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Abstract In this study, the new electrocatalyst of plati-

num support on polypyrrole-functionalized graphene

(GNS–PPy/PtNPs) is reported. The polypyrrole-functiona-

lized graphene (GNS–PPy) is constructed first with

graphene nanosheets (GNS) and polypyrrole (PPy) parti-

cles by constant potential deposition. And then PtNPs are

deposited on the surface of GNS–PPy by cyclic voltam-

metry. The as-prepared GNS–PPy/PtNPs is characterized

by scanning electron microscopy, energy-dispersive spec-

troscopy, X-ray powder diffraction, X-ray photoelectron

spectroscopy, and Raman spectroscopy. The prepared

GNS–PPy/PtNPs catalyst is employed for methanol oxi-

dation reactions. Compared with GNS/PtNPs and PPy/

PtNPs, the GNS–PPy/PtNPs has higher catalytic activity

(508 mA/mg), better stability, and stronger poisoning-

tolerance (If/Ib = 4.18) due to high dispersion of PtNPs on

large surface of GNS–PPy as well as synergic effect

among the GNS, PPy particles, and PtNPs. The experi-

mental results indicate that GNS–PPy/PtNPs may be an

ideal candidate catalyst for direct methanol fuel cell.

Introduction

Recently, fuel cells have received increasing attention due

to the depletion of fossil fuels and increasingly severe

environmental pollution. Among different types of fuel

cells, direct methanol fuel cell (DMFC) is an excellent

power source because of its high energy density, low pol-

lution emission, low operating temperature, and ease of

handing liquid fuel. However, there are still some critical

obstacles inhibiting broad application of DMFC, including

high cost of noble metal platinum (Pt)-based catalysts and

the poisoning of the anode catalyst by adsorbed carbonyl

species formed in the methanol oxidation process [1]. The

catalyst tolerance to carbonaceous species accumulation

can be described by the ratio of the forward anodic peak

current If to the reverse anodic peak current Ib [2, 3]. High

ratio of If/Ib indicates that methanol is efficiently oxidized

to CO2 and less accumulation of carbonaceous residues on

the surface of catalyst [4–7]. In order to enhance the poi-

soning-tolerance and reduce the usage of Pt-based catalyst,

it is necessary to seek suitable supports for effective dis-

persion of catalyst particles [8].

It is well known that graphene has high conductivity,

large specific surface area (2630 m2/g), and good stability

[9], which is employed as an ideal platform for growing or

anchoring metal functional nanomaterials [10, 11]. Several

publications have been reported the application of graphene

as substrate material for dispersion of Pt particles in DMFCs

[12–16]. Usually, the two effective ways are used to prepare

graphene/PtNPs. One strategy is to obtain PtNPs by

chemical reduction. For instance, Choi [12] prepared the

graphene/Pt composite with high platinum loading (1 mg/

ml), which exhibited low mass activity (300 mA/mg) and If/

Ib (\1). In addition, Wang and co-workers [17] synthesized

the PVP–graphene/PtPd. Although the mass activity

(647 mA/mg) is very high, the value of If/Ib is only 1.25.

The other is to prepare PtNPs composites by electrode-

position. For example, Xia [14] synthesized the

PtNPs@graphene by the method of amperometric I–t curve,

which has low mass activity (195 mA/mg) and If/Ib value

(1.26). Cai and co-workers [18] employed constant potential
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electrodeposition to prepare PtAu/graphene catalysts. The

mass activity is high (394 mA/mg), but the value of If/Ib is

only 1.25. Therefore, seeking for the effective strategies to

synthesize strong poisoning-tolerance and well-dispersed

graphene-based catalyst is still a major topic of interest.

PPy with highly accessible surface area and high stability

has been used to improve the activity of carbon support and

enhance the dispersing of metal [19–21]. PPy-functionalized

graphene and PPy-functionalized graphene oxide were

extensively employed for supercapacitor due to its high

electronic conductivity and easier charge transfer [22–26].

Moreover, PPy covered on the surface of graphene was used

as a highly efficient and low-cost electrically switched ion

exchanger for removing ClO4
- from wastewater [27]. More

encouragingly, an excellent report has also been seen using

Pd/polypyrrole–graphene as the catalyst in methanol solu-

tion [28]. However, to the best of our knowledge, so far there

have been no reports about the new catalysts of Pt supported

on PPy/graphene composites for DMFC application. So, in

our work, we investigated the property of GNS–PPy/PtNPs

for methanol oxidation reactions (MORs), which exhibits

strong poisoning-tolerance and high catalytic activity

because of high electronic conductivity, easier charge

transfer, and rough surface of GNS–PPy. Furthermore, the

content of Pt metal in the catalyst is remarkably reduced,

resulting in low cost of prepared catalyst.

Experiment

Materials

Graphene was purchased from Beijing Jiansin technologi-

cal company (China) and was prepared by arc discharge

method. Pyrrole was purchased from Beijing leadership

chemical company (China), which was double distilled and

then was kept in a refrigerator before use. H2PtCl6�6H2O

and CH3OH were obtained from Beijing chemical com-

pany, China. All chemicals were of analytical-reagent

grade and were used without further purification.

Apparatus

All electrochemical measurements were carried out by CHI

660C electrochemical workstation (CH instruments). A

three-electrode configuration (glassy carbon work electrode

(GCE), Ag/AgCl reference electrode, and platinum wire

counter electrode) was used in all experiments. The surface

morphology of the GNS–PPy/PtNPs was observed by field

emission scanning electron microscopy (FE-SEM, Hitachi

S-4800). All samples were sputtered gold before scanning

by SEM.

The structure of GNS–PPy was examined by Raman

spectroscopy (Renishaw invia, k = 633 nm). The obtained

catalyst was analyzed by X-ray diffraction (D/Max-2400,

k = 0.1542 nm) to determine the film structures. The cat-

alyst compositional information was obtained with an

energy-dispersive spectrometer (EDS) analyzer associated

with FE-SEM (Hitachi S-4800). XPS (Phi5702) measure-

ment was performed on spectrometer with Al Ka X-ray

radiation as the X-ray source for excitation. Pt loadings on

the modified electrodes were measured on an IRISER/S

inductively coupled plasma spectrum instrument (ICP)

(TJA, America). A conductive copper wire connected to a

slice of glassy carbon (the diameter is 5 mm), and then

which was sealed by nonconductive adhesive tape as a

work electrode, the catalyst were electrodeposited on the

surface of the slice of glassy carbon, and which was used as

the sample for all test, such as SEM, XRD, and ICP, etc.

Preparation of the GNS–PPy/PtNPs-modified GCE

GCE was polished with 0.3, 0.05 lm alumina powders,

followed by sonication with acetone, ethanol, and water,

respectively. 2 mg GNS was suspended into 2 ml dimeth-

ylformamide and dispersed for 30 min. GNS suspension

was casted on the surface of GCE and dried with an

infrared lamp. Electropolymerization of pyrrole on the

GNS-modified GCE was carried out in the solution con-

taining 0.05 M pyrrole with 0.1 M LiClO4 and 0.1 M

NaHCO3 at a constant potential of 0.8 V for 20 s [29, 30].

The GNS–PPy-modified GCE was further treated by

cyclic voltammetry (CV) from 0.40 to -0.20 V in 0.5 M

H2SO4 ? 2.0 mM H2PtCl6 at a scan rate of 50 mV/s for

depositing PtNPs on the rough surface of GNS–PPy. When

electrodeposition cycle numbers was few, the catalytical

activity is low, and while cycle number was more than 40,

the catalytical activity is weak because of PtNPs aggrega-

tion. So the cycle numbers was chosen as 40, and the

loading mass (29.28 lg/cm2) of PtNPs was measured by

ICP. For comparison, the same numbers of scanning cycle

(40) were employed on GNS and PPy, which were denoted

as GNS/PtNPs and PPy/PtNPs for MORs.

Schematic diagram of prepared GNS–PPy/PtNPs

The whole procedure for preparing the GNS–PPy/PtNPs

was shown in Scheme 1. First, 2.5 ll GNS suspension

(1 mg/ml) was casted on the surface of GCE. Second,

irregular shape of the PPy particles were deposited on the

surface of GNS by amperometric I–t curves. Finally,

PtCl6
2- was absorbed on GNS–PPy surface, and PtNPs

were deposited on the surface of GNS–PPy by CV.
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Results and discussion

Characterization of the microstructure

of GNS–PPy/PtNPs

SEM

Figure 1 shows the SEM images of the GNS, GNS–PPy,

and GNS–PPy/PtNPs, respectively. As shown in Fig. 1a,

sheet-like graphene (200–500 nm) with crimple can be

observed. Graphene, excellent carbon material with large

surface area, superior chemical stability, and low produc-

tion cost, could act as an ideal substrate for depositing

functional materials for high-performance electrocatalytic

or electrochemical devices [20–25, 27]. In addition, higher

crystallinity and electroactivity of graphene was prepared

by arc discharge method in our experiment, which can

improve the mobility of charge carriers and stability [31,

32]. Figure 1b represents the rough surface of the GNS–

PPy. GNS was functionalized by irregular PPy particles

with the size of 400–800 nm. The PPy particles are loose

and contains many spherical particles forming a three-

dimensional (3D) porous nanostructure which can be

highly beneficial for ion diffusion [30]. Figure 1c shows

the surface morphology of GNS–PPy/PtNPs. The PtNPs

(ca. 50 nm) were dispersed uniformly on the surface of the

PPy–graphene without obvious agglomeration. The oxi-

dized PPy conducting polymeric chain contains positive

charge, and the charge must be balanced by the dopant

counter ion. In addition, the 3D porous nanostructure of the

GNS–PPy facilitates PtCl6
2- to easily diffuse into surface

of the composite film. The embedded Pt nanoclusters were

generated by a solid-phase extraction of PtCl6
2- species by

the PPy, which then could be further reduced to the Pt(0)

state and congregated into 3D structures [33, 34].

EDS, XPS, and XRD

EDS analysis was utilized to determine the composition of

the GNS–PPy/PtNPs catalyst. In Fig. 2a, the carbon, nitro-

gen, and oxygen signals indicate that PPy is completely

composited with GNS, and platinum signal results from

PtNPs by electrodeposition. Similar results are observed for

GNS/PtNPs and PPy/PtNPs. The formation of GNS–PPy/

PtNPs is further characterized by XPS. In Fig. 2b–d, XPS

patterns show significant C (Fig. 2b) signal corresponding to

the binding energy of C1s (from polypyrrole), and the C1s

shoulder peaks at around 283.5 eV to the graphene

Scheme 1 Schematic diagram of prepared GNS–PPy/PtNPs.

(a) GNS suspension was dispersed on glass carbon electrode surface,

(b) the irregular shape of the PPy particles were deposited on the

surface of GNS, (c) PtNPs were deposited on the surface of GNS–PPy

Fig. 1 SEM images of catalysts. a GNS, b GNS–PPy, c GNS–PPy/

PtNPs
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decorated Pt crystallinity surface [33, 34]. N signal (Fig. 2c)

corresponding to the binding energy of N (from polypyrrole),

significant Pt4f signals (Fig. 2d), the two bands appear at

71.4 and 74.8 eV, corresponding to the Pt4f7/2 and Pt4f5/2

signals, respectively. The result shows that the precursor of

H2PtCl6�6H2O is converted completely into Pt(0) under the

experimental conditions. XRD patterns of GNS–PPy/PtNPs,

GNS/PtNPs, and PPy/PtNPs catalysts are shown in Fig. 2e.

The peaks at 2h = 26.3 is associated with the C (002) planes

of the graphene or PPy [35, 36]. The (111), (200), (220), and

(311) planes display a typical diffraction pattern of face-

centered cubic (fcc) lattice for PtNPs [37, 38]. The result is

accordant with EDS and XPS, indicating PtNPs were

deposited on the surface of GNS–PPy.

Fig. 2 The microstructure of GNS–PPy/PtNPs was characterized by EDS, XPS and XRD patterns. (a) EDS image; (b–d) XPS images of the

catalyst, (b) C, (c) N, (d) Pt; (e) XRD pattern
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Raman spectroscopy

Raman spectroscopy is one of the useful tools for providing

detailed structure information [39]. The interaction

between the PPy particles and the aromatic graphene basal

plane is investigated by Raman spectra. In Fig. 3, for GNS

sample, the high intensity of the G band peak at 1582 cm-1

as compared to the low intensity ‘‘disordered and defect’’ D

band peak at 1321 cm-1 demonstrates the aromatic purity

of the graphene basal plane [40]. The 2D (2660 cm-1)

band in single layer graphene (SLG) can be fit to a single

Lorentzian peak and its intensity has been found to be

much higher than that of the G band (located at

*1580 cm-1) for SLG; hence, it is often used as an

indicator of a SLG region [41–45]. For the PPy nanopar-

ticles sample, the appearance of peaks near 1598 and

1355 cm-1 arises from the p-conjugated structure and ring

stretching mode of the polymer backbone, respectively

[46–49]. The broad peak obtained at 1056 cm-1 corre-

sponds to the C–H in-plane deformation. Two small peaks

near 935 cm-1 are associated with the quinoid polaronic

structure. In addition, because LiClO4 and NaHCO3 are

doped at the process of electrodeposition PPy, C–OH

stretching at 1246 cm-1, C–O vibration at 1079 cm-1, the

peak observed at 868 cm-1 might be assigned to the =C–H

out of plane vibration. With the depositing of PPy particles

on the GNS, the Raman spectrum is essentially composed

of both PPy particles and GNS. For thin film of composites,

the appearance of bands near 1056, 935, 1246, 1079, and

868 cm-1 are identical to the single PPy particles. How-

ever, as compared with the single PPy sample, the decrease

in the ratio of the sharp G band peak at 1586.1 cm-1 as

compared to the defect band near 1285.4 cm-1 reflects the

interaction between the p-conjugated particles and

aromatic graphene basal plane without compromising the

chemical identity of either of these two nanomaterials. In

addition, the GNS–PPy shows no increase in the 2D peak

(the graphene 2D peak) compared to GNS, which indicate

that PPy do not destroy the structure of SLG.

Electrochemical surface areas of the catalysts

In Fig. 4, the electrochemical active surface areas (EAS,

m2/g) of the catalysts can be measured by integrating

Coulombic charge for hydrogen adsorption (QH) on the CV

curves in N2-purged 0.5 M H2SO4 solution [50]. The

region for hydrogen adsorption (-0.2 to 0 V vs. Ag/AgCl

electrode) is used to estimate the EAS according to the

following equation [51]:

EAS ¼ QH

0:21� LPt

;

where the LPt is the Pt loading mass (mg), QH is the charge

for H2 adsorption, and 0.21 is the charge required to oxi-

dize a monolayer of H2 on smooth Pt (mC cm-2). Ar (cm2)

is the PtNPs real surface area, which can be estimated from

Ar = QH/0.21. The roughness factor (q) can be obtained

from the ratio of Ar and geometric area (Ag) of the elec-

trode. The loading mass of PtNPs is estimated by ICP. The

q, EAS (m2/g), and mass activities (mA/mg) of MORs at

GNS–PPy/PtNPs, GNS/PtNPs, and PPy/PtNPs are listed in

Table 1. The GNS–PPy/PtNPs shows much higher EAS,

larger q, and stronger mass activity compared to GNS/

PtNPs and PPy/PtNPs. This may be attributed to the

rougher surface and 3D structures of GNS–PPy/PtNPs. The

particular structure significantly enhances EAS and q of the

catalyst.

Fig. 3 Raman spectra image of GNS, PPy, and GNS–PPy

Fig. 4 Cyclic voltammograms of PPy/PtNPs, GNS/PtNPs, and GNS–

PPy/PtNPs-modified GCE in a N2-sparged 0.5 M H2SO4 solution at

the scan rate of 50 mV/s
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Evaluation of methanol electro-oxidation

The catalytic activity for the prepared GNS–PPy/PtNPs,

GNS/PtNPs, and PPy/PtNPs on the MORs was studied by

CV recorded in 1.0 M H2SO4 containing 1.0 M methanol

at a scan rate of 50 mV/s. Figure 5 represents the com-

parison of the mass activity on the different modified

electrodes. The GNS–PPy/PtNPs has higher mass activity

for MORs as compared with GNS/PtNPs and PPy/PtNPs. It

should be noted that the mass activity of GNS–PPy/PtNPs

is also higher than most Pt-based catalysts for MORs, such

as carbon nanofibers or CNT-support PtNPs [37], CNT/Pt

composite catalyst [52, 53], PPy/Pt composite catalyst [54],

and GNS/PtNPs hybrids [55]. Meanwhile, GNS–PPy/

PtNPs (0.30 V) has lower onset potential than GNS/PtNPs

(0.38 V) and PPy/PtNPs (0.35 V). The onset potential

relates to the breaking of C–H bonds and removal of the

COads like intermediates by oxidation with OHads species

supplied by Pt–OH sites or other sources [56]. The lower

onset potential of the methanol oxidation on GNS–PPy/

PtNPs indicates that the oxidative removal of the

intermediates generated from the methanol oxidation can

occur easily as compared to GNS/PtNPs and PPy/PtNPs.

The high ratio of the forward anodic peak current density

(If) to the reverse anodic peak current density (Ib) indicates

that the intermediate carbonaceous species are effectively

oxidized to CO2 in the forward scanning. The ratio is 1.43

for PPy/PtNPs, 3.36 for GNS/PtNPs, and 4.18 for the

GNS–PPy/PtNPs. The results reveal that methanol is effi-

ciently oxidized to CO2 and a little accumulation of car-

bonaceous residues at the GNS–PPy/PtNPs surface [6, 7].

Moreover, the catalytic activity and poisoning-tolerance of

GNS–PPy/PtNPs are better than most of catalysts, such as

Pt nanorods [57], graphene oxide/Pt [58], and PtNi/C [59].

The long-term stability of the PPy/PtNPs, GNS/PtNPs,

and GNS–PPy/PtNPs were examined using amperometric

I–t curve. Figure 6 shows the tests recorded at a constant

potential of 0.70 V in the solution containing 0.5 M

H2SO4 ? 1.0 M CH3OH for 500 s. The current density

decreased rapidly at the initial stage, gradually, the current

decayed and a pseudo-steady state was achieved [60]. It

was appeared that GNS–PPy/PtNPs maintained a better

stability, and the mass activity was 110 mA/mg, which was

higher than GNS/PtNPs (83 mA/mg) and PPy/PtNPs

(68 mA/mg). Meanwhile, the performance is better than

those of carbon nanotubes with Pt decorated on both the

inner and the outer wall surfaces (about 92 % loss of

current after 1000 s running) and Pt/CNT composites

(about 77 % loss of current after 600 s running) [2, 61].

The oxidation current decreased continuously for all the

catalysts due to the formation of a series of adsorbed car-

boxyl intermediates (CHxO)ads (x = 1–3) and (CO)ads,

which gradually accumulated to lower the electroactive

area of catalyst and significantly poisoned the PtNPs for the

MORs [62, 63].

Fig. 5 Mass activity for methanol oxidation on the prepared

GNS–PPy/PtNPs, GNS/PtNPs, and PPy/PtNPs catalysts; experiments

were carried out in 0.5 M H2SO4 ? 1.0 M CH3OH at a scan rate of

50 mV/s. The arrows indicate the direction of potential sweep

Table 1 Electrochemical characterization of GNS–PPy/PtNPs, GNS/

PtNPs, and PPy/PtNPs

PPy/

PtNPs

GNS/

PtNPs

GNS–PPy/

PtNPs

Mass activity (mA/mg) 205 423 508

EAS (m2/g) 31.38 40.71 50.2

Roughness factor (q) 8.6 13.9 21.8

Oxidatin potential (V) 0.769 0.784 0.754

If/Ib 1.43 3.36 4.18

Fig. 6 The amperometric I–t curves of catalysts. (a) GNS/PPy/

PtNPs, (b) GNS/PtNPs, (c) PPy/PtNPs-modified GCE in a N2-sparged

0.5 M H2SO4 solution containing 1.0 M methanol
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The efficiency of the catalysts in fuel cells is strongly

related to the surface area and rough degree of the support

materials as well as the dispersion and size of catalysts,

which would improve the catalysts efficiency and decrease

the loading mass level of precious metals used [63]. That is

to say, higher mass activity, larger ESA, and stronger

poisoning-tolerance in electrochemical performance were

observed in the experiments can probably be attributed to

two major factors: (i) GNS and PPy particles constructed

3D structures, which has rougher surface than GNS and

PPy. The rough surface can prevent the aggregation of

PtNPs, and make the PtNPs well dispersed on the surface

of GNS–PPy; (ii) the composite of PPy–GNS has high

electronic conductivity and easier charge transfer, which

can increase the reaction rate of MOR. In addition, the

synergic effects among GNS, PPy, and PtNPs can improve

the catalytic activity and reduce the cost of catalyst.

Conclusions

In this paper, electrochemical methods have been employed

to synthesize and characterize the GNS–PPy/PtNPs. The

experimental results demonstrate that GNS–PPy/PtNPs is

an attractive Pt-based catalyst for the MORs, which is

attributed to the rough surface and large ECSAs. PtNPs are

well dispersed on the surface of GNS–PPy, so the GNS–

PPy/PtNPs exhibits higher catalytic activity and stability for

MORs than GNS/PtNPs and PPy/PtNPs in acidity media.

Moreover, GNS–PPy/PtNPs tolerance to carbonaceous

species accumulation is superior to most of catalysts. These

experimental results suggest that the GNS–PPy/PtNPs are a

promising anode catalyst candidate for DMFC.
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