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Abstract Here, graphene oxide (GO) was synthesized by
a modified Hummers’ method and was functionalized with
1,1'-dimethyl-4,4'"-bipyridinium dichloride (MV) accom-
panied by chitosan (CH) to prepare a novel MV-RGO-CH
support. PYMV-RGO-CH catalyst was prepared by immo-
bilization of the Pt nanoparticles on MV-RGO-CH support.
The microstructure and morphology of the prepared cata-
lyst was characterized by transmission electron microscopy
and X-ray powder diffraction analysis. The electrocatalytic
activity of Pt/MV-RGO-CH catalyst was investigated for
methanol electrooxidation through cyclic voltammetry
(CV), CO,y stripping voltammetry, chronoamperometry,
and electrochemical impedance spectroscopy (EIS) tech-
niques. The effects of some experimental factors for metha-
nol electrooxidation such as methanol concentration, scan
rate and temperature were studied at the prepared catalyst.
Durability of the catalyst was also investigated. Comparing
the catalytic activity of the Pt/MV-RGO-CH nanocatalyst
with Pt/CH and Pt/MV-RGO catalysts indicated that Pt/
MV-RGO-CH has a very good catalytic activity for metha-
nol electrooxidation.

1 Introduction

Due to the environmental pollution of fossil fuels combus-
tion and the increasing needs of energy, extensive research
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has been done to find renewable and clean energy sources.
Among different energy sources, direct methanol fuel cells
(DMFCs) have been widely investigated as novel energy
resources that produce electrical energy directly from
chemical energy [, 2]. Because of their low pollution,
high efficiency, light weight and easy handling of the lig-
uid methanol fuel, DMFCs have attracted a lot of attention
[3]. Various catalytic materials have been investigated for
methanol oxidation reaction (MOR), as interest in develop-
ing direct methanol fuel cell has risen. Platinum (Pt) has a
high catalytic activity for MOR and is extensively utilized
as anode material in DMFCs. However, the high cost of Pt
catalyst and its easy poisoning with carbon monoxide, the
intermediate of methanol oxidation, limit its application in
DMEFCs [4]. To improve the activity and stability of cata-
lysts and to minimize the use of precious metals, particu-
larly Pt [5-7], many carbon-based materials such as carbon
nanofibers [8], carbon nanotubes (CNTs) [9-13], Vulcan
XC-72 carbon [14, 15], mesoporous carbon [16, 17] and
graphene [18-22] have been used as catalyst support.
Graphene has been extensively used as a catalyst sup-
port to improve the catalytic properties of catalysts, due
to its high electronic conductivity, high specific surface
area [23], ease of functionalization [24], and high charge
mobility [25]. However, because of the chemical inert-
ness of graphene nanosheets, its application has been
limited [26, 27]. Graphene nanosheets can be produced
by chemical reduction of the graphene oxide (GO).
Reduced graphene oxide (RGO), rather than graphene,
is usually utilized as supporting materials in fuel cells,
because of the presence of functional groups like epox-
ide, carbonyl, hydroxyl and carboxyl groups on RGO
which facilitate the dispersion of metal nanoparticles
[28]. However, reduction of the graphene oxide decreases
its surface area and prevents from good dispersion of the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-017-7057-5&domain=pdf

12374

J Mater Sci: Mater Electron (2017) 28:12373-12382

metal nanoparticles [29]. To overcome these drawbacks,
RGO is non-covalently functionalized. Non-covalently
functionalization of graphene prevents from the destruc-
tion of its electronic characteristics [30]. For example,
Surface of graphene has been functionalized with poly
(N-vinyl-2-pyrrolidone) [31], poly sodium styrene sul-
fonate [32], Nile blue [33] and toluidine blue [34]. Ma
and coauthors [35] non-covalently functionalized gra-
phene with 1,1'-dimethyl-4,4'-bipyridinium dichloride
(methyl viologen) for good dispersion of the Pt nano-
particles. Recently, Qudsia and coauthors functionalized
reduced graphene oxide with an aromatic compound
4-hydroxy-4'-n-pentylbiphenyl by an esterification reac-
tion [36]. Sakho and coauthors used 1-pyrenecarboxylic
acid for non-covalently functionalization of the reduced
graphene oxide [37].

Here, the use of methyl viologen functionalized gra-
phene sheets accompanied by chitosan polymer (MV-RGO-
CH) was reported as a novel catalyst support for metha-
nol electrooxidation. Chitosan (CH) which is produced
by deacetylation of chitin is a biopolymer with a strong
affinity for transition metals [38]. Functionalization of the
reduced graphene oxide with chitosan and methyl violo-
gen significantly improved the catalytic properties of the
Pt catalyst for MOR. The electrocatalytic activity of the
Pt/MV-RGO-CH catalyst was studied for methanol oxida-
tion (MO) through cyclic voltammetry (CV), CO stripping,
electrochemical impedance spectroscopy (EIS), and chron-
oamperometry techniques. The catalytic activity of the Pt/
MV-RGO-CH catalyst for MO was also compared with that
of Pt/CH and Pt/MV-RGO catalysts. The effects of some
experimental factors such as scan rate, methanol concentra-
tion, and temperature were studied on the anodic current
density and potential of MO at Pt/MV-RGO-CH catalyst.
The durability investigation of this catalyst was also done.

2 Materials and methods

Graphene oxide nanosheets were synthesized according
to the modified hummer’s method using HNO,, H,SO,
(98%), H,0, (30%), KMnO, (99% for analysis), graphite
powder (99.5%), and HCI (37%) purchased from Merck.
1,1'-dimethyl-4,4'-bipyridinium dichloride (methyl violo-
gen, i.e. MV 98% Sigma Aldrich) and NaBH, (96%
Merck) were used for the synthesis of MV-RGO. Pt nan-
oparticles were prepared using hexachloroplatinic acid
(H,PtCls) from Merck. Chitosan ([2-amino-2-deoxy-(1-
4)-p-p-glucopyranose], with medium molecular weight,
400,000 Da) was purchased from Fluka and dissolved in
1% acetic acid (glacial, 100% Merck) solution. Methanol
(CH;0H, 99.2%, Merck) was used to investigate MOR.
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2.1 Preparation of graphene oxide (GO)

GO nanosheets were prepared from graphite powder
through a modified Hummers’ method [39]. Typically,
25 ml HNO; and 75 ml H,SO, acids were mixed with 2.5 g
graphite powder and vigorously stirred for 24 h. It was cen-
trifuged to remove its acids and was dried at 60°C. The
dried powder was mixed with 25 ml acetone in a beaker and
sonicated for about 30 min. After drying, 115 ml H,SO,
was added to the mixture and stirred using magnet. Then
15 g KMnO, was added to the beaker very slowly in the
presence of an ice bath. After the slow addition of 200 ml
deionized water, 50 ml H,0, was added to the beaker. The
mixture was centrifuged with HCl 5% aqueous solution,
washed with water and dried at 60°C. Finally it was char-
acterized and used as GO.

2.2 Preparation of MV-RGO

MV-RGO was prepared through the chemical reduction
of GO in the presence of MV using NaBH, as the reduc-
ing agent [35, 40]. Typically, 5 mL of the GO dispersion
(11 mg mL™") was diluted to the volume of 200 ml with
deionized water and sonicated for about 1 h. 0.0178 g of
MYV was dissolved in 20 ml deionized water and added to
the GO solution. After the addition of 0.33 g NaBH, to the
solution, it was stirred for 24 h, centrifuged, washed with
deionized water and dried at 60 °C. The black powder was
MV-RGO.

2.3 Preparation of Pt/MV-RGO-CH nanocatalyst

To prepare Pt/MV-RGO-CH nanocatalyst, the follow-
ing steps were followed. 1 mg MV-RGO was dispersed in
17.5 ml deionized water and 2.5 ml chitosan and sonicated
for 1 h. 25 ul H,PtClg solution was added to the mixture to
prepare H,PtClg 0.00125 M solution. Having been stirred
for 1 h, 50 ul NaBH, (3 M) was added to the mixture as the
reducing agent. The mixture was stirred for another 24 h,
and then centrifuged to remove excess NaBH,. Pt-MV-
RGO-CH was purified by several centrifugation and wash-
ing processes. It was finally dried at 60 °C for 12 h.

2.4 Preparation of GC/Pt/MV-RGO-CH electrode

The catalyst ink was prepared by ultrasonically redispers-
ing 2 mg of the catalyst powder in 500 pl chitosan solu-
tion. Then, 5 pl of the prepared Pt/MV-RGO-CH ink was
spread onto the glassy carbon electrode substrate and dried
at room temperature.
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2.5 Characterization

The size and dispersion of Pt nanoparticles were observed
with TEM images taken with a Philips CM120 transmis-
sion electron microscope with the resolution~2.5 A. The
electrochemical characterization of Pt/MV-RGO-CH
nanocomposite was done with a potentiostat/galvanostat
Autolab (Nova software model PGSTAT 302 N, Metrohm,
Netherlands) apparatus. A conventional three-electrode cell
was used with a saturated calomel electrode (SCE) as the
reference electrode. A platinum and a glassy carbon (GC)
electrodes were used as the counter and working electrodes,
respectively. Before the experiment, GC electrode was pol-
ished and sonicated in water and absolute ethanol. After-
wards, it was cleaned and activated in 1.0 mol L™' H,SO,
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solution by cyclic voltammetry (CV) technique between
—1.5and +1.5 V.

3 Results and discussion
3.1 Characterization of the Pt/MV-RGO-CH catalyst

The presence and distribution of Pt nanoparticles on MV-
RGO-CH support were observed with TEM images shown
in Fig. 1a. As shown in Fig. 1a, Pt nanoparticles were dis-
persed on MV-RGO-CH support very uniformly with very
low agglomeration. This uniform dispersion was due to the
presence of chitosan and methyl viologen in the support
material. The mean particle size of Pt nanoparticles was
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Fig.1 a TEM image of PUMV-RGO-CH catalyst, b XRD pattern of MV-RGO-CH and PtMV-RGO-CH and ¢ photoluminescence emission of

Pt/MV-RGO-CH at the corresponding excitation wavelength
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3.16 nm. The presence of the amino group in chitosan (CH)
facilitates the good dispersion of Pt nanoparticles. The
amino group in chitosan is easily protonated to NH;* in
acidic solution. Thus, there would be an electrostatic attrac-
tion between PtCl,>~ (the precursor of Pt nanoparticles) and
NH;* with the opposite charges. The electrostatic attrac-
tions between the positively charged functional groups
of MV-RGO and CH polymer and the negatively charged
PtClﬁz_ led to the very good dispersion of Pt nanoparticles.

The XRD patterns of MV-RGO-CH and Pt/MV-RGO-
CH were shown in Fig. 1b. PtYMV-RGO-CH catalyst indi-
cated a broad diffraction peak centered at 20=25°, which
corresponded to a d-spacing of 0.38 nm. This amount is
close to the 0.33 nm d-spacing of graphite, showing that
the most oxygen-containing functional groups of GO were
removed by the reduction of GO to RGO with NaBH, [41].
This diffraction peak is corresponded to C (002) of RGO
which is clearly observed in the XRD pattern of MV-RGO-
CH. At Pt/MV-RGO-CH catalyst, the diffraction peaks at
39.8°, 46.4° and 67.8° are corresponded to the (111), (200),
and (220) planes of the cubic structure of Pt, respectively
[42].

Optical property of Pt/MV-RGO-CH catalyst was exam-
ined by photoluminescence (PL) spectrum (Fig. 1c). As
shown in Fig. 1c, this catalyst has a broad peak. Under UV
excitation at 350 nm, the maximum emission wavelength
was 472 nm. Similar result was obtained by Sun and Sakka
for PL of Pt catalyst [43].

3.2 Electrocatalytic studies

3.2.1 Electrochemical active surface area and accelerated
durability test of the prepared catalysts

Electrochemically active surface area (EAS) is an impor-
tant factor to know the catalytic activity of Pt/MV-RGO-
CH, Pt/MV-RGO and Pt/CH catalysts. EAS can be obtained
by measuring H, adsorption and desorption charges after
double-layer correction and considering the 0.21 mC cm™>
value for adsorption of a hydrogen monolayer on Pt nano-
particles [44]. The CV curves of Pt/MV-RGO-CH elec-
trode in the first and 50th potential cycles in 0.5 M H,SO,
solution and the potential range of —0.35 to 1.2 V were
shown in Fig. 2a. The CV curves of PtMV-RGO-CH, Pt/
MV-RGO and Pt/CH catalysts in 0.5 M H,SO, and the
same potential range were also shown in Fig. 2b.

Columbic charge (Qy) for hydrogen adsorption/desorp-
tion was used for calculating the EAS of catalysts [45]. The
Qp amount is considered as the mean value between the
amounts of the charge exchanged during the electrochemi-
cally adsorption (Q"p) from —0.013 to —0.25 V versus SCE
and desorption (Q'y) from —0.25 to —0.011 V versus SCE
of hydrogen on Pt sites according to the following equation:

@ Springer

154
A 1th cycle
10 Pt-H Desorption 50th cycle
5
04
<
< ;
E-10+ Pt-H Formation
o—
154
204
254
_30 - T T T T T T T 1
-04  -02 0.0 0.2 0.4 0.6 0.8 1.0 1.2
E/V vs. SCE
B 154 pycH o
Pt/MV-RGO-CH
10 yd
N 4
0_ p—
Q4 ~——_—
g .
< 7
g
=10 PYMV-RGO
154
204
254
-30 T T T T T T T 1
04 -02 0.0 0.2 0.4 0.6 0.8 1.0 1.2
E/V vs.SCE

Fig.2 a CV curves of PUMV-RGO-CH in the first and 50th cycle, b
CV curves of the prepared catalysts in 0.5 M H,SO,

_ @yt Q'

7 ey

Qu
The EAS for platinum can be calculated from Eq. (2)
[46]:

Qy

EAS = oo <0 @

The calculated EAS for the prepared catalyst with
the platinum loading [Pt] of 0.041 mg cm™2 with the
scan rate of 100 mV s~' was reported in Table 1. As
presented in Table 1, among the prepared catalysts, the
largest EAS was obtained at Pt/MV-RGO-CH catalyst
(19.9 m? g~!) which was 1.5 times higher than that of Pt/
CH (13.23 m? g7!) and 4.29 times higher than that of Pt/
MV-RGO (4.63 m? g~!) catalyst, respectively. The larger
EAS value of Pt/MV-RGO-CH catalyst shows that this
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Table 1 The calculated results from CV curves of the prepared cata-
lysts in 0.5 M H,SO, aqueous solution at 100 mV s~!

Catalyst No.cycle EAS(m*g™!) Dy % loss
Pt/MV-RGO-CH 1 19.9 0.026 28.64
Pt/MV-RGO-CH 50 14.2 0.019

Pt/CH 1 13.23 0.017
Pt/MV-RGO 1 4.63 0.0062

catalyst has more active sites than Pt/CH and Pt/MV-
RGO catalysts [45]. Also, this shows that the functionali-
zation of RGO with MV and CH improves the dispersion
of Pt nanoparticles [47].

Furthermore, dispersion of the Pt nanoparticles in the
prepared catalysts can be shown by EAS. Dispersion of
the Pt catalyst is known as the fraction of surface-active
Pt atoms in all Pt atoms that can be estimated according
to the following equation [48]:

EAS

D, = — =2

Pt I/Mpt(NA’4nr}2)t) 3)

My, is the relative molecular weight of Pt (195.08 g/
mol), N, is Avogadro number (6.02 x 10**) and rp, is the
atomic ratio of Pt (0.139 nm). The obtained Dy, for Pt/
MV-RGO-CH, Pt/CH, and Pt/MV-RGO catalysts in the
first cycle were 0.026, 0.017, and 0.0062, respectively.
Higher D, of the Pt/MV-RGO-CH catalyst showed that
this catalyst has better dispersion of Pt nanoparticles than
Pt/CH and Pt/MV-RGO catalysts.

Furthermore, accelerated durability test (ADT) of the
Pt/MV-RGO-CH nanocatalyst was done in 0.5 M H,SO,
by continuously applying potentials between —0.35 and
1.2 V with the scan rate of 100 mV s~! after 50 poten-
tial cycles. In general, the durability of GC/Pt/MV-RGO-
CH electrode was investigated by performing potential
cycling as ADT in H,SO, solution. The change of PtNPs
electrochemical surface area for GC/Pt/MV-RGO-CH
electrode was determined by comparing H, adsorption/
desorption regions before and after 50 potential cycles
(Fig. 2a). The EAS amount of GC/Pt/MV-RGO-CH
electrode was decreased from 19.9 to 14.2 m? g ™! after
ADT. The obtained %ADT parameter (Table 1) was cal-
culated according to the following equation [49]:

(EAS, .1 — EAS,150) y

% ADT = runl
EAS

100 4)
runl

%ADT was calculated 28.64% for GC/Pt/MV-RGO-
CH electrode after 50 potential cycles. As can be seen in
Table 1, Dp, value of the GC/Pt/MV-RGO-CH electrode
decreases from 0.026 to 0.019 after ADT, indicating a

50+

PYMV-RGO-CH

40 -

304
PYMV-RGO

204

v v v T v T v T v 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
E/V vs. SCE

Fig. 3 CO stripping voltammograms of the prepared catalysts in
0.5 M H,SO,

notable decrease in the active surface area of Pt nanopar-
ticles due to Pt sintering.

3.3 CO stripping study

CO stripping experiments were done to investigate carbon
monoxide (CO) oxidation properties and the CO toler-
ance ability of Pt/MV-RGO-CH, Pt/CH, and Pt/MV-RGO
catalysts [50]. Figure 3 showed the adsorbed CO strip-
ping curves of the prepared catalysts. For the CO oxidation
experiment, CO was purged in 0.5 M H,SO, solution for
20 min in 0.2 V versus SCE. After the adsorption, N, gas
was used for 30 min to remove CO from the electrolyte. All
the prepared catalysts showed a sharp and single CO oxi-
dation peak [51]. The peak potentials of Pt/MV-RGO-CH,
Pt/CH, and Pt/MV-RGO catalysts for CO oxidation were
0.641, 0.681, and 0.654 V, respectively. The onset potential
of CO oxidation at Pt/MV-RGO-CH catalyst (0.599 V) was
more negative than that of Pt/CH (0.637 V) and PtYMV-
RGO (0.620 V) catalysts. The negative shift in the onset
and peak potential of CO oxidation peak at Pt/MV-RGO-
CH catalyst revealed that this catalyst has a higher CO tol-
erance and weaker interaction with CO than Pt/CH and Pt/
MV-RGO catalysts [52, 53].

The EASy values of Pt/MV-RGO-CH catalyst was
also determined using CO oxidation charges from 0.58 to
0.72 V of the CO stripping cure after subtracting the back-
ground current of the subsequent CV curve. The CO oxida-
tion charge for Pt/CH and Pt/MV-RGO catalysts was cal-
culated from 0.637 to 0.783 V and from 0.620 to 0.783 V,
respectively. EASq was calculated by using the following
equation [54] with the assumption of 420 pC cm=2 as the
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oxidation charge for one monolayer of CO on a smooth Pt
surface [55].

Qco
G x 420

EASco = &)

Qo is the charge for CO desorption-electrooxidation in
micro coulomb (uC) and G is the Pt loading (ug) on the
electrode. The EAS of PUMV-RGO-CH, Pt/CH, and Pt/
MV-RGO catalysts were 16.56, 5.25, and 2.49 m? gpt_l,
respectively. As seen, EAS(, of the PtYMV-RGO-CH cata-
lyst was higher than those of the Pt/CH and Pt/MV-RGO
catalysts. This confirmed the results of the EAS obtained
from hydrogen adsorption and desorption.

3.3.1 Methanol oxidation reaction (MOR)

The electrocatalytic property of Pt/MV-RGO-CH, Pt/
CH, and Pt/MV-RGO catalysts was studied for metha-
nol electrooxidation through cyclic voltammetry (CV) in
1.83 M methanol and 0.5 M H,SO, aqueous solution at
the scan rate of 100 mV s~! (Fig. 4A). As no current peak
of MO was seen in the CV of GC/MV-RGO-CH electrode
(Fig. 4A(a)), this electrode showed no electrocatalytic
activity for MO (CVs at GC/MV-RGO and GC/CH elec-
trodes were not shown, which were similar to that of GC/
MV-RGO-CH electrode).

All the CV curves of the PtMV-RGO (Fig. 4A(b)), Pt/
CH (Fig. 4A(c)), and PtMV-RGO-CH (Fig. 4A(d)) cata-
lysts showed two oxidation peaks for MO. The first anodic
oxidation peak was observed in the forward scan (j;) which
was attributed to methanol electrooxidation and the sec-
ond oxidation peak was observed in the backward scan (jy).
This peak was due to the oxidation of the corresponding
intermediates produced during methanol electrooxidation
[56]. For the P/MV-RGO-CH catalyst (Fig. 4A(d)), the
first oxidation peak of MO was seen in the forward scan
around 0.72 V (Ep), whereas the second oxidation peak
of MO was observed during the backward scan around
0.44 V (E,). The first peak current density (jp) for MO at
Pt/MV-RGO-CH catalyst was 143.32 mA cm~2, whereas
the second peak current density in the backward scan (j;)
was 96.71 mA cm™2 (¢/j, = 1.48). As shown in Fig. 4A,
Pt/MV-RGO-CH catalyst presented the highest peak cur-
rent density among the prepared catalysts, indicating that
this catalyst had better electrocatalytic activity for MO than
that of P/MV-RGO and Pt/CH catalysts. The experimental
data of methanol electrooxidation at the prepared catalysts
was shown in Table 2. Although Pt/MV-RGO-CH catalyst
had a little more positive onset potential and anodic peak
potential than Pt/MV-RGO catalyst for MO, its anodic peak
current density was significantly higher than Pt/MV-RGO.
It showed that the presence of MV-RGO accompanied by
chitosan significantly improved the electrocatalytic activity
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lysts for MO in 1.83 M methanol and 0.5 M H,SO,

of Pt nanoparticles towards methanol electrooxidation. The
mechanism of methanol oxidation at Pt catalyst can be as
follows [57]:

Pt + CH;OH — Pt — CO,, + 4H" +4e” (6)
2Pt + HQO - Pt— (OH)ads + Pt — H,q @)
Pt—H, — Pt+H" +e” ®)

Pt — (CO),q4, + Pt — (OH),4; — CO, + H + ¢ + 2Pt (9)

The catalytic activity of Pt/MV-RGO-CH catalyst for
MOR was also investigated in the absence and presence
of irradiation. Figure 4A(d) showed the Pt/MV-RGO-CH
activity for MO in the absence of irradiation, whereas
Fig. 4A(e) indicated its catalytic activity in the presence
of irradiation. A broad spectrum near-UV to infrared light
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Table 2 The experimental data of the prepared catalysts for MO in 2000, = B PLMV-RGO-CH
the absence of light in 1.83 M methanol and 0.5 M H,SO, aqueous 15001 . ® PiCH
solution at 100 mV s~ 200009 = " . A P:-MV-RGO
18000 <. 1000 I
Catalysts ~ Onset  E:(V) E, (V) j j, (mA cm™?) Nl R e
potential (mA cm™?) 160007 } ﬂ‘
V) 14000 0
0 100 200 300 400
12000 [
Pt/MV- 0.3 0.65 039 24.08 14.08 - 7'@)
RGO g 10000+ . 2 CPE
Pt/CH 0.3 0.723 0405 47.31 27.04 N 8000 . °
Pt/MV- 0.31 072 044 143.32 96.71 6000 - LN
RGO-CH oA
4000 . l‘,A
2000 gt
0* 0

source was used for irradiation. In the presence of irradia-
tion, methanol electrooxidation at Pt/MV-RGO-CH catalyst
was enhanced. Anodic current density (j;) was increased
from 143.32 to 243.98 mA cm™2. The same behavior was
observed by Arulmani with Pt/C catalyst [58].

3.3.2 Amperometric i—t curve study

The long-term stability of PtMV-RGO-CH, Pt/CH, and Pt/
MV-RGO catalysts for MOR was investigated by ampero-
metric measurements in 0.5 M H,SO, and 1.83 M meth-
anol solution at the constant potential of 0.7 V for 1000s
(Fig. 4B). As shown in Fig. 4B, there was a rapid decrease
in the potentiostatic current densities of all the catalysts
in the initial stage. This decrease may be attributed to the
reactive intermediates produced during MOR [59]. The ini-
tial current density of MO at Pt/MV-RGO-CH catalyst was
55.35 mA cm™2. After 200 s, the current density reached a
constant value of 13.40 mA cm~2. For as long as 1000 s,
the current density of MO at Pt/MV-RGO-CH catalyst
remained at 6.17 mA cm™2. The initial current density of
MO at Pt/CH catalyst was 16.60 mA cm~2 and after 1000 s,
it was 1.85 mA cm™2. At the PUMV-RGO catalyst, the ini-
tial current density was 7.89 mA cm~2 and after 1000 s, it
was 1.1 mA cm™. It was noted that Pt/MV-RGO-CH cata-
lyst had the highest steady state current density for MOR.

3.3.3 Electrochemical impedance spectroscopy (EIS) study

EIS studies were also performed to investigate the behav-
ior of Pt/MV-RGO-CH, Pt/CH, and Pt/MV-RGO catalysts
for MOR. Nyquist plot was used to investigate the elec-
trochemical behavior of the prepared catalysts for metha-
nol electrooxidation [60]. The electrochemical impedance
study was done in the range of 1x10* to 1072 Hz at the
open circuit potential (OCP) in 0.5 M H,SO, and 1.83 M
methanol solution (Fig. 5). The Nyquist plots of all the
catalysts were observed to have a very small semicircle in
the high frequency region which is related to the charge
transfer process in the interface of electrolyte and electrode

T T T T T 1
1500 2000 2500 3000 3500 4000
7'@Q)

T T
0 500 1000

Fig. 5 Nyquist plots of Pt/MV-RGO-CH, PtMV-RGO and Pt/CH
catalysts in 0.5 M H,SO, and 1.83 M methanol aqueous solution

and a line in the low-frequency region which is due to the
diffusion process in the prepared electrode. The equivalent
circuit of the P/MV-RGO-CH catalyst was also indicated
in the inset of Fig. 5. As seen in the circuit, R is the solu-
tion resistance, CPE is the constant-phase element which
is attributed to the double-layer capacitance. C, and R, are
related to the capacitance and resistance of the adsorbed
CO intermediates produced during methanol oxidation,
respectively [61]. Among all the prepared catalysts, Pt/MV-
RGO-CH showed a more vertical straight line and also a
smaller value of the semicircle diameter indicating that this
catalyst had faster kinetics of the ions diffusion process and
faster charge transfer reaction rate for MOR [62].

3.3.4 Parameters affecting on MOR

Several parameters such as temperature, methanol concen-
tration and scan rate influence the performance of Pt/MV-
RGO-CH electrode for MO. Hence, these parameters were
studied and optimized.

To investigate the effect of temperature on the perfor-
mance of Pt/MV-RGO-CH nanocatalyst towards MOR,
the electrocatalytic activity of GC/Pt/MV-RGO-CH elec-
trode was examined in different temperatures ranging
from 23 to 50 °C (Fig. 6). As observed, the anodic current
density was increased with the increase of temperature
indicating that mass transport is an important factor for
higher activity. As the temperature increased from 23 to
50°C, j; increased from 134.88 to 323.42 mA cm™2 At
the same methanol concentration (1.83 M methanol), the
higher current density at the higher temperature shows
that the fine structure of catalyst has more available Pt
active sites for participating in the electrochemical
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Fig. 6 Cyclic voltammograms of Pt/MV-RGO-CH catalyst in differ-
ent temperatures of (a) 23, (b) 30, (c) 35, (d) 40, (e) 45 and (f) 50°C
in 0.5 M H,SO, and 1.83 M methanol. The Arrhenius plot of log-
arithm of exchange current density (log j,) versus the reciprocal of
temperature (T~ was also shown

reaction. The Arrhenius plot of logarithm of the exchange
current density (log j,) versus the reciprocal of tempera-
ture (T~') was also indicated in Fig. 6.

The activation energy of the anodic peak of MO at the
GC/Pt/MV-RGO-CH electrode was calculated from the
following equation:

dln]f _ AH*
1\ R (10)
o(3)

The activation energy (AH) of the anodic peak of
MO at the GC/Pt/MV-RGO-CH electrode was 10.987 kJ
mol~",

The catalytic activity of Pt/MV-RGO-CH catalysts
towards MO was investigated at the different scan rates of
30, 60, 80, 100, 130, 160, and 190 mVs™" in 1.83 M meth-
anol and 0.5 M H,SO, (Fig. 7). As shown in Fig. 7, the
anodic peak current density of MO increased with increase
of the applied scan rate. The linear relationship between
the square root of scan rate (0% and anodic peak current
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(c) 80, (d) 100, (e) 130, (f) 160 and (g) 190 mV s™'. Anodic current
density (j;) vs. square root of scan rate (v°) was also shown
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Fig. 8 Cyclic voltammograms for MO on P/MV-RGO-CH electrode
in 0.5 M H,SO, in different concentration of methanol: (a) 0.08, (b)
0.16, (¢) 0.24, (d) 0.32, (e) 0.41, (f) 0.48, (g) 0.56, (h) 0.64, (i) 0.72,
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1.83 M

density (j;) shows that MOR is controlled by the diffusion
of methanol from the bulk solution to the electrode surface
[63, 64].
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Fig. 9 CV curve of PtYMV-RGO-CH catalyst during the 50 cycles in H,SO, 0.5 M and methanol 1.83 M solution. J; of Pt/MV-RGO-CH cata-

lyst as a function of the cycle number for MOR was also shown

The effect of methanol concentration on the anodic cur-
rent density of MO on GC/Pt/MV-RGO-CH electrode was
investigated in Fig. 8. As observed, anodic current density
increases with increase in methanol concentration and lev-
els off at concentrations higher than 1.83 M. This is prob-
ably because of the saturation of active sites on the surface
of electrode. At the GC/Pt/MV-RGO-CH electrode, as
methanol concentration increases from 0.08 to 1.83 M, E;
shifts towards a positive direction from 0.62 to 0.72 V. This
probably occurs because of the increase in the poisoning
rate of Pt catalyst. This means that the oxidative removal of
the strongly adsorbed intermediates occurs at more positive
potentials [65].

3.4 Durability investigation

The poisoning effect of GC/Pt/MV-RGO-CH electrode
during MOR was studied through cyclic voltammetry with
50 cycles repeatedly (Fig. 9). At the GC/Pt/MV-RGO-CH
electrode, in the first cycle, j; was 188.56 mA cm~2 whereas
it was 139.81 mA cm~2 in the 50th cycle. This showed that
GC/Pt/MV-RGO-CH electrode had good durability for
MOR.

4 Conclusions

In this research, a novel Pt/MV-RGO-CH nanocatalyst was
successfully prepared and characterized. The electrocata-
lytic activity of the prepared catalyst was investigated for
methanol electrooxidation and compared with that of Pt/
CH and Pt/MV-RGO catalysts. The catalytic activity of

the prepared electrodes depends on the surface available
for dispersion of the metallic particles. Pt/MV-RGO-CH
catalyst showed higher electrocatalytic activity for MOR
than Pt/CH and Pt/MV-RGO catalysts. This was due to its
higher electrochemically active surface area, better antipoi-
soning effect, good durability and higher anodic current for
MO than the other two catalysts. The higher catalytic activ-
ity of Pt/MV-RGO-CH catalyst towards MO was because
of the better dispersion of Pt nanoparticles. The presence
of chitosan and methyl viologen on graphene sheets causes
the good dispersion of nanoparticles and prevents agglom-
eration of the metallic particles. Also, the use of chitosan
polymer in preparing Pt nanoparticles caused very good
adherent of the catalyst suspension on the working elec-
trode surface. By and large, these studies showed that Pt/
MV-RGO-CH is a promising catalyst for MOR.
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