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Abstract

In this research, nanocomposites of Platinum Graphene-Polyallylamine (Pt/PAA/GNP) were 
developed to increase the methanol electro-oxidation activity and stability of commercial Pt/C 
electrocatalyst. After the synthesis process, graphene oxide was functionalized with Polyallylamine 
via the cross linking approach, then Pt as a catalyst was dispersed on the as prepared support by 
a novel process, which is a polyol synthesis method assisted by microwaves. X-ray diff raction 
(XRD) results showed that Pt particles, with a mean particle size of about 6.17 nm, were dispersed 
on the support. FESEM images showed that the Pt nanoparticles were successfully dispersed on 
the functionalized graphene nanoplates. Based on the electrochemical properties characterized by 
cyclic voltammetry (CV), including CO stripping measurements, it was found that the prepared 
Pt/PAA/GNP electrocatalyst exhibited a comparable activity for methanol oxidation reaction with 
respect to the commercial one. A signifi cant reduction in the potential of the CO electro-oxidation 
peak from 0.93V for the Pt/C to 0.89 V for the Pt/PAA/GNP electrocatalyst indicates that there 
was a signifi cant increase in the CO electro-oxidation activity, which is achieved by replacing 
the voulcan. Also, the as prepared Pt/PAA/GNP electrocatalyst exhibits high catalytic activity 
for the MOR in terms of electrochemical surface with respect to Pt/C (40.53 vs 17.61 m2/mgPt ), 
which may be attributed to structural changes caused by the high specifi c surface area of the PAA 
modifi ed graphene nanoplates catalyst support. Moreover, chronoamerometry results showed 
that in the presence of methanol, the Pt/PAA/GNP electrocatalyst still maintains a higher current 
density than Pt/C. 
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1. Introduction

A direct methanol fuel cell (DMFC) is an 
electrochemical device that converts chemical energy 

into electricity using methanol and oxygen as anode 
and cathode reactants, respectively. The oxidation 
of methanol has been thoroughly studied for many 
years and the mechanism is now well established. 
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It has been reported that the dissociative adsorption 
of methanol on Pt-based catalysts occurs via the 
formation of irreversibly adsorbed CO species (a 
reaction intermediate), either linearly bonded or 
bridge bonded to the Pt surface[1]. The detailed 
reaction mechanism of methanol oxidation on a Pt 
electrode is shown in Fig. 1 [1]. The overall oxidation 
reaction of methanol involves six electrons and one 
water molecule,

CH
3
OH+H

2
 O→CO

2
+6H

aq
++ 6e-       (anode reaction)

1.5O
2
+6H

aq
++ 6e-  → 3H

2
O               (cathode reaction)

Corresponding to the anode potential Ea = 0.016V 
(under standard conditions) versus SHE, results in 
the equilibrium standard electromotive force of 1.213 
V for a DMFC. The overall reaction of the cell is:

CH
3
OH+1.5O

2
 → CO

2
+2H

2
O         (overall reaction)

 
A direct methanol fuel cell is the most promising 
candidate for portable power applications due to 
its advantages of high power density amount, good 
environmental aspects, easy storage of fuel, and low 

operational temperatures [2, 3]. Currently, Pt is the 
most widely used catalyst in DMFC in both anode and 
cathode sections. However, it suff ers from high cost, 
low kinetics of methanol oxidation, and CO poisoning 
caused by methanol crossed–over from the anode [4]. 
From a commercial point of view, DMFCs have been 
developed to overcome the obstacles of high catalyst 
cost caused by the exclusive use of platinum and 
platinum-based electrocatalysts in both the oxidation 
of methanol and the reduction of oxygen at the fuel-
cell electrodes  of methanol [5, 6]. Electrochemical 
oxidation of methanol has been attracted notable 
interest due to the great potential of DMFC. Several 
strategies have been explored with the purpose of 
reducing the cost and increase the performance of a 
DMFC. Two active approaches in the reduction of Pt 
usage in DMFC catalyst are: (i) Reducing Pt usage 
by utilizing an alloy with other transition metals, 
Ru is a most promising and is used extensively in Pt 
catalysts (ii) Improving the performance of carbon-
based electrocatalyst supports and exploring novel 
non-carbonaceous electrocatalyst support materials 
by employing   nanotechnology to increase the 
surface area and other properties.  A number of 
investigations on nanostructure supported Pt-based 

Fig. 1. Detailed reaction mechanism of methanol oxidation on a Pt electrode [1].
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nanoparticles as electrocatalyst have received 
greater attention owing to their synergistic eff ects 
that enable the improvement of their catalytic 
activities in the methanol electrochemical oxidation 
reaction [7-11]. On the other hand, the support 
itself has an important infl uence on the catalytic 
effi  ciency of Pt catalysts. In addition to their 
abundance and stability, carbon based materials 
have demonstrate unique properties and promising 
applications. Diff erent arrangements of carbon 
atoms have resulted in many allotropes like carbon 
nanofi bers (CNFs), carbon nanotubes (CNTs), and 
graphite. The elusive two-dimensional form of 
carbon is called graphene,  is probably the best-
studied carbon allotrope theoretically. Carbon 
black (Vulcan XC-72, Cabot Crop.) is widely used 
as supporting material for Pt because of its high 
surface area and low cost. However, the inadequate 
performance of Pt/C as well as the lack of long term 
stability of carbon black under fuel cell operation 
still calls for new and improved materials. Recently, 
carbons with diff erent structures, such as nanotubes 
and nanofi bers, have been studied extensively as 
electrocatalysts supports due to their unique electric 
and micro-and macrostructure properties [12-14]. 
Since the discovery of single-layer graphene in 
2005 [15, 16], it has attracted interest from both 
experimental and theoretical scientifi c communities 
[17]. 
Graphene, a one-atom thick layer of sp2 carbon 
atoms tightly packed into a honeycomb lattice, 
has attracted tremendous scientifi c attention in 
recent years. This amazing two –dimensional 
form of carbon exhibits unique electrical, thermal, 
mechanical, and other characteristics. The novel 
characteristics of graphene have captured great 
attention in energy technology applications. With 
better understanding of their excellent physical 
and chemical properties, graphene has raised a 
new wave of research worldwide and become 
a star in the areas of nanoelectronics, sensors, 
nanocomposites, batteries, supercapacitors, and 
hydrogen storage. Owing to its high surface areas 
(theoretical specifi c surface area of 2620m2g-1), 

superior electric conductivities, and outstanding 
mechanical properties, graphene has a potential 
application as a heterogeneous catalyst support 
in DMFCs. Pioneer studies have pointed out that 
metal nanoparticles supported on graphene nano 
sheets provide excellent catalytic activity [11, 18-
21]. Several investigations have been carried out 
to produce graphene nanosheets in bulk quantity 
via the chemical reduction of graphite oxide (GO) 
in solution [22-25]. Since abundant functional 
groups ( C-OH , C-O-C and HO-C=O) on the 
surfaces of GO can be used as anchoring sites 
for metal nanoparticles [26], it is possible to use 
them as supports to produce graphene-nanoparticle 
hybrids. A combination of graphene and functional 
groups may lead to materials with interesting 
properties for a catalyst in DMFC applications, 
and they are specifi cally expected to  enhance 
electrocatalytic activity. Many eff orts, such as 
graphene nitrogen doping [27-30], long chain 
polymer doping [31, 32], conducting polymers 
[33-36], graphene functionalized with chelating 
groups [37], graphene-CNT hybrids [38-40], and 
graphene oxide metals have been considered over 
past several years to further modulate the properties 
of graphene [41-43]. Polyallylamine (PAA) is a 
long alkyl chain with several reactive amine groups 
that can easily react with oxygen functional groups 
of the graphene oxide sheets. Polyallylamine is a 
linear cationic polyelectrolyte with primary amine 
groups on the chain and is widely used as a binder 
for attaching nanoparticles on the surface of carbon 
nanotube (CNTs) electrodes [44-46]. Recently, 
PAA has been reported as a molecular binder , and 
a modifi ed PAA–CNTs was developed to enhance 
the interaction strength between the nanotubes and 
associated species [47]. Moreover, in  experiments 
conducted by Sungjin Park et al. , PAA has been 
reported as a cross linked material, and a PAA 
modifi ed graphene exhibited excellent mechanical 
stiff ness and strength [48].  Similar results have 
been reported by Satti and coworkers [49].
Microwave-assisted synthesis is an emerging 
technology using the ability of microwave heating 
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to accelerate chemical reactions. Some liquids and 
solids are able to transform electromagnetic ener-
gy into heating. Microwave-processing of mate-
rials is fundamentally diff erent from conventional 
processing due to its diff erent heating mechanism. 
In a microwave oven, due to the interaction of 
micro-waves with the material, the heat is generated 
within the sample itself. In conventional heating, the 
heat is generated by heating elements and then it is 
transferred to the sample surface [50]. The greatest 
advantage of microwave irradiation is that it can 
heat a substance uniformly through a glass or plastic 
reaction container, leading to a more homogeneous 
nucleation and a shorter crystallization time 
compared with those for conventional heating. This 
is benefi cial to the formation of uniform colloidal 
materials. Specifi cally, using microwaves as a 
heat source in a chemical process leads to rapid 
volumetric heating, and is capable of improving the 
reaction rates, yields, and uniformity of products 
[51]. Microwaves have been used for processing 
advance materials [50].
In the present study, for the synthesis of Pt nanocrystals 
on PAA functionalized graphene via cross linking, the 
polyol process has been used in preparing colloidal 
metal particles [52]. The microwave procedure, as 
a novel technique, was adopted in order to avoid 
the agglomeration of the metal particles at high 
temperatures. The present microwave assisted 
polyol process is simple, practical, and eff ective 
for rapid synthesis of a high dispersed loading Pt-
based electrocatalyst. The graphene support is also 
a microwave-sensitive material, which is believed to 
play an important role in the acceleration of the metal 
reduction. The quite short metal reduction process is 
attractive and interesting from an economic point 
of view. Indeed, the aim of this study is to reduce 
the cost of fuel cell catalysts through improvement 
of Pt nanoparticles dispersion using a high-surface 
area support modulated via a functionalized group 
of PAA. It must to mentioned that the results of this 
paper are in good accordance with others [48, 49, 53-
55].

2. Experimental Procedure

2.1. Materials 

High-purity graphite powder (99.9999%, 200 
mesh) was purchased from Alfa Aesar. Chemicals 
H

2
PtCl

6
•6H

2
O (99.95%), Na

2
NO

3
, KMnO

4
, and H

2
O

2
 

were obtained from Sigma-Aldrich. All solvents, 
including H

2
SO

4
, 2-propanol, were used as received 

from Sigma-Aldrich without further purifi cation. 
Polyallylamine (PAA) (Sigma-Aldrich, 20 wt% 
aqueous suspension of PAA with Mw = 17,000), 
Nafi on® solution (Ion power Inc, USA 5 wt%), 
and Pt/C (20wt%) were bought from the Fuel Cell 
Earth Company. High purifi ed N

2
 (99.9995%), CO 

(99.99%), and O
2
 (99.999%) gases were purchased 

from Canadian Sigma Inc. Water was purifi ed 
by a Milli-Q water purifi cation system was used 
throughout the experimental work.

2.2. Methods

2.2.1. Preparation of Graphene Oxide (GO)

In a typical synthesis process, natural graphite 
powder was oxidized to graphite oxide by a 
modifi cation of Hummers and Off enman’s method 
[56]. In brief, 2 g graphite powder and 1g sodium 
nitrate were poured into 90ml concentrated H

2
SO

4 
in 

an ice bath condition. Then 6g KMnO
4
 was gradually 

added. The mixture was stirred at 35±5 ̊C for 8h. 
Then 200ml deionized water (DI) was added and the 
temperature was kept at 95±5 ̊C for 30 min. Finally, 
it was diluted with 400 ml DI. After that, 5% H

2
O

2 

was added into the solution until the colour of the 
mixture changed from brown to peril yellow. The 
solution was fi ltrated via vacuum buchner fi ltration 
and the fi lter cake dispersed in DI by means of 
ultrasonic bath. The mixture was washed with 1:20 
HCL solution and water (in order to remove metal 
ions) by repeated centrifugation (at 11000 rpm for 20 
min) to a PH value of 7 and then dried in a vacuum 
oven at  60 ̊C for 24h.
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2.2.2. PAA modifi ed graphene oxide nanosheets

Colloidal dispersions of individual graphene oxide 
sheets in purifi ed water (30 mg GO/10 mL water) 
were prepared with the aid of ultrasonic batch. 
Adding polyallylamine (PAA) to the aqueous 
suspension of the graphene oxides immediately 
generated agglomerates. It was then ultrasonication 
for an additional 2 h under diluted condition (1 
mg GO/5 mL water) and then stirred in a magnetic 
stirrer for 12h, aff ording the homogeneous colloidal 
suspension of PAA-modifi ed graphene oxide sheets. 
The solution was fi ltered via a dead-end set-up using 
N2 gas through a home-made ultrafi lter and further 
washed with warm water. The residue was dried in a 
vacuum oven at 45 ̊C for 8h [48].

2.2.3 Microwave assisted polyol synthesis of Pt/ PAA 

modifi ed graphene nanoplates 

Pt /PAA modifi ed-graphene nanoplates were prepared 
by microwave heating of an ethylene glycol (EG) 
solution of hexacholoroplatinic acid precursor salts. 
As a typical process for the synthesis of Pt/ PAA 
modifi ed-graphene nanoplates with the Pt loading 
of 10 wt%, 12.5 mg H

2
PtCl

6
.6H

2
O was mixed with 

25 ml of EG. Then the pH value of the solution 

was adjusted to about 12 using HCL and NaOH. 
Four mg of PAA modifi ed-graphene nanoplates 
were uniformly dispersed in the mixed solution 
by ultrasonic bath. Subsequently, the solution was 
directly (in sample cups) placed in a microwave 
oven and irritated at 1000W for 3 min at 160 ͦ C. The 
resulting suspension was centrifuged at 11000 rpm (at 
SW14, Froilabo) for 20min and then the residue was 
washed with acetone. The recovered solid product 
was dried at 50 ͦ C overnight in a vacuum oven. Pt/C 
was also employed as a reference electrocatalyst 
for comparison. A schematic of the experimental 
procedures used in this study for the preparation of 
Pt/PAA/GNPs  is demonstrated in Fig. 2.
  
2.2.4 Preparation of electrode

The working electrode was glassy carbon (GC) with a 
diameter of 2 mm covered with a thin layer of nafi on-
impragnated catalyst. The thin fi lm was prepared 
with about 5 mg of the as synthesized catalyst 
powder  mixed in 3.98ml DI water,, 1ml isopropanol, 
and 20 microliter 5%wt nafi on solution. The catalyst 
ink was ultrasonicated for 1h. An appropriate amount 
of the resulting suspension was pipetted onto a GC 
electrode several times after drying the electrode in 
air and subsequently weighted until the loading of 

Fig. 2. A schematic of the experimental procedures used in this study for the preparation of Pt/PAA/GNPs.
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0.4 mgcm-1 was attained. Prior to use, the electrode 
was polished using aqueous alumina suspensions 
with successively smaller particle sizes between 
1µm and 0.05 µm on felt polishing pads. In order 
to remove any trace impurities after polishing the 
electrode was ultrasonicated for 10 min in ethanol 
and DI water. Pt foil served as a counter electrode 
while KCl saturated Ag/AgCl was used as a 
reference electrode. All potentials in this report are 
quoted versus KCl saturated Ag/AgCl. A CV test was 
conducted at 50mv/s in a solution of 0.5 M H

2
SO

4 

solution saturated with high purifi ed nitrogen gas 
(99.9995%)  with 2M methanol, potential ranging 
from -0.24 to 1.2V .

2.3 Characterization and Measurements

Fourier transform infrared (FTIR) measurements were 
recorded on a WQF-510A/520 FTIR spectrometer. 
Spectra were obtained in the range of 500-3500 cm-1.
The morphology, topography, and other structure 
studies of the graphene sheets was examined by an 
atomic force microscope (AFM, model Nanosurf 
easy scan2) using contact mode.
Field emission–scanning electron microscopy 
(FE-SEM) characterization and Energy dispersive 
X-ray (EDX) spectroscopy coupled with a scanning 
electron microscopy SEM MAG100.00kx with a 
silicon detector was performed at 15 kv.
The crystal structure of the catalyst was measured by 
X-ray diff raction at 25 ̊C with an X’Pert Pro MPD 
model (PANalytical) Diff ractometer using Cu Kα 
(λ=0.15406nm)  radiation generated at 40KV and 
40 mA with high resolution (0.001ͦ). The 2θ angular 
regions between 10 ͦ and 90 ͦ were recorded with 
a step size of 0.039 (at scan step time of 108.12s) 
with continues scanning. The analysis of phase was 
conducted by X’Pert Highscore plus software from 
the composite.
Electrochemical reactivity of the nanocomposite and 
methanol oxidation and CO stripping experiments as 
well as impedance measurements were measured in 
the three-electrode cell at a Iviumstat potensiostat/
galvanostat XR electrochemical interface system.

3. Result and Discussion

3.1 Physical characterization

3.1.1 Topographical characterization of PAA-modifi ed 

graphene oxide nanoplates via the cross linking process 

using atomic force microscopy (AFM)  

The PAA-modifi ed graphene nanoplates were 
analyzed by atomic force microscopy to determine 
its thickness and lateral size. Fig. 3 shows an 
AFM image of PAA-modifi ed graphene nanosheet 
surfaces along with the corresponding height profi le 
produced by sonication. The zoomed image of 
graphene nanoplates and corresponding line scan 
are also shown in Fig.3, from which the topographic 
height of the graphene nanoplates is measured to be 
about 19-156.2nm, indicating few-layered graphene 
nanoplates [57, 58]. 

3.1.2 FTIR analysis of GO and PAA-modifi ed graphene 

oxide nanoplates via cross linking

Fig. 4 indicates the FT-IR spectra of graphene oxide 
(GO) and PAA functionalized graphene oxide by 
sonication. Absorption peaks at 2989, 1643cm-1 

correspond to C-H and C=C modes in GO, while 
two new peaks, one peak at 1758cm-1 (C=O) are 
from the carbonyl and carboxylic groups and the 
other peak at 1045cm-1 (C–O)  are from carbonyl, 
carboxylic and epoxy groups, which confi rms the 
presence of oxygen-containing functional groups. 
After the modifi cation of graphene oxide sheets 
with PAA, the relative intensity of the epoxy C-O 
stretch of the PAA-modifi ed graphene oxide paper at 
1222cm-1 signifi cantly decreased. As graphene oxide 
has been found to contain reactive epoxy groups, 
its exposure to amine groups would lead to a ring-
opening reaction of the reactive three-membered 
epoxide ring, creating new C-N bonds. The ring-
opening reaction of the epoxy group from the attack 
of nucleophiles, such as amine groups, has been well 
established [59]. The increase of the peak intensity 
at 1500cm-1, which corresponds to a stretching of 
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the new C-N bonds and possibly residual PAA, was 
observed in the FT-IR spectra of air-dried PAA-
modifi ed graphene oxide paper samples. In addition, 
signifi cantly decreased C-O stretches and shifted 
carboxy C-O stretches were observed after PAA 

Fig. 3. AFM topography images of (top) graphene oxides nanoplates (bottom) PAA-modifi ed graphene nanoplates via cross 
linking. Next to the images are a line scan taken horizontally through the image as marked with an arrow, from which the height 

of a graphene nanoplates were determined.

Fig. 4. FTIR analysis of GO and PAA-modifi ed graphene nanoplates via cross linking

modifi cation of graphene oxide sheets. This could be 
interpreted as evidence that carboxylic acid groups 
interact with amine groups [60]. 
 



Iranian Journal of Hydrogen & Fuel Cell 2(2019) 141-161148

3.1.3 Raman characterization of GO and PAA-modifi ed 
graphene oxide nanoplates via cross linking

Raman spectroscopy is a useful tool to characterize 
graphitic materials, especially for distinguishing 
graphene and graphene oxide. It is a non–destructive 
technique which provides detailed structure 
information such as the disorder and defect structures 
of graphene [61]. The Raman spectrum of graphene 
is characterized by three main features due to the 
change in electron bands: the G mode related to 
the vibration of sp2–bonded carbon atoms in two-
dimensional hexagonal lattice (usually observed 
at about 1575cm-1), the D mode arising from the 
doubly resonant disorder-induced mode and related 
to defects (about 1350cm-1), and the symmetry or 
allowed 2D overtone mode (about 2700 cm-1) bond 
which is at almost double the frequency of the D band 
and originates from second order Raman scattering 
process [25, 62-68]. As the structure changes from 
graphite to nanocrystalline graphene  in graphene 
studies, the ratio between the peak intensity of the 
D and G line, ID/IG, changes inversely with the size 
of the crystalline grains or interdefect distance [69]. 
The higher ID/IG  intensity ratio of the sample can be 
used as an evidence for the structure order.
Fig. 5 shows the typical Raman spectra of 
graphene oxide and the PAA-modifi ed graphene 
nanoplates via cross linking method. GO displays 
two prominent peaks, which correspond to the 
well-documented G and D bands. The GNP 
displays three main featured peaks namely the 
G-band, D-band, and 2D band at 1585.66cm-1,
1311.30 cm-1, and 2611.92cm-1, respectively. For 
GNPs, the G band moved from 1586cm-1 of graphene 
oxide to 1585cm-1 which is closer to the value of 
the pristine graphite, confi rming the reduction of 
graphene oxide by sonication. It is well documented 
that the oxygen functional groups in graphene oxide 
can be removed and a conjugated graphene network 
(sp2 carbon) will be reestablished in the modifi ed 
graphene cross linked by PAA. The reestablished 
graphene network usually has a smaller average size 
than the original graphene oxide, which consequently 
leads to the increase of intensity ratio (ID/IG). The 
ID/IG ratios for modifi ed graphene cross linked 
by PAA are about 1.71, which are larger than GO 
(by about 1.34). Thus, it is further concluded that 
graphene oxide in modifi ed graphene cross linked by 
PAA has been well deoxygenarated and reduced to 

graphene. 
It must be mentioned that in this fi gure no peak 
corresponding to PAA was observed, the same 
results have been reported by other researchers [47, 
70]. Shape and position of the 2D band are the key 
factors indicating information and the layer number 
of the graphene sheets. From Fig .5, the observed 
2D band of modifi ed graphene cross linked by PAA 
with a nearly symmetrical shape was centered at 
2611.92cm-1, suggesting formation of single or 
bilayer GNPs. Therefore, Raman spectroscopy 
confi rms that modifi ed graphene cross linked by PAA 
is greatly exfoliated and the D band related to more 
defects arises mostly from the edges and fractures 
present in the GNPs. This is further proven with a FE-
SEM observation and roughness measurements. The 
average roughness of this nanoplates is 242.01nm, 
which is related to the surface of the folded sheets. 
Relatively high defect produced graphene nanoplates 
on the gas diff usion substrate are an ideal matrix for 
active sites as support for electrocatalyst deposition, 
which can act as nucleation centers as well as uniform 
gas distribution for good management of reactions. 
 
3.1.4 XRD pattern characterization of prepared Pt/
PAA/GNP electrocatalyst

Fig. 6 shows the X-ray diff raction patterns of the Pt/
PAA/GNP and Pt/C electrocatalysts, which reveal 
the diff raction peaks of both carbon and platinum. 
The sharper and narrow diff raction peak at 2θ=26.8 ͦ 
(002) is characteristics of the parallel graphene layers 
in the Pt/PAA/GNP electrocatalyst and indicate a 
highly graphitic and crystallinity ordered structure 
of GNP in planes of (002), while the strong peak 
at about 2θ=25.2 ͦ in the Pt/C electrocatalyst can be 
attributed to XC-72 carbon present in the commercial 
Pt/C from Fuel Cell Earth. The peaks at the Bragg 
angles of 39.87 ͦ, 46.38 ͦ, 68.70 ͦ , 81.47 ͦ and 85.92 ͦ 
correspond to the (111), (200), (220), (311) and (222) 
crystalline plane diff raction peaks, respectively. All 
peaks can be indexed as the Pt face centered cubic 
(fcc) phase. In addition to the main characteristic 
peaks of the graphite and Pt fcc structure, several 
other weak refl ections (represented by an asterisk in 
Fig. 5) were found in both of the electrocatalyst and 
are related to the PAA. The peaks of the prepared 
Pt/PAA/GNP electrocatalyst are sharper than those 
of Pt/C electrocatalyst, indicating that they have 
larger particle sizes than the commercial supported 
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Fig. 5. Raman characterization of GO and PAA-modifi ed graphene oxide nanoplates via cross linking.

platinum. The average size of Pt particles were 
calculated from the Debby-Scherrer equation using 
the full width at half maximum (fwhm) of the (111) 
refl ection [71]. Pt (111) plane was selected for 
Scherrer analysis because it has the highest intensity 
value. The corresponding calculated nanoparticles 
size were 6.17 and 3.4nm for Pt/PAA/GNP and Pt/C, 
respectively.
 
3.1.5 Morphology and Structural Characterization of 
GO and Pt/PAA/GNP 
 
Fig. 7 shows the SEM surface morphology of 
the prepared (a) graphene oxides by the modifi ed 
Hummer and Aff man method, (b) PAA modifi ed 
graphene nanoplates, and (c) Pt nanoparticles 
synthesized on a support by the microwave assisted 
polyol method. A relatively high density of in situ 
reduced graphene nanoplates is seen in Fig. 7a. As can 
be seen in Fig. 7b, the entire surface of the graphene 
nanoplates are decorated by Pt nanoparticles. 
Furthermore, the FESEM images show that the 
crystals of Pt are spherical and clean. As shown in 
Fig. 5b, the spherical platinum nanoparticles on the 
PAA modifi ed graphene nanoplates are more or less 
are uniform and well distributed.
Fig. 8 shows the typical EDS pattern of a Pt/PAA/
GNP electrode. It turns out that the prepared 
electrode contains both of Pt and Co elements. The 
EDS pattern shows that Pt, C, N and O are the major 
element of the spectra. The C signal comes from the 
graphene nanoplates and Nafi on solution.  Oxygen, F 

and a small part of S are also derived from Nafi on. In 
addition to Pt and C, the elements of Si, Au, and K 
were also detected. The strong peak of Si is because 
of the silicon substrate used in FESEM analysis. The 
relatively small amount of K observed in the EDS 
image is essentially from the KCl electrolyte used in 
the plating bath. The element Au belongs to the Au 
target from the sputtering chamber used in FESEM 
chracterization. As it is represented in this table, the 
amount of Pt loaded on the graphene cross linked 
PAA can be evaluated quantitatively as 9.73%, which 
is very nearly to the tehoritical value of 10 wt.%.

Table 1 Composition of Pt/ PAA/GNP Electrocatalyst

Weight%                  Element

66.38                       C

13.19                        O

0.58Cl

6.29N

0.98Si

0.95Na

0.83K

1.07                        Au

   9.73  Pt

                      
3.2 Electrochemical measurements

3.2.1 Electrochemical activity of electrocatalysts

To evaluate the electrochemical characteristics of the 
prepared electrocatalysts, the cyclic voltammetry tests 
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Fig. 6.  XRD pattern of prepared   Pt/PAA/GNP and Pt/C  electrocatalysts.

Fig. 7. FE-SEM images of the a) graphene oxides, b) PAA modifi ed graphene nanoplates, and c)  Pt nanoparticles synthesized on 
a support by the microwave assisted polyol method.  
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Fig. 8. EDX pattern of Pt/ PAA/GNP.

were carried out using a glassy carbon electrode with 
the same loading as Pt covered with a Nafi on-bonded 
catalyst layer. Fig. 9 shows the cyclic voltamograms 
of the prepared electrodes using a potentiostat/
galvanostat, and the calculated electrochemical 
surface areas (according to supplementary data) are 
listed in Table 2. As it is shown, the electrochemical 
surface area increased by platinum nanoparticles 
supported on the PAA functionalized graphene, 
indicating that a higher activity achievement by 
the modifi ed support. Conversely, the specifi c 
area decreased mainly because of the increased 
particle size value of Pt/PAA/GNP with respect to 
commercial Pt/C. However, the highly active Pt/
PAA/GNP electrocatalyst provided the reasonably 
high utilization effi  ciency (89%) of Pt despite its 
relatively large overall particle size.
Generally, the electrochemical surface area of 
electrocatalysts increase with a decrease in particle 
size. However, in this case, the higher electrochemical 
surface area of the Pt/PAA/GNP electrocatalyst 
cannot be ascribed to a particle size eff ect, being 
the particle size of Pt/C is smaller than those of the 
Pt/PAA/GNP materials. Our hypothesis is that the  
promoted electronic conductivity is responsible for 
the enhancement of the electrochemical surface area. 
Also, it is believed that the incorporation of PAA into 
graphene can largely improve its electrochemical 
activity, showing the Pt/PAA/GNP electrocatalyst 

is state of the art. In spite of  all the mentioned 
above, the Pt/PAA/GNP electrocatalyst produced in 
this study has the smallest specifi c area, due to the 
particle size eff ect, as illustrated in Table 2. The XRD 
characterization showed the largest particle size for 
the Pt/PAA/GNP electrocatalyst, clearly denoting a 
lower specifi c area (see supplementary data), which 
supports that the specifi c surface area is dependent 
on the particle size.
 
3.2.2 Performance evaluation of catalyst by the 
methanol oxidation reaction (MOR) and CO tolerance 

Fig. 10 displays the cyclic voltammograms for the 
Pt/PAA/GNP and commercial Pt/C electrocatalysts 
recorded in 0.5M H

2
SO

4
+1M CH

3
OH at a scan rate 

of 50mV s-1 . It is well known that the activity of the 
catalyst is mainly evaluated by parameters of onset 
potential, peak potential, and current density. In the 
voltammogram, the anodic forward scan is attributed 
to methanol oxidation, forming Pt-adsorbed 
carbonaceous intermediates, including CO and CO

2
. 

The backward oxidation peak is ascribed to the 
additional oxidation of the adsorbed carbonaceous 
species to CO

2
. As can be seen, the fi rst methanol 

electro-oxidation peak potential in the forward scan 
is located around 0.7V for Pt/PAA/GNP, which is 
slightly lower than that of the Pt/C (0.74V), implying 
higher activity for methanol oxidation on the Pt/
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Fig. 9. Cyclic voltamograms of Pt/ PAA/GNP and Pt/C in 0.5M H
2
SO

4
 solution scan rate: 50mV s-1.

Table 2. Electrochemical Surface Area, Specifi c Area and Utilization Effi  ciency of Pt/PAA/GNP and Pt/C Catalysts in a N
2 

Saturated Solution of 0.5M H
2
SO

4

Catalyst  S
ESA

  (m2 Pt)/(mgPt) S
CSA

 (m2 Pt)/(mgPt)   γ
Pt

 (%)

Pt/PAA/GNP  40.53 45.44 89

Pt/C   17.61 82.26 26

PAA/GNP electrocatalyst. Also, the Pt/PAA/GNP 
electrocatalyst exhibits an especially higher current 
density of 32.425mA  mg

Pt
-1 at a lower onset of 0.18V 

potential compared with that of 19.85mA mg
Pt

 -1  and 
0.29V for the Pt/C electro catalyst, indicating that 
Pt/PAA/GNP exhibits higher catalytic activity for 
methanol electro-oxidation than Pt/C. In addition, the 
observation of much higher  I

f
»I

b
  values on Pt/PAA/

GNP (2.04 vs 1.51 on Pt/C) implies that methanol 
molecules are more eff ectively oxidized on Pt/PAA/
GNP during the forward potential scan, generating 
relatively less poisoning species compared with 
commercial Pt/C. This could be due to the conducting 
nature of PAA-modifi ed graphene oxide [72] which 
enhances proton and electron transport within the 
anode electrocatalyst. Also, in the cross linking of 
PAA to graphene structure, PAA acts as an interface 
and increasing the metal dispersion, like Pt, on the 
support and improves the electrocatalytic properties 
in this way.
It was well known that graphene contains some 
defects such as the oxygen-containing functional 
groups on the surface. Graphene sheets with these 
defects are easily to be oxidized and are unstable 
under fuel cell operation [31]. N-doping of 
graphene can fi x these defects by removing these 

oxygenated groups, thereby enhancing the stability 
and conductivity of graphene. In addition, N-doping 
not only modifi es the graphene surface by forming 
the nitrogen functional groups, but also it can also 
changes its electronic structures [73]. Moreover, 
N-doping is also contributing contributes to the 
eff ective immobilization of metal nanoparticles by 
strengthening the metal support interaction [74, 75]. 
So, from the above obtained results it is concluded 
that the Pt/ PAA/GNP electrocatalyst showed the 
better performance for methanol electro-oxidation 
than Pt/C. The reason is that the Pt/ PAA/GNP has a 
much larger electrochemical surface area than Pt/C 
due to the its enhanced conductivity than Pt/C as 
shown in Fig. 9. 
Further investigation was made into the transport 
behavior of methanol on the nanocomposite 
electrocatalyst at diff erent scan rates. Ffrom Ffi g. 
11 , it can be seen that the peak current density of 
methanol oxidation increases with the increase of 
scan rates and the peak potential has almost have 
no signifi cant change. The inset in Ffi g. 11 indicates 
that the anodic peak current densities are linearly 
proportional to the square root of the scan rate, 
which reveals that the electrocatalytic oxidation of 
methanol on the nanocomposite electrocatalyst is a 
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Fig. 10. Cyclic voltamograms of methanol oxidation of Pt/PAA/GNP and Pt/C in 0.5M H
2
SO

4
+1M CH

3
 OH solution scan rate: 

50  mV s-1

Fig. 11. The anodic peak current densities of Pt/ PAA/GNP in 0.5M H
2
SO

4
+1M CH

3
OH solution at diff erent scan rates. The inset 

shows the dependence of the anodic peak current densities on the square root of scan rates.

diff usion-controlled process [76]. 
As CO species are the main poisoning intermediates 
during the methanol electro-oxidation, a good 
electrocatalyst for methanol oxidation should 
possess excellent CO electro-oxidation ability 
and high tolerance, which can be evaluated by CO 

stripping voltammetry. If a catalyst has higher CO 
oxidation ability and tolerance for CO poisoning, it 
can oxidized more CO or oxidized CO more quickly 
at lower potential.
Fig. 12 shows the CO stripping voltammograms of 
Pt/PAA/GNP and Pt/C, which were performed by 
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Fig. 12. CO stripping results for Pt/PAA/GNP and Pt/C electrocatalysts in 0.5M H
2
SO

4
solution, scan rate: 50mV s-1

electro-oxidation of pre-adsorbed CO. The peak at 
about 0.89 V and 0.93V versus Ag/AgCl, represents 
the electro-oxidation of the irreversibly adsorbed CO 
on Pt/PAA/GNP and Pt/C, respectively. 
The calculated peak charge Q

CO
, is related to the 

reaction:

Pt-CO+H
2
O→Pt+CO

2
+2e-+2H+                              (1)

the charge Q
CO

 (mCcm-2) was used to compare the 
active surface area of the catalyst, calculated from 
the following equation:

ESA
CO

=Q
CO

/([Pt]×0.484)                                        (2)

Where the value 0.484 represents the charge density 
required to oxidize a monolayer of CO on bright Pt 
[77, 78] .

The ESA values calculated from the CO electro-
oxidation area (ESA

CO
) are 55.62 and 23.24 m2g-1 

for Pt/PAA/GNP and Pt/C, respectively. The higher 
ESA- CO of Pt/PAA/GNP catalyst indicates the 
higher Pt utilization in Pt/PAA/GNP. Therefore, the 
Pt/PAA/GNP electrocatalyst can contribute to the 
enhanced activity toward CO oxidation. Also, the 
electro-oxidation current of the CO ads species on 

the Pt/PAA/GNP is around 62.12mAcm-2, which is 
much higher than that of Pt/C, indicating that the 
Pt/PAA/GNP electrocatalyst is more tolerant to CO 
poisoning than the Pt/C catalyst. There was one 
more interesting fi nding from the CO stripping study 
related to the CO electro-oxidation onset potential 
which can be further used to characterize the easiness 
of CO oxidation. The onset and peak potential of 
CO on Pt/PAA/GNP (0.56V, 0.89V) is much lower 
than that of Pt/C (0.67V, 0.93V), respectively, which 
suggest that the Pt/PAA/GNP electrocatalyst has a 
higher CO oxidation ability and improved activity. 
Another interesting fi nding is the diff erence between 
desorption area values of H+ and CO in the prepared 
catalysts. The ESA values from H+ adsorption and 
CO stripping areas are listed in Table 3. As can be 
seen, the two ESA values are closer in the case of 
Pt/C for the Pt/PAA/GNP electrocatalysts; however, 
the ESA

H+
 is relatively larger than theESA

CO
 values. 

Table 3 ESA values for electrodes from a H+ adsorption and 

O desorption, respectively.

ESA
CO 

m2g-1

ESA
H+

m2g-1

Electrode

55.6240.53Pt/ PAA/GNP

23.2417.61Pt/C
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Fig. 13. Nyquist impedance spectra of Pt/C and Pt/ PAA/GNP in 0.5M H
2
SO

4
+1M CH

3
 OH solution.

Fig. 14. Equivalent circuit of fi tted EIS data of (a) Pt/PAA/GNP and (b) Pt/C in 0.5M H
2
SO

4
+1M CH

3
 OH solution.
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3.2.3 Electrochemical Impedance Spectroscopy (EIS) 

Studies of the Electrocatalysts

The electrochemical impedance spectroscopy (EIS) 
measurements of the samples were performed at 
a potential of 0.5V versus Ag/AgCl by sweeping 
frequencies over the range of 1 mHz to 100 KHz 
with 55 points/decade and an alternating sinusoidal 
signal of 5mV peak to peak. All electrochemical 
measurements were performed under 25 ͦ C. Nyquist 
plots are shown in Fig. 13. As can be seen, both of 
the impedance spectra display similar characteristics, 
i.e., a semi-circle at the high frequency region whose 
diameter is associated with the charge transfer 
resistance indicating the catalytic activity for MOR. 
In this plot, the real axis intercept at high frequency 
was found to be independent of the electrodes and 
corresponds to the uncompensated resistance of the 
bulk electrolyte solution. Also, in this plot the diameter 
of the semi-circle in Pt/PAA/GNP electrocatalyst 
is small in comparison to the impedance spectra of 
the commercial Pt/C electrocatalyst. In the other 
words, the charge transfer resistance of the Pt/PAA/
GNP electrocatalyst is much lower than that of the 
Pt/C electrocatalyst showing the high activity for 
MeOH oxidation. In this fi gure, a relatively small 
straight line with a slope of 1 (45 ͦ) is related to the 

infi nite diff usion at Pt/PAA/GNP electrocatalyst 
corresponding to the Warburge impedance at low 
frequency.

3.2.3.1 Equivalent circuit

The main features of the impedance measurements 
can be explained using the equivalent circuit from 
Fig. 14. This circuit contains the sum of electrode 
and electrolyte ohmic resistance (R1) and charge 
transfer resistance (R2), which controls the electron 
transfer kinetics of electroactive species at electrode 
interface parallel to constant phase element associated 
with double layer capacity (C1). The experimental 
impedance data are shown as an open diamond, 
while the solid line represents a theoretical fi t 
obtained using an equivalent circuit model illustrated 
in scheme14. In this fi gure, the Randles equivalent 
circuit of fi tted EIS data of Pt/C and Pt/ PAA/GNP are 
also presented along the values of R1, R2, and C1 of 
each electroctalyst. Ohmic resistance evaluated from 
the intercept of the  x axis and the charge transfer 
resistance from the radius of semicircles.

3.2.4 Short term stability

Chronoamperometric experiments were performed 

Fig. 15. Chronoamperometric curves of Pt/ PAA/GNP and Pt/C catalysts in N2 saturated aqueous solution of 0.5M H
2
SO

4
 

containing 1M CH
3
 OH at fi xed potential of 0.4V for 1h.
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to observe the stability and possible poisoning of the 
composite electrocatalyst under short time (1hour) 
continuous operation in  0.5M H

2
SO

4
+1M CH

3
 OH 

at 0.4V(open circuit voltage). As seen from Fig. 
15, the current density of the prepared Pt /GNP/
PAA electrocatalyst and commercial Pt/C decayed 
rapidly at the initial stage, which might be due to the 
formation of intermediate species during methanol 
oxidation such as CO

ads
 and CH

ads
. The current 

gradually reached a relatively steady state after a 
brief transient period. It is clear from Fig.15 that the 
current density for the Pt /GNP/PAA electrocatalyst 
is much higher than that of Pt/C in a longer time, 
indicating PAA functionalized graphene nanoplates 
support can improve mechanical property like 
stiff ness and strain strength [49], electrocatalytic 
activity, and stability of the composite. These results 
again confi rm the high tolerance to the intermediate 
species and superior electrocatalytic performance of 
the prepared Pt/PAA/GNP nanocomposite catalyst in 
MOR. 

Conclusion

In the present investigation, a Pt/PAA/GNP 
electrocatalyst was prepared by a microwave 
assisted polyol synthesis method and its physical and 
electrochemical properties with special characteristics 
were observed. These properties include a successful 
dispersion of catalyst nanoparticles on the support, 
higher CO electro-oxidation peak potential, much 
higher methanol electro-oxidation current density, 
and good stability in the presence of methanol in 
comparison to commercial Pt/C. These fi ndings imply 
that Pt/PAA/GNP could be a  promising catalyst for 
anode applications with superior activity and high 
methanol tolerance in high–performance DMFCs. 
The pulse-microwave procedure was adopted in order 
to avoid the agglomeration of metal particles at high 
temperatures. This is due to the fact that continuous 
microwave can easily cause a quite rapid heating rate 
for carbon materials. In this process, ethylene glycol 
acts not only as dispersant and reducing agent, but 

also as the microwave additive due to the fact that 
the dielectric constant and dielectric loss for ethylene 
glycol are high; and consequently, rapid heating takes 
place under the microwave radiation. The support, 
graphene, is also a microwave-sensitive material, 
which is believed to play an important role in the 
acceleration of the metal reduction. In conclusion, 
the present pulse-microwave assisted polyol method 
is  simple, practical, and eff ective for the very rapid 
synthesis of a high dispersed high loading Pt-based 
electrocatalyst. The quite short metal reduction 
process is attractive and interesting from an economic 
point of view. Moreover, the as-prepared Pt/PAA/
GNP catalysts exhibited comparable electrocatalytic 
activity for the oxygen reduction reaction as the 
commercial catalyst.
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