PDAN/
MGCE was studied (Fig. 7). As can be seen, the decrease of
the upper limit potential causes: (a) an increment in the current
of peak II and positive shift of its potential and (b) the currents
ratio of two peaks I and II approaches to unity. Additionally,
with increasing of scan upper limit, the peak I almost remain
unchanged. These may be explained by preventing of the Pt
oxide formation by lowering the upper limit potential cycling
and consequently maintaining the electrode surface relatively
clean.

The effect of methanol concentration

In order to evaluate the capacity of the Pt/Nano-PDAN/MGCE
for methanol oxidation, the effect of concentration on the
corresponding peak currents in 0.5 M H,SO, solution was
investigated (Fig. 8). It is clearly observed that the anodic peak
currents increase with increasing of methanol concentration
and drop afterwards at concentrations higher than 2.4 M. This
effect may be attributed due to the saturation of Pt active sites
and poisoning the electrode surface with adsorbed intermedi-
ates such as CO,g.

Effect of potential sweep rates

The effect of potential sweep rates was studied on the electro-
catalytic behavior of methanol onto Pt/Nano-PDAN/MGCE.
As can be seen in Fig. 9, it is of interest to note that the curve
exhibits a dual linear region. This phenomenon was also
observed in the related literature [31, 32]. The possible expla-
nation for this phenomenon is as follows: at higher potential
scan rates, the reaction product accumulates in the vicinity of
the electrode surface due to the higher reaction rate, and it will,
in turn, decrease the adsorption of methanol molecules. In
other words, the rate of methanol diffusion to the electrode
surface can keep up with the lower potential scan rates.
Additionally, since the rate of carbon dioxide production
increases with increasing of potential scan rate, more electro-
lytes will be expelled from the pores of the electrode, thus
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Fig. 11 Cyclic voltammograms of the Pt/Nano-PDAN/MGCE (solid line)
and Pt/MGCE (dotted line) in 0.26 M formaldehyde+0.5 M H,SO,
solution at v=0.05 Vs

0 025

decreasing the available surface of catalyst for electrochemical
reaction.

Comparison of stability

The stability of the Pt/Nano-PDAN/MGCE was examined by
using cyclic voltammetry technique (figure not shown). The
anodic peak current decreases gradually with potential cycling.
In general, the loss of catalytic activity with successive scans of
potential may result from the consumption of methanol during
the potential scanning in cyclic voltammetry. It also perhaps
due to poisoning and the structure changes of the Pt particles as
a result of the potentials perturbation during the scanning in
aqueous solutions, especially in the presence of organic com-
pounds [33]. Another factor may be due to the diffusion pro-
cess occurring between the electrode surface and bulk solution.
With increasing of scan number, methanol diffuses gradually
from bulk solution to the electrode surface. In H,SO, solution,

Table 2 Comparison of the electrocatalytic oxidation peak potential of
formaldehyde at the Pt/Nano-PDAN/MGCE with some polymeric-
modified electrodes

Modified electrode Chcno/M E/V* Reference

Pt/PAANI/MWNTs/GCE 0.50 0.72 [38]

Pt-Pd/PPy-CNT 0.50 0.60 [39]

Pt-PPy/CNT 0.50 0.63 [39]

Pt modified 0.50 0.62 [40]
SWNT/PANI composite

Pt/Nano-PDAN/MGCE 0.26 0.75 This work
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the electrode gets accumulated by CO,4s poison and hence the
anodic current decreases.

For further evaluation of the catalytic activity and stability
of the catalysts, chronoamperograms were recorded for meth-
anol oxidation onto Pt/MGCE and Pt/Nano-PDAN/MGCE at
the peak potential values (Fig. 10a). When the potential is
fixed at peak potential values, due to the continuous oxidation
of methanol on the catalyst surface, tenacious reaction inter-
mediates such as CO,ys would begin to accumulate if the
kinetics of the removal reaction could not keep pace with that
of methanol oxidation. From the data, the higher oxidation
current was obtained at the Pt/Nano-PDAN/MGCE. This
suggests that the poisoning effect of generated intermediate
species of methanol oxidation at the peak potentials is least on
the modified electrode. Chronopotentiometry is another useful
method to evaluate the stability and poisoning—tolerance abil-
ities of the electrocatalysts for methanol oxidation. The po-
tential increases with the polarization time and finally shifts to
a higher potential value for oxygen evolution, indicating the
poisoning of the catalysts [34]. It is evident from Fig. 10b that
the potential increases with the reaction time and Pt/Nano-
PDAN/MGCE can operate at a longer time than PMGCE at
the same mass activity. This result confirmed further that the Pt/
Nano-PDAN/MGCE had better poisoning—tolerance ability
than the other electrode.

Electrocatalytic oxidation of formaldehyde

The electrochemical oxidation of formaldehyde is important
for full understanding of methanol oxidation in the develop-
ment of fuel cell technology because it is an intermediate in
methanol oxidation reaction. Figure 11 (solid line) shows a
typical cyclic voltammogram of the Pt/Nano-PDAN/MGCE
during the adsorption and oxidation of bulk formaldehyde.
The mechanism of formaldehyde electrooxidation has been
investigated in the relevance literature [35-38]. Briefly, in the
cyclic voltammogram during the forward potential sweep, an
oxidation peak can be observed at 0.75 V (attributed to the
superposition of currents generated by the oxidation of CO,qg
to CO, on the Pt surface, the intensively adsorbed species
produced by the oxidation of formaldehyde and Pt). During
the negative potential sweep, formaldehyde oxidation from a
solution occurs as indicated by the presence of an intense
anodic peak in the double layer region at 0.54 V. The obtained
results showed that the electrocatalytic activity of the Pt/Nano-
PDAN/MGCE towards formaldehyde oxidation was im-
proved and higher than that of PUMGCE. The differences
between electrochemical responses may be attributed to the
large real surface area of the Pt particles dispersed into the
Nano-PDAN film.

In comparison with some other polymeric modified elec-
trodes, it seems clearly that Pt in the modified electrode can act
as a comparable catalyst in formaldehyde oxidation (Table 2).

Notably, the comparison of the anodic peak potential and
stability for formaldehyde oxidation at the low cost modified
electrode shows that this value is comparable with Pt-
modified electrodes coated with different polymeric films.
Also, the polymer film used in this work has a high mechan-
ical stability. In addition, catalyst support material used in this
work is an original matrix for dispersion of Pt catalyst.

Conclusion

1,5-diaminonaphthalene monomer can be electropolymerized
onto GCE in sulfuric acid solution to give conductive polymer-
ic film which presents high adherence to the electrode surface.
High surface areas of Pt particles were obtained through pre-
paring the Pt/Nano-PDAN composite film. The modified elec-
trode showed higher catalytic activity towards oxidation of
methanol and formaldehyde than that of PYMGCE. Further-
more, long-term stability of the modified electrodes was stud-
ied and it was found that Pt/Nano-PDAN/MGCE showed a
higher stability towards methanol oxidation. On the other hand,
the linear relationship between the anodic peak current and
square rate of potential sweep rates can be observed. This
implied that the electrooxidation of methanol at the surface of
the modified electrode may be controlled by diffusion process.
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