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Abstract In this study, an electrocatalyst based on 2-
thiolbenzimidazole (TBI) functionalized reduced graphene
oxide (rGO) with platinum and palladium nanoparticles (Pt-
PdNPs) was synthesized. The successful synthesis of
nanomaterials and the prepared glassy carbon electrode
(GCE) surfaces were confirmed by transmission electron mi-
croscope, X-ray photo electron spectroscopy, scanning elec-
tron microscope, electrochemical impedance spectroscopy
and X-ray diffraction method. The effective surface areas of
TBIrGO/GCE, PdNPs/TBIrGO/GCE, PtNPs/TBIrGO/GCE
and Pt-PdNPs/TBIrGO/GCE were calculated to be 324, 578,
667 and 1189 cm2/mg, respectively. According to the results,
the electrochemical surface area of the Pt-PdNPs/TBIrGO is
3.67, 2.06 and 1.78 times higher than those of TBIrGO,
PdNPs/TBIrGO and PtNPs/TBIrGO, respectively. The Pt-
PdNPs/TBIrGO/GCE also exhibited higher peak current for
methanol oxidation than those of comparable TBIrGO/GCE,
PdNPs/TBIrGO/GCE, PtNPs/TBIrGO/GCE modified GCEs,
thus providing evidence for its higher electro-catalytic
activity.
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Introduction

Fuel cells can generate energy from various fuels and they
have been important method in terms of electricity production.
Especially, direct-methanol fuel cells (DMFCs) are proton-
exchange fuel cell in which methanol is used as the fuel. Their
important advantages are the simplicity of transport of meth-
anol. Methanol as fuel has several advantages such as trans-
port and storage. DMFCs have been used for the production of
energy for the several years. A sulfuric acid or perchloric acid
as supporting electrolyte is used in the DMFCs owing to re-
moving of the CO2 during the electrochemical progress [1–3].
The reaction of methanol oxidation in an acidic medium can
be presented as below [3, 4].

Anodeð ÞCH3OHþ H2O→CO2 þ 6Hþ þ 6e− E˚ ¼ 0:043V SHEð Þ
Cathodeð Þ3=202 þ 6Hþ þ 6e−→3H2O E˚ ¼ 1:229V SHEð Þ

(The all electrochemical reaction):

CH3OHþ 3=202→CO2 þ 2H2O E˚ ¼ 1:186V SHEð Þ

Especially, various nanomaterials and nanoparticles can
been used for the development of energy, sensor and catalytic
effect [5–14]. In addition, significant progress has been per-
formed in the production of carbon-supported catalysts for
fuel cells with suitable cost [15]. Nevertheless, there are some
important problems such as low catalytic performance for
methanol and ethanol oxidation. Hence, in order to increase
this performance, the novel nanomaterials such as graphene/
graphene oxide and carbon nanotubes become very significant
[16–18]. In addition, some nanoparticles such as mono/
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bimetallic are important in nano/sensor technology [19]. In ad-
dition, because the nano-sized particles have larger specific sur-
face area, they are good catalysts [20]. The bimetallic nanoparti-
cles can increase the rate of electrochemical reaction [21–23].

In the present report, the preparation and characterization
of nanocomposites such as reduced graphene oxide (rGO), 2-
thiolbenzimidazole (TBI)rGO/glassy carbon electrode (GCE),
palladium nanoparticles (PdNPs)/TBIrGO, platinum nanopar-
ticles (PtNPs)/TBIrGO and platinum and palladium nanopar-
ticles (Pt-PdNPs)/TBIrGO were firstly performed (Scheme 1).
After that, GCE surfaces were modified with these
nanomaterials by using infrared heat lamp. The developed
surfaces were characterized by electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) and
chronoamperometry (CA) measurements. After the character-
izations of the glassy carbon surfaces, these catalysts were
investigated for their effects in fuel cell applications.

Experimental

Materials

All chemicals that were used in the experiments were reagent
grade and were used as received including the following: graph-
ite powder (Merck, Germany), 2-thiolbenzimidazole (Merck,
Germany), sodium tetrachloropalladate (Na2PdCl4, Merck, Ger-
many), sulfuric acid (H2SO4, Merck, Germany), potassium per-
sulfate (K2S2O8, Merck, Germany), phosphorus pentoxide
(P2O5, Merck, Germany), potassium permanganate (KMnO4,

Merck, Germany), hydrogen peroxide (H2O2,Merck, Germany),
ethanol (Merck, Germany), hydrochloric acid (HCl, Sigma-Al-
d r i c h ) , N - ( 3 - d i m e t h y l a m i n o p r o p y l ) - N -
ethylcarbodiimidehydrochloride (EDC, Sigma-Aldrich, USA),
ethanol (Sigma-Aldrich, USA), isopropyl alcohol (IPA, Sigma-
Aldrich, USA), methanol (Merck, Germany), HPLC grade ace-
tonitrile (MeCN, Sigma-Aldrich, USA), NaBH4 (Merck, Germa-
ny), potassium tetrachloroplatinate(II) (K2PtCl4, Sigma-Aldrich,
USA), perchloric acid (HClO4, Sigma-Aldrich, USA), hydrazine
hydrate (Merck, Germany). The ultra-pure water with resistance
of 18.3 MU cm (Human Power 1+ Scholar purification system)
was used in the experiments of aqueous media.

Instrumentation

All electrochemical experiments (CV and CA) were per-
formed using IviumStat (USA) equipped with C3 cell stand.
Electrochemical impedance spectroscopic experiments were
carried out with a Gamry Reference 600 workstation equipped
with a PCI4/300 potentiostat in conjunction with EIS 300
software. Modified electrodes were characterized in 1.0 mM
ferrocyanide/1.0mM ferricyanide ([Fe(CN)6]

3−/4−) redox cou-
ple via EIS methods. EIS data were measured at 100 kHz to
0.1 Hz at 10 mV wave amplitude and at an electrode potential
of 0.165 V, the formal potential of [Fe(CN)6]

3−/4− redox cou-
ple. Argon gas was passed through the solutions during ex-
periments for about 10 min. JEOL 2100 transmission electron
microscope (TEM) (JEOL Ltd., Tokyo, Japan) and ZEISS
EVO 50 scanning electron microscope (SEM) (Germany) an-
alytic microscopies were used to investigate the morphologies

Scheme 1 The procedure of fabrication of the catalysts in present study
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of the nanocomposites. X-ray photo electron spectroscopy
(XPS) analysis were performed on a PHI 5000 Versa Probe
(F ULVAC-PHI , Inc . , J apan /USA) mode l w i th
monochromatized Al Ka radiation (1486.6 eV) as an X-ray
anode operated at 50 W. To prepare the samples, one drop of
the prepared nanocomposites was placed on clear glass and
then dried in air. A Rigaku X-ray diffractometer was used for
X-ray diffraction (XRD) measurements of the nanostructures.

Synthesis of rGO

Graphene oxide was synthesized according to our previous
report [9]. The as-prepared GO was dispersed into 200 mL
water. After that, hydrazine hydrate (80 wt%) of 4 mL was
added and the solution was heated in an oil bath at 100 °C
under a water-cooled condenser for 24 h. After the reaction,
the prepared rGO product was collected by vacuum filtration.
To carry out the surface activation of carboxylate groups of
rGO, the rGO suspension was interacted with 0.2 M EDC

solution for 8 h. Activated rGO suspension was mixed well
with 1.0 mM TBI at a 1:1 volume ratio for 2 h (TBIrGO).

Synthesis of PdNPs, PtNPs, Pt-PdNPs, PtNPs/TBIrGO,
PdNPs/TBIrGO and Pt-Pd NPs/TBIrGO

PdNPs were prepared by mixing 250 μL of 0.1 M Na2PdCl4
solution with 20 mg NaBH4 solution [24]. PtNPs were pre-
pared by mixing 200 μL of 0.1 M K2PtCl4 solution with
10 mg NaBH4 solution. The solutions were kept in ultra-
sonicated bath for 60 min [24]. To prepare bimetallic Pt-
PdNPs, PtNPs and PdNPs solutions were mixed with volume
ratio of 1:1. To prepare PtNPs/TBIrGO, PdNPs/TBIrGO and
Pt-Pd NPs/TBIrGO nanocomposites, each of 1 mg mL−1

PtNPs, PdNPs and Pt-PdNPs solutions was dispersed
homogenously in ultra-pure water mixed with 0.1 mg mL−1

of TBIrGO with volume ratio of 1:1. After that, the mixtures
were kept in ultra-sonicated bath for 15 min. Finally, the

Fig. 1 TEM image of a rGO; b
PtNPs/TBIrGO; c PdNPs/
TBIrGO; d Pt-PdNPs/TBIrGO

Fig. 2 SEM image of a bare GCE; b TBIrGO/GCE; c Pt-PdNPs/TBIrGO/GCE
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PtNPs/TBIrGO, PdNPs/TBIrGO and Pt-Pd NPs/TBIrGO
nanocomposites were kept under room temperature.

Procedure for the electrode preparation

GCE was cleaned according to our previous reports [25, 26]
and used as a working electrode. After that, the catalyst inks
were prepared by dispersing 1 mg of catalyst (TBIrGO,
PtNPs/TBIrGO, PdNPs/TBIrGO, Pt-PdNPs/TBIrGO) into
1 mL of ethanol via 20 min agitation. Fifteen microlitres of
TBIrGO, PtNPs/TBIrGO, PdNPs/TBIrGO and Pt-PdNPs/
TBIrGO suspensions was dropped onto the clean GCE sur-
faces. Then, the solvent was evaporated by an infrared lamp.

The developed electrodes were stored in closed box without
fluctuations of temperature and pressure. In addition, the volt-
ammograms were obtained in an insulation cabinet for
avoiding temperature and pressure fluctuation effect on the
sensor response.

Electrochemical measurements

Electrocatalytic oxidation of 0.5 mol L−1 methanol on bare
GCE, TBIrGO/GCE, PdNPs/TBIrGO/GCE, PtNPs/TBIrGO/
GCE and Pt-PdNPs/TBIrGO/GCE was performed in

Fig. 3 The narrow region XPS
spectra of a C1s, N1s and S2p of
TBIrGO; b Pd3d of Pt-PdNPs/
TBIrGO; c Pt4f of Pt-PdNPs/
TBIrGO

Fig. 4 XRD patterns of Pt-PdNPs/TBIrGO

Fig. 5 Fitting of impedance spectrum for 1.0 mM [Fe(CN)6]
3−/4− (1:1) in

0.1 M KCl at bare GCE; TBIrGO/GCE; PdNPs/TBIrGO/GCE; PtNPs/
TBIrGO/GCE; and Pt-PdNPs/TBIrGO/GCE: inset is the Randles equiv-
alent circuit for Pt-PdNPs/TBIrGO/GCE. Frequency range is 100,000–
0.1 Hz with 10 mV wave amplitude at a formal potential of 0.175 V. RE
stands for reference electrode and WE for working electrode
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0.1 mol L−1 HClO4 by CV between −0.5 and +1.5 V. The Ag/
AgCl and Pt wire electrodes were utilized as reference and
counter electrode, respectively.

Results and discussion

Characterization of nanomaterial

The transparent and nano-sized rGO was shown in Fig. 1a–c
showing the TEM images of the PtNPs/TBIrGO and PdNPs/
TBIrGO nanocomposites which clearly demonstrate that dark
PtNPs and PdNPs are well dispersed and attached on the side-
wall of the TBIrGO. The average particle sizes of the PtNPs
(Fig. 1b) and PdNPs (Fig. 1c) are very similar and the average
lengths of the nanoparticles are 10–15 nm. The bimetallic Pt-
PdNPs are shown in Fig. 1d. The excellent dispersion and
anchoring of PtNPS and PdNPs are explained with the cova-
lent functionalization of the carboxyl group of the rGO with
TBI. That is corresponded to C–N groups in the covalent
functionalization of the carboxyl group of the rGO with the
amino group of the TBI (TBIrGO). The PtNPs with spherical
PdNPs were distributed on lighter rGO sheets.

SEM characterization was performed for evaluations of the
morphologies of the surfaces in step by step modification. The
unmodified surface of GCE shown in Fig. 2a, b showed that
the glassy carbon surface was covered with some slices. This
situation indicated that glassy carbon surface was modified
with TBI. The SEM graph of Pt-PdNPs/TBIrGO on GCE
indicated that an intensive layer was observed (Fig. 2c).

Hence, the successful binding of Pt-PdNPs was confirmed
onto the surface.

Figure 3 shows the XPS spectrum of TBIrGO and Pt-
PdNPs/TBIrGO nanocomposites. As seen in Fig. 3, C1s, N1s,
S2p peaks of TBIrGO (Fig. 3a), Pd3d peaks of Pt-PdNPs/
TBIrGO (Fig. 3b) and Pt4f peaks of Pt-PdNPs/TBIrGO
(Fig. 3c) confirmed that TBIrGO sheets were functionalized
with Pt-PdNPs. As seen in Fig. 3a, the peaks at 284.3, 285.2
and 287.5 eV are related to C=C and C-N and C=O, respec-
tively. The peak at 398.2 eV in the N1s narrow region XPS
spectrum corresponded to C-N groups in the covalent attach-
ment of the carboxyl group of the rGO with the amino group
of TBI. The peak at 400.8 eV corresponded to the N-H group
in unreacted TBI molecules. The peak at 162.4 eV shows that
the sulfur atom of the nanocomposite was grafted to the nano-
particles. The peak at 163.3 eV can be assigned to free
mercapto group in unreacted TBI [3]. The signals of doublet
3d3/2 and 3d5/2 of Pd3d at 340.1 and 335.6 eV, respectively,
indicated the presence of PdNPs on Pt-PdNPs/TBIrGO
(Fig. 3b) [27]. The doublet 4f5/2 and 4f7/2 signals of Pt4f re-
gion appeared at 74.2 and 70.7 eV, respectively. These bands
confirmed the presence of PtNPs on Pt-PdNPs/TBIrGO
(Fig. 3c) [28].

The XRD pattern of Pt-PdNPs/TBIrGO nanocomposite is
shown in Fig. 4. The intense and narrow peaks at 2θ = 34.57°
and 48.26° refers to the (002) and (004) planes of rGO sheets,
respectively [29]. The characteristic peaks of PdNPs also have
been observed. The three main peaks at 2θ = 39.14°, 46.17°
and 67.58° corresponded to the (111), (200) and (220) planes
of Pd, respectively [30]. The characteristic peaks of PtNPs
also have been observed with the intense and narrow peak at
2θ = 40.06° and the peaks at 2θ = 47.52° and 69.83°
corresponded to the (111), (200) and (220) planes of Pt, re-
spectively [31].

Characterizations of modified glassy carbon electrodes
by EIS

EIS is an effective method for probing the features of surface
modified electrodes. It is capable of giving useful information
about defects/holes existing on the modified surfaces, the ki-
netics and mechanism of the film formation processes and
surface coverage [26, 32]. Figure 5 shows the impedance plot
(Nyquist diagram) of bare GCE, TBIrGO/GCE, PdNPs/

Fig. 6 Cyclic voltammograms of 0.5 mol L−1 methanol in 0.1 mol L−1

HClO4 at TBIrGO/GCE; PdNPs/TBIrGO/GCE; PtNPs/TBIrGO/GCE
and Pt-PdNPs/TBIrGO/GCE

Table 1 Comparison of
methanol oxidation on modified
electrodes in this study (scan rate,
50 mV s−1)

Electrode If (A cm−2) E (V) Ib (A cm−2) E (V) If/Ib

Pt-PdNPs/TBIrGO/GCE 12.5 ± 0.07 0.83 7.35 ± 0.04 0.65 1.70

PtNPs/TBIrGO/GCE 9.0 ± 0.03 0.85 6.10 ± 0.04 0.68 1.48

PdNPs/TBIrGO/GCE 6.0 ± 0.02 0.90 4.4 ± 0.04 0.72 1.36

TBIrGO/GCE 4.3 ± 0.06 0.95 3.3 ± 0.02 0.78 1.30
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TBIrGO/GCE, PtNPs/TBIrGO/GCE and Pt-PdNPs/TBIrGO/
GCE. In addition, the inset of Fig. 5 shows the experimental
data that are fitted to standard Randles equivalent circuits for
Pt-PdNPs/TBIrGO/GCE surface analysis, which comprise the
solution resistance (Rs), the charge transfer resistance (Rct) and
the constant phase element (CPE) for the cases of Pt-PdNPs/
TBIrGO/GCE. The experimental impedance values are
matched with Randles equivalent circuit simulation using
Gamry software (EIS 300 Electrochemical Impedance Spec-
troscopy Software).

The EIS graph (Fig. 5) demonstrated that the value of
charge transfer resistance (Rct) of bare GCE was calculated
as 375 Ω for [Fe(CN)6]

3−/4− redox couple solution. When
the bare GCE was modified with TBIrGO, the value of Rct
was lower (300 Ω). Because of the lower value, we can say
that the TBIrGO facilitated the rate of electron transfer be-
tween surface and solution. When TBIrGO nanocomposite
was modified with PdNPs and PtNPs, the values of Rct of
PdNPs/TBIrGO/GCE and PtNPs/TBIrGO/GCE were lower
than that of TBIrGO/GCE. According to the lower values of
Rct, PdNPs/TBIrGO and PtNPs/TBIrGO facilitated the rate of
electron transfer in comparison to only TBIrGO film. The
value of Rct of Pt-PdNPs/TBIrGO/GCE was obtained as
170 Ω. Thus, the addition of bimetallic nanoparticles shows
the more increase of catalytic activity, indicating the more
active property of the Pt-PdNPs/TBIrGO film.

The effective surface areas (ESA) of different modified
electrodes was obtained by CV with 1.0 mM [Fe(CN)6]

3−

solution containing 0.1 M KCl as a probe at different scan
rates according to the equation: ip = 2.69 × 105 A n3/2 D1/2 C
v1/2, where ip refers to the peak current and A is the electrode
a r e a ( cm2 ) . Fo r 1 . 0 mM [Fe (CN) 6 ]

3 − , n = 1 ,
D = 7.6 × 10−6 cm2 s−1 (0.1 M KCl), C is the concentration
of [Fe(CN)6]

3− and v is the scan rate. The ESA of TBIrGO/
GCE, PdNPs/TBIrGO/GCE, PtNPs/TBIrGO/GCE and Pt-
PdNPs/TBIrGO/GCE were calculated from the slope of the
ip versus v1/2 plot to be 324, 578, 667 and 1189 cm2/mg,
respectively. These results show that the electrochemical sur-
face area of the Pt-PdNPs/TBIrGO is 3.67, 2.06 and 1.78
times higher than those of TBIrGO, PdNPs/TBIrGO and
PtNPs/TBIrGO, respectively. The high activity was explained
by the small size of Pt-Pd NPs.

The electrocatalytic activities of the modified electrodes
were also evaluated for 0.5 M methanol by CV in
0.1 mol L−1 HClO4 at 50 mV s−1 (Fig. 6). In the case of the
P t - P dN P s / T B I r GO /GCE , a c u r r e n t p e a k o f
12.5 ± 0.07 A cm−2 was observed during a forward anodic
scan (If) at a potential of 0.83 V, while the reverse scan (Ib)
showed a current peak of 7.35 ± 0.04 A cm−2 at 0.65 V. The
efficiencies of the Pt-PdNPs/TBIrGO/GCE, PtNPs/TBIrGO/
GCE, PdNPs/TBIrGO/GCE and TBIrGO/GCE on methanol
oxidation were given in Table 1. The forward peak of Pt-
PdNPs/TBIrGO/GCE was 1.39, 2.08 and 2.91 times higher

than those of PtNPs/TBIrGO/GCE, PdNPs/TBIrGO/GCE and
TBIrGO/GCE, respectively. In addition, a control experiment
of the Pt-PdNPs/TBIrGO/GCE in the electrolyte without
methanol was completed (black curve of Fig. 6). According
to the black curve, during the forward anodic scan and the
reverse scan, no current peak was seen. Thus, the important
activity enhancement in methanol oxidation is attributed to
high active surface [33].

Figure 7 shows that the current density is proportional to
the square root of the scan rate. This indicates that the electro-
chemical oxidation of methanol is diffusion processes at all
surfaces. The slope for Pt-PdNPs/TBIrGO/GCE is larger than
those for the other modified GCE. Thus, we can say that the
diffusion process of methanol is fastest on the Pt-PdNPs/
TBIrGO/GCE.

The chronoamperometry measurements were carried out to
investigate the electrochemical performances of the prepared
electrodes at 0.6 V in the presence of methanol. As shown in
Fig. 8, all electrodes present current decay before steady cur-
rent status is attained. The decay is possibly attributed to the
fact that once the methanol oxidation reaction begins, some
incomplete oxidation products adsorb on the catalyst surface

Fig. 7 The relationship of current density vs. the square root of scan rate
at bare GCE; TBIrGO/GCE; PdNPs/TBIrGO/GCE; PtNPs/TBIrGO/GCE
and Pt-PdNPs/TBIrGO/GCE

Fig. 8 Chronoamperometry results of 0.5 mol L−1 methanol in
0.1 mol L−1 HClO4 at bare GCE; TBIrGO/GCE; PdNPs/TBIrGO/GCE;
PtNPs/TBIrGO/GCE and Pt-PdNPs/TBIrGO/GCE at 0.6 V for 20,000 s
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and poison it towards further methanol oxidation, which can
also been observed in other studies [3, 22, 34, 35]. In the
steady-state region, the current density of methanol oxidation
on the Pt-PdNPs/TBIrGO/GCE is highest than that of metha-
nol oxidation on the other electrodes. This indicates that the
Pt-PdNPs/TBIrGO/GCE is a stable and poisoning-tolerance
electrocatalyst for methanol oxidation.

The comparisons with the previous catalysts
in the literature

The bimetallic Au-Pt alloyed nanochains supported on re-
duced graphene oxide (Au-Pt NCs/RGO) were prepared for
DMFCs [36]. Three milligrams of the sample was dispersed
into 1 mL of water and ultrasonicated for 30 min to obtain a
homogeneous suspension. Then, 6 mL of the suspension was
uniformly casted on the GCE surface. The ESAwas calculated
to be 32.43 m2/g for Au-Pt NCs/RGO, which is not larger than
that of Pt-PdNPs/TBIrGO (118.90 m2/g).

Graphene oxide aerogel (GOA) was prepared to serve as
catalyst support for Pt nanoparticles for methanol electro-
oxidation [37]. This catalyst (4.0 mg) had 95.50 m2/g of
ESA, which is not larger than that of Pt-PdNPs/TBIrGO
(118.90 m2/g).

Zhang et al. prepared Pd-Au-Ag nanoparticles supported
on reduced graphene oxide (Pd-Au-Ag/RGO) [38]. The ESA
value of the catalyst (4.0 mg) was 96.71 m2/g, indicating more
lower than of Pt-PdNPs/TBIrGO (118.90 m2/g).

Ma et al. prepared rGO modified with 1,10-dimethyl-4,40-
bipyridinium dichloride (methyl viologen, MV). After that,
they performed immobilization of Pt nanoparticles to prepare
a Pt/MV–RGO catalyst for direct methanol fuel cells [39]. The
ESAvalues of Pt/MV–RGO (5 mg) and Pt/RGO (5 mg) were
estimated to be 24.65 and 8.25 m2/g, respectively, indicating
more lower than Pt-PdNPs/TBIrGO (118.90 m2/g).

Pt-SiO2/graphene nanocomposites (Pt-SiO2-G) have been
synthesized under solvothermal conditions [40]. The ESA
value and If/Ib value of Pt-SiO2-G (5 mg) were estimated to
be 87.19 m2/g and 1.04, respectively, indicating that the best
catalyst in this study shows more electrocatalytic activity to-
wards methanol oxidation.

Conclusions

A new and cost-effective catalysts based on bimetallic nano-
particle using a minimal amount of the precious metal was
developed for the production of a working electrode that can
be utilized in DMFCs. The catalysts were successfully pre-
pared and modified on GCE surfaces in the present study.
According to the results of EIS and CV, the prepared nano-
composites based on bimetallic nanoparticles showed catalyt-
ic activity towards methanol as the fuel. Especially, the Pt-

PdNPs/TBIrGO catalyst provides an opportunity to prepare
a promising electrode with a large active surface area of
118.90 m2/g, high electro-oxidative activity and superior CO
tolerance than the PtNPs/TBIrGO, PDNPs/TBIrGO and
TBIrGO catalysts. In addition, the performance of the Pt-
PdNPs/TBIrGO catalyst is higher than those of catalysts in
the mentioned literatures such as current densities on forward
anodic scan and the reverse scan, the ratio of the forward and
backward anodic peak current densities.
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