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-
Recently, direct methanol fuel cells (DMFCs) have been identified as suitable alternatives for efficient energy conversion and pollution- |
free technology. This study reports the preparation of binary platinum-palladium (Pt-Pd) nanospheres anchored on reduced graphene |
oxide (rGO) sheets (Pt-Pd/rGO sheets) using a wet chemical technique. The structural and morphological features were analyzed using
X-ray powder diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman microscope and |
Fourier transform infrared (FTIR) spectroscopy. The homogeneous anchored Pt-Pd nanospheres with an average size of 3.85 nm were |
deposited on to the surface of rGO sheets. Methanol oxidation studies were analyzed through a simple drop coating method using a glassy |
carbon electrode (GCE). The methanol oxidation performance of the Pt-Pd/rGO nanospheres coated GCE was higher than that of the rGO |
sheets coated with a single metal (Pt or Pd). The concordant integration of the Pt and Pd nanospheres/rGO-interface improved performance. |
|

Keywords: Bimetallic Pt-Pd nanospheres, rGO sheets, Electrocatalyst, Methanol electro-oxidation.

INTRODUCTION

Recently, the energy demand and energy crisis have gained
widespread interest because most modern energy systems use
fossil fuels, which are unsustainable over the long-term [1,2].
Efforts are being made to diversify clean and new energy sources
to allow for cleaner and more readily available energy sources.
Direct methanol fuel cells (DMFCs) have the potential to become
the new green energy resources for various mobile and stati-
onary applications. DMFCs have greater energy conversion
efficiency and allow for a more eco-friendly operation [3,4].
A significant amount of research has been conducted on devel-
oping promising electrocatalysts, proton exchange membranes
and gas flow fields. However, there are still several challenges
that have to be addressed, such as the poisoning effect of inter-
mediate species formed during oxygen reduction reaction
(ORR) or methanol oxidation reaction (MOR), insufficient
durability and fuel crossover [5] when implemented in day-
to-day life (commercial applications). Consequently, it is crucial
to develop novel and durable electrocatalyst configurations with
sufficient electrocatalytic activity for MOR and ORR [6-9].
Platinum is a well-known metal used for methanol dissociative

adsorption. However, the carbon monoxide generated during
methanol oxidation contaminates the strong platinum surface,
which decelerates its catalytic performance [ 10-13]. Therefore,
extensive research has been conducted to combine Pt with other
metals (i.e., ruthenium, palladium, gold and silver) to form
Pt-based alloys. These alloys (i.e., PtRu, Pt-Pd, PtAu and PtAg)
that have various morphologies, surface modifications and
composite materials decrease the cost and alter the tolerance
of the self-contamination property of Pt [14-20]. The Pt-Pd
alloy improves the catalytic performance of Pt because Pd has
a similar catalytic performance as compared to that of Pt, is
cheaper than Pt and can reduce the contamination effect of Pt
by weakening the Pt-CO,4 bonds.

Two dimensional (2D) categories of reduced graphene
oxide (rGO) sheets are broadly studied in physics and material
sciences for carbonaceous materials. The rGO sheets can act
as supporting material on which metal nanoparticles can be
placed for DMFC applications because the rGO sheets have
superior electrical conductivity, chemical inertness and surface
area. Furthermore, the organic functional groups [i.e. epoxy
(C—0O-C), carboxyl (-COOH), carbonyls (—CO) and hydroxyl
(—-OH)] which are present in the rGO sheets act as anchoring
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groups for metal ion interactions in the liquid phase and facil-
itate well-dispersed metal deposits over the rGO sheets [21-23].
Yang et al. [24] synthesized Pt-Pd bimetallic nanoparticles
supported on graphene nanosheets through a hydrothermal
method using P123 copolymer as a reducing agent and stabi-
lizer for the methanol oxidation. Other researchers [25-27]
reported dendritic hybrid Pt-Pd NPs on rGO sheets through
sonication using F127 and ascorbic acid as a surfactant and red-
ucing agent, respectively. They achieved a high electrochemical
activity for MOR. Feng et al. [28] reported Pt@Pd/rGO core
shell structure nanoparticles showed better MOR activity than
Pt/rGO and Pd/rGO materials. Zhang et al. [29] reported the
bimetallic alloyed Pt;;CO,ymaterial exhibited better MOR and
ORR activity than the commercial Pt black. These results
suggested that rGO sheets can act as supporting materials and
as an ideal substrate for anchoring and growing Pt-Pd bimetallic
nanoparticles to create high performing electrocatalysts for
MOR.

This study investigates the feasibility of a wet chemical
reduction method toward the fabrication of well-dispersed
Pt-Pd nanospheres on a rGO support sheet. The prepared Pt-Pd
nanospheres/rGO sheets demonstrated promising catalytic
activity toward methanol electrooxidation when compared to
the similarly prepared Pt/rGO and Pd/rGO NSs because of the
concordant integration between Pt and Pd and the positive contri-
bution of the rGO. Generally, this fabrication strategy can also
be used to prepare other bimetallic or trimetallic configurations
with controlled structures and catalytic activities.

EXPERIMENTAL

Preparation of graphene oxide: In a typical synthesis,
5 g of pure graphite powder was first dispersed in 115 mL of
conc. H,SO, in a 1000 mL beaker under ice bath with magnetic
stirring and 15 g of potassium permanganate slowly into the
mixture under ice bath with continuous stirring for 40 min
and 2.5 g of sodium nitrate was added and kept it for 1 h.
Subsequently, the beaker was removed from the ice bath and
keep at room temperature under continuous stirring for 1 h.
The resultant solution was heated on a water bath at 35 °C for
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30 min under continuous stirring and then 800 mL of distilled
water was added slowly and raised the temperature to 98 °C
for 15 min under vigorous stirring and then cooled to room
temperature. Finally, 30 mL of H,O, was added to remove the
excess KMnO, residues. The product was washed first with 1 M
of HCI and followed by washing with double distilled water
repeatedly until the pH of the product reaches neutrality. The
final product was centrifuged and dried at 60 °C in a vacuum
oven for § h.

Preparation of electrocatalysts: All the chemicals that
were used in this study are of analytical grade and use as such.
Graphene oxide was prepared using natural graphite flakes
through a modified Hummer’s method [30]. Bimetallic Pt-Pd
NSs/rGO nanospheres were prepared using a wet chemical
reflux method. First, 20 mg of synthesized graphite oxide (20
%) was suspended in 20 mL of distilled water and sonicated
for 1 h. Then, 25 mL of 0.01 M of Na,PdCl, (50 %) and 25 mL
0of 0.01 M of H>PtCls: 6H,O (30 %) were added to the suspension
while stirring. The pH of the reaction was maintained at 12 by
adding 1 M of NaOH. Furthermore, 30 mL of freshly prepared
1 M ascorbic acid was added dropwise. The resulting solution
was refluxed at 95 °C for 6 h to allow simultaneous reduction of
Pd*, Pt* and graphene oxide (GO), creating Pt-Pd/rGO nano-
spheres. The precipitate was collected and washed several times
using ethanol and distilled water. The final Pt-Pd/rGO nano-
spheres was centrifuged and dried in a hot air oven at 80 °C
for 6 h. A similar process was used to fabricate Pt/rGO and Pd/
rGO nanospheres for comparison purposes. Scheme-I shows
the preparation procedure adapted for the electrocatalysts used
in this study.

Electrochemical measurements: The electrochemical
measurements of the synthesized electrocatalysts were recorded
using a CHI potentiostat (model CH Instruments 6002 E, USA)
equipped with standard electrochemical cells (Pt and silver/
silver chloride (Ag/AgCl) and saturated KCI as an auxiliary
electrode and reference electrode, respectively) and a 0.5 M
H,SO, + 1 M CH;0H solution as the electrolyte. The catalyst
slurry was prepared using 2 mg of as-synthesized catalystin a
mixed solvent solution (700 pL of deionized water, 800 uL of
ethanol and 1000 uL of 0.5 wt.% of Nafion) and was ultrasoni-
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Scheme-I: Schematic illustration of rGO-supported metallic (Pt, Pd and Pt-Pd) nanospheres
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cated for 30 min. The working electrode was prepared by drop-
ping 5 UL of the catalyst slurry onto the polished glassy carbon
electrode (GCE) surface using a micropipette and it was then
air-dried in ambient conditions. The electrochemical surface
area (ECSA) of the synthesized materials was measured using
stable cyclic voltammograms (CV).

Physical characterization: The crystalline nature of
electro-catalysts was primarily confirmed by powder X-ray
diffraction (Bruker D8, Germany) using a CuKa radiation of
1.545 A wavelength. Structural defects of rGO-based materials
were recorded by Raman spectroscopy using WiTec alpha 200
SNOM, Germany. Functional group information of GO, rGO,
rGO-supported catalysts were obtained by Fourier transformed
infrared spectroscopy using a Perkin-Elmer spectrum Two™
spectrometer in the range from 4000-500 cm™'. The morphology
and structural features of the samples were evaluated using
FE-SEM (Carl Zeiss, Germany) and TEM (JEM 3010-JEOL)
analysis. Elemental analysis was performed with a field emis-
sion scanning electron microscope equipped with an EDS dete-
ctor (Oxford Instruments). X-ray photoelectron spectra (XPS)
were recorded using a KRATOS AXIS 165 (Canada) photo-
electron spectrometer operated with Mg-Ko energy radiation.

RESULTS AND DISCUSSION

XRD studies: The crystalline features of the prepared
materials were studied using X-ray powder diffraction (XRD)
patterns shown in Fig. 1. The Braggs peak appeared at 20 =
23.92° on the (002) plane of the rGO. The diffraction features
of the synthesized Pt/rGO and Pd/rGO are well-matched with
the face-centered cubic Pt (JCPDS card no. 04-0802) and Pd
(JCPDS card no. 46-1043), respectively [31,32]. The Braggs
planes of Pt-Pd NSs/rGO NSs were observed at 26 = 39.94°,
46.18° and 67.62°, which can be indexed to the (111), (200)
and (220) planes, respectively. A slight shift in the diffraction
planes of Pt-Pd NSs/rGO produced higher Bragg angles when
compared with the relative fcc-Pt reflections diffraction peaks.
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Fig. 1. Powder XRD patterns of rGO and rGO-based metallic (Pt, Pd and
Pt-Pd) nanospheres

This indicated that a certain degree of alloying between Pt and
Pd occurred [33]. The crystallite size, calculated in the (111)
Bragg plane of the Pt-Pd/rGO, was approximately 3.85 nm
and aligned with the transmission electron microscopy (TEM)
analysis. The appearance of intense XRD patterns suggests that
the produced electrocatalysts have a high degree of crystallinity.
Raman spectra: Raman spectroscopy is an essential tool
for evaluating the graphitic degree of the rGO sheets subse-
quent to the deposition of metallic particles (i.e., Pt, Pd and
Pt-Pd). The corresponding Raman spectral features are shown
in Fig. 2. The D and G band pairs of the GO and rGO were
1348 and 1597 cm™ ' and 1348 and 1598 cm’, respectively.
The intensity ratio of D to G (In/Ig) was used to assess the
reduction of the GO and deposition of the metallic particles
on the rGO [34]. The D and G band values of the samples are
centered at 1337 and 1598 cm™, respectively. The deviation of
the Ip/Ig ratio indicates that the Pt, Pd and Pt-Pd has a signi-
ficant effect on the graphite degree of the rGO sheets [35].
The appearance of small scale in-plane sp® domains in the
composites is evidenced by the high magnitude of Ip/Ig ratios.
This substantiates the presence of the few-layered rGO in
metal/rGO composites. This is critical for achieving improved
electrochemical activity in the nanohybrid composites.
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Fig. 2. Raman spectra of graphite, GO, rGO and rGO-based metallic (Pt,
Pd and Pt-Pd)

FTIR spectra: During the chemical reduction method,
Fourier transform infrared (FTIR) spectroscopy was used to
examine the functional groups of the rGO sheets after the depo-
sition of the metallic particles. The FTIR spectra (Fig. 3) of
GO showed absorption peaks centered at 3438 and 1736 cm’!
representing the OH and C=0 stretching modes, respectively.
Furthermore, the absorption peaks located at 1384, 1260 and
1020 cm™ corresponded to the OH located in the -COOH group.
The bands that were located at 1626 and 2925 cm™ show the
unoxidized graphitic fields and stretching vibration of the C-H
bonds. Furthermore, the intensity of the peaks that appeared
at 1384 and 3443 cm™ could indicate OH groups, respectively.
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These peaks were diminished, demonstrating a significant degree
of GO reduction to rGO.

XPS spectra: The XPS spectrum analysis of the comp-
osites is shown in Fig. 4a. The peaks that appeared at binding
energies of 71.50, 284.76, 336.38 and 532.25 eV could be
attributed to Pt 4f, C 1s, Pd 3d and O 1s, respectively. This verifies
the presence of Pt, Pd, C and O of the rGO in the nanocomposite
and corresponds to the energy dispersive spectroscopy (EDS)
data. The peak located at 284.8 eV is related to the C 1s peak
of C-C bonds, substantiating the reduction of GO to rGO as
shown in Fig. 4b. The XPS spectrum of Pt 4fin Fig. 4c shows
two strong Pt” state peaks that relate to Pt 4fs» and Pt 4f,,
located at 74.4 and 71.4 eV, respectively. Further-more, the
high-resolution spectrum of Pd 3d in Fig. 4d shows two strong
Pd° peaks that relate to Pd 3ds, and Pd 3ds, located at 340.5
eV and 336.4 eV, respectively [20]. The majority of the Pt and
Pd cations are reduced to Pt and Pd metal through ascorbic
acid.

FESEM studies: FESEM shows the surface morphology
of GO, Pt/rGO, Pd/rGO and Pt-Pd/rGO catalysts (Fig. 5). GO
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Fig. 4. XPS analysis of Pt-Pd/rGO electrocatalyst; (a) survey scan; (b) Cls XPS; (c) Pt 4f XPS; and (d) Pd 3d XPS
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has sheet-like morphology as shown in Fig. 5a. Monometallic
Pt, Pd and bimetallic Pt-Pd have spherical shapes and are densely
deposited on the rGO sheets (Fig. 5Sb-d). These results confirm
that the metallic nanospheres supported on rGO sheets will
improve the electrocatalytic activity.

Fig. 6 shows the EDS profiles and quantitative analysis
(insert) of the electrocatalysts and GO. Fig. 6a shows the elem-
ental analysis of the GO. The GO contains carbon (C =73 wt.%)
and oxygen (O = 27 wt.%), which confirms that the natural
graphite was converted to GO through an oxidation method.
Fig. 6b shows EDS of the Pt/rGO, which contains platinum
(Pt =22 wt.%), carbon (C = 68 wt.%) and oxygen (O = 15 wt.%)
owing to the introduction of Pt into the rGO sheets. Fig. 6¢c
shows the Pd/rGO analysis spectra, which contains palladium
(Pd =35 wt.%), carbon (C =40 wt.%) and oxygen (O =25 wt.%).
This confirms that the catalyst only contains these elements.
Finally, Fig. 6d shows the elemental analysis of the Pt-Pd/
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rGO catalyst, which contains platinum (Pt = 40 wt.%), palla-
dium (Pd = 34 wt.%), carbon (C = 18 wt.%) and oxygen (O =
7 wt.%).

TEM studies: The TEM images of different magnification
ranges of the Pt-Pd/rGO nanocomposite is shown in Fig. 7.
The images display several spherical particles which are well-
dispersed on the rGO sheets. The EDS and XPS analysis
indicate that these particles are bimetallic Pt-Pd nanospheres.
The bimetallic Pt-Pd nanospheres are mainly 3-5 nm in size.
The bimetallic Pt-Pd particle size, shape and uniformity of
the coating on rGO sheets primarily influence electrocatalytic
performance.

HRTEM studies: High-resolution transmission electron
microscopy (HRTEM) analysis was used to investigate the
crystalline and composite nature of the catalyst. Fig. 8 displays
the HRTEM and selected area electron diffraction (SAED)
pattern of the hybrid Pt-Pd NSs coated on the rGO sheets. The
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Fig. 5. SEM images of (a) GO; (b) Pt/rGO; (c) Pd/rGO; and (d) Pt-Pd/rGO nanospheres
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Fig. 7. TEM micrographs of bimetallic Pt-Pd/rGO nanospheres at various magnifications
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rGO sheet demonstrated a single crystalline structure that had
a wrinkled shape and a lattice spacing of 0.34 nm (Fig. 8a).
The average diameter of the spherical-like Pt-Pd NP in Fig.
8b was 5 nm and a lattice spacing of 0.23 nm. Additionally,
advantageous crystalline behaviour was shown by the SAED
pattern. The sufficient thickness of the Pt-Pd nanosphere on
rGO is crucial for the electrochemical activity of synthesized
materials (Fig. 8d).

Electrochemical studies: The electrochemical perform-
ance of the metals supported by the rGO catalysts in the presence
of a nitrogen atmosphere and a fresh 0.5 M H,SO, solution was
investigated using CV potential cycling. The CV experiment
was performed by sweeping the electrode potential from -0.2
to 1.2V vs. Ag/AgCl (saturated KCI) with a scan rate of 50 mV
s as shown in Fig. 9. Generally, the Pt-based catalyst electrode
CV curve consists of two sections: the first section is the oxidation/
reduction of Pt (0.8 - 1.2V) and the second section is the absor-
ption/desorption of hydrogen (-0.2 to 0.1 V). The ionic adsor-
ption takes place over the entire potential range (i.e. double layer
capacitive behaviour in the rGO sheets). The electrochemical
active surface area (ECSA) values of the Pt/C, Pd/rGO, Pt/

rGO and Pt—Pd/rtGO were 55.05, 58.48, 62.85 and 68.13 m* g,
respectively. The Pt—Pd/rGO catalyst showed a higher ECSA
value when compared to the single metal-based rGO sheets
owing to sufficient alloying and dispersion of nanospheres on
the rGO sheets. Furthermore, these results indicate that the
Pt-Pd/rGO catalyst delivers the highest number of active sites
for the electrochemical adsorption/absorption of H-atoms onto
or into the catalyst particle, respectively.

The methanol oxidation on the bimetallic Pt-Pd catalyst
and single metals (i.e. Ptand Pd) in 2 0.5 M H,SO, + 1 M CH;0H
solution was examined using CV measurements at a 50 mV s
scan rate as shown in Fig. 10. Methanol adsorption was identi-
fied between 0.4 and 0.8 V when using freshly primed oxidation
of chemisorbed species. The Faradic oxidation peaks of the
carbonaceous species were detected at 0.6 V during the back-
ward scan and detected on the Pt and Pd surface in the forward
scan. The MOR of the Pt-Pd/rGO, Pt/rGO, Pt/C and Pd/rGO
represented specific electro-oxidation of methanol was calcu-
lated as 0.31, 0.23, 0.1 and 0.09 mA cm™' of the ECSA, respe-
ctively. The ECSA for the MOR of the commercial Pt/C black
was calculated as 0.1 mA cm? and used for comparison

Fig. 8. HRTEM images of (a) rGO sheet and (b) Pt-Pd/rGO nanospheres. SAED pattern of (c) rGO sheet and (d) Pt-Pd/rGO nanospheres
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Fig. 9. Cyclic voltammograms (CVs) of Pt—Pd/rGO nanospheres; Pt/rGO;
Pd-rGO; and commercial Pt/C catalysts recorded in 0.5 M H.SO,
solution at a scan rate of 50 mV s
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Fig. 10. Methanol oxidation cyclic voltammograms (CVs) of Pt-Pd/rGO;
Pt/rGO; Pd-rGO; and commercial Pt/C catalysts recorded in 0.5 M
H,SO, + 1 M CH;OH solution with a scan rate of 50 mV s~

purposes. The results indicate that the bimetallic Pt-Pd nano-
spheres supported on the rGO catalyst are approximately three
times more active when exposed to MOR than the commercial
Pt/C black catalyst. Furthermore, the mass activity of the electro-
oxidation of the methanol on the bimetallic Pt-Pd/rGO nano-
composite was nearly two times greater (0.216 mA ug Pt")
than the commercial Pt/C black (0.11 mA pg Pt"). Therefore,
the Pt-Pd/rGO nanocomposite shows excellent electrocatalytic
performance owing to the smaller particle size, the dimension-
ality of the catalyst and the advantageously uniform distribution
of particles on the rGO sheets. Electro-oxidation of methanol
peaks is observed at approximately 0.6 V. This indicates that
CO; (eqn. 1) and Pt (eqn. 2) adsorbed carbonaceous inter-
mediates (mainly as CO) were formed. Therefore, the electro-

catalytic activity could cease because of the adsorbed CO. The
oxidation peaks during the backward scan can be related to
the surplus oxidation of the adsorbed carbonaceous species to
CO:; (eqn. 3):

CH;OH + H,0 — CO, + 6H" + 6¢ (1)
Pt + CH;OH —— Pt-CO,, + 4H* + 4e” )
Pt-CO.q + HyO —> Pt + CO, + 2H* + 2¢~ (3)

The forward anodic (Ir) and backward cathodic peak current
(Iv) ratios (I#/I,) can be used as an important index to estimate
the electrocatalyst tolerance to CO accumulation. This ratio
can also be used to explain the efficiencies of the electrocatalysts
in the MOR. Generally, a greater I/l electrocatalysts value
indicates a greater tolerance to intermediate carbonaceous
species. The electrocatalysts I/, values of Pd/rGO, Pt/rGO,
Pt/C and Pt-Pd/rGO of were observed at 1.46, 1.45, 1.47 and
1.52 respectively. The greater Ii/I, value of Pt-Pd/rGO is an
indication of a smaller accumulation of carbonaceous species
and an increased methanol oxidation capability. The addition
of Pd plays a vital role in increasing the activity of methanol.
The size of the added Pd was similar to that of the Pt—Pd/rGOs
catalysts (3-5 nm) and a commercial Pt/C black (3 nm). When
comparing Pt to Pd, Pd has an uncommon exophilic nature
and supports the oxidative elimination of CO on Pt. The
nanometer size of Pd allows for the rapid oxidation of CO.
Furthermore, by introducing Pd onto Pt it changes to enhance
the adsorbed CO on platinum surface need to be converted to
CO,, which leads to the effortless weakening of the Pt-CO bonds.
Therefore, simple CO elimination is expected. Furthermore,
the tolerance of the electrocatalyst is increased because of the
small amount of oxygen contained in the functional groups
on the rGO.

Stability: Stability is an important characteristic of a high-
quality electrocatalyst. Chronoamperometry curves demonstrate
the stability of the materials in the MOR and it’s measurements
were performed in an electrolyte of 0.5 M H,SO, + 1 M CH;0H
for 1000 s to understand the long-term performance of metals
(Pt, Pd and Pt-Pd) supported on rGO catalysts for methanol
electro-oxidation. Current-time plots of the electrocatalysts
are shown in Fig. 11. The current densities of electrocatalysts
were initially higher owing to a large number of active sites
on the plane of the electrocatalyst. Pt-Pd/rGO nanospheres
prepared using the wet reflux method shows excellent electro-
catalytic activity for MOR and for retaining MOR current owing
to the advantageous reaction conditions. Therefore, a Pt-Pd/
rGO nanospheres is an effective alternative as an efficient
electrocatalyst for direct methanol fuel cells (DMFCs).

Conclusion

A proficient wet chemical method demonstrated a simp-
lified method to deposit bimetallic Pt-Pd nanospheres on rGO
sheets using ascorbic acid as a reducing agent for the electro-
oxidation of methanol. Methanol electro-oxidation on Pt-Pd /
rGO can be significantly improved, as confirmed through CV
measurements. The electrocatalyst activity of the prepared
bimetallic Pt-Pd nanospheres supported on rGO sheets for
MOR was higher and showed an excellent anti-CO contami-
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Fig. 11. Current-time curves of Pt-Pd/rGO nanospheres, Pt/rGO, Pd-rGO
and commercial Pt/C catalysts measured in a 0.5 M H,SO, + 1| M
CH;OH solution

nation property as compared with that of commercial Pt/C
black. Pt-Pd nanospheres offer a uniform distribution, strong
interaction on the rGO sheet and a high alloying degree. The
optimized bimetallic Pt-Pd nanospheres anchored on the rGO
sheets are a potential anode electrocatalyst for DMFC. Further-
more, this simple chemical preparation method can offer scope
to develop other efficient nanocatalysts for fuel cells.
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