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ABSTRACT: The composite of Pt with transition metals is
viewed as the most promising anode material for direct methanol
fuel cell (DMFC) applications. Besides the decrease in the Pt
loading, these multimetallic structures help in circumventing CO
poisoning issues associated with a Pt catalyst. Herein, we prepared
and loaded Pt−Sn bimetallic nanoparticles on an electron-rich and
stable substrate consisting of graphitic nitride (GCN) and
graphene oxide (GO)/reduced graphene oxide (r-GO) hybrid
composites. The γ-radiolysis method was employed for coreduc-
tion of metal salts to deposit the binary composite of metal
nanoparticles over the substrates. These structures were tested as
the anode material for the methanol oxidation reaction (MOR).
Among various possible combinations, Pt−Sn-loaded rGO-GCN
(Pt−Sn/rGO-GCN) demonstrated the current density of ca. 2.4 A/mgPt. To the best of our knowledge, this value is among the
highest ones, reported for similar systems in the acidic pH. Furthermore, these composites demonstrated excellent stability in the
repeated cycle test. The improved performance is associated to the plenty of −OH groups provided by the Sn counterpart and a
large number of adsorption sites from the electron-reached GCN counterpart.

1. INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFCs) have been
emerged as a promising low-temperature system (<150 °C) to
convert fuel directly into electricity. Although this technology
has been reached to a commercial production level, the
difficulty in onboard handling and storage of inflammable H2
gas has still remained as a challenge for its mobile
applications.1−3 Reforming liquid fuel into H2 and using it
immediately in PEMFCs have been tested previously.4

However, its economical viability is in question due to high
operation temperature, high pay load, and challenges with
effective separation of H2 gas from CO/CO2. However,
another proposition is to use liquid fuel “directly” into
PEMFCs, without much alteration in the basic architecture
of the cell. In this context, a direct methanol fuel cell (DMFC)
has emerged as a novel possibility.2,5 In recent years, DMFCs
have been tried and tested as an alternative to diesel generators
and battery backups employed in off-grid applications such as
telecommunications and portable applications.6

Methanol as a fuel has many advantages over gaseous
hydrogen, viz., safe to handle, high hydrogen content, and
readily available from many naturally derivable sources, viz.,
coal, biowaste, and bagasse. However, the poisoning of Pt by
oxidative intermediates such as CO, formed during MOR,7,8 is

among major challenges which are mitigated using Ru9 as a
cocatalystalbeit with much added cost. The Ru counterpart
provides abundant surface hydroxyl groups in acidic pH which
helps in oxidizing the adsorbed CO and other intermediates,
thereby relieving Pt active sites available for the next oxidation
cycles.10 Recently, several other strategies have been followed
to decrease the cost by substituting Ru with less-expensive
transition-metal combinations, viz., Pt−Sn,11 Pt−Cu,12 Pt−
Ru−Mo,13 and Pt−Co.14 Among them, Pt−Sn displayed better
performance due to its formation of stable multioxidation
states and can provide abundant hydroxyl groups even in acidic
pH like Ru.
Besides the active metal parts, the efficiency of MOR and

stability of catalysts are equally influenced by the type of the
substrates.3 Carbon-based materials are preferred substrates
due to their high specific surface area and superior thermal
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conductivity, without compromising electron mobility.15

Vulcan carbon (XC-72), graphene, and carbon nanotubes
have been tested thoroughly as substrates for MOR electro-
catalysts;3 however, the carbon supports suffer from oxidative
corrosion in the acidic pH, which lead to the agglomeration
and leaching of active metal parts. The leaching effect is also
attributed to the poor interaction of the metal counterpart with
carbon due to insufficient unsaturation on the graphitic surface.
Recent studies suggest that the incorporation of the

heteroatoms such as N in the graphitic structure, viz., graphitic
carbon nitride (GCN), N-doped graphene not only helps in
adhering metal nanoparticles but also enhances the perform-
ance by providing specific adsorption centers.16 Hence, GCN
and N-doped graphene have been widely studied for various
electrocatalytic and photocatalytic applications.17 Thus, to
improve the electric properties, GCN is often used in
combination with r-GO.18 With these notions, Pt-loaded 3D
graphene/graphitic carbon nitride architectures have been
tested and these combinations demonstrated high electro-
catalytic activity, CO tolerance, and stability, superior to those
of commercial Pt-Vulcan XC-72 (Pt/C) and Pt-graphene (Pt/
G) hybrids.19 Similarly, 3D hierarchically porous carbon
nanostructure supports are proved to be the excellent support
material and Pt-g-C3N4-rGO has exhibited a good performance
for MOR.18 Although substantial work has been carried out on
Pt metal particles loaded on GCN/GO combinations, to our
knowledge, there is seldom any report on the bimetallic
catalysts loaded on the GCN/GO and tested for MOR. Such a
combination is expected to perform better than Pt/GCN/GO
alone.
Herein, we report a unique synthetic approach for the

preparation of Pt−Sn metal catalysts, loaded on the rGO-GCN
hybrid support. Here, Sn was chosen as a cocatalyst over Ru
because of its earth abundance and having multiple stable
oxidation states which are known to provide a large number of
−OH groups even in the acidic pH. The novelty of the present
work is the application of the γ-radiolysis method for the
coreduction of Pt and Sn salts on the substrate. The γ-
radiolysis method is known for a cleaner reduction of metal
salts, without leaving any residue of byproducts on the catalyst
surface. The highlight of the work is superior performance
displayed by Pt−Sn-loaded rGO-GCN for MOR in terms of
current, potential, and stability as compared to the Pt alone
loaded on rGO-GCN, GO/GCN, and commercial Pt 20%/C
catalysts.

2. RESULTS AND DISCUSSION
2.1. Preparation of the Composites. Pt and Sn

nanoparticles and their bimetallic composite were deposited
on the hybrid support by reducing their respective salts by γ-
radiolysis. The plausible mechanism involves the formation of
the hydroxyl and hydrogen radicals as radiolysis products.
Hydroxyl radicals get scavenged by propanol which leaves
steady concentration of hydrated electrons in the solution.7,20

These electrons are known to be responsible for the reduction.
The heterogeneities on the supports (GO/GCN) provide the
nucleation sites for the metal clusters which further facilitate
nanoparticle formation. The hydrated electrons may also
reduce part of the GO.
The products were characterized using various techniques

described below.
2.2. Characterization of Composites. FTIR spectral

analysis was used as a tool to investigate functional groups

associated with the hybrid supports (GO, rGO, and GO-
GCN). The results are shown in Figure 1.

The spectra for GO prominently show the bands due to
oxygenated functionalities, viz., CO (at 1732 cm−1), C−OH
(1418 cm−1), C−O (1051 cm−1), and OH (broad peak 3000−
3500 cm−1). In the case of rGO, the band due to O−H
stretching (∼3400 cm−1) was decreased compared to the
precursor (GO) due to its deoxygenation during the reduction
reaction. Nevertheless, the C−O stretching remains unaffected
during the reduction.21

In the case of GCN, the narrow band at 806 cm−1 is
attributed to the breathing mode of the triazine ring. The
bands at 1200−1700 cm−1 are attributed to the characteristic
stretching modes of CN heterocycles. The band in the range
3000−3600 cm−1 is assigned to the N−H stretching.17 The
spectra of hybrid samples, viz., GO-GCN and rGO-GCN,
show neither shift in the original band positions nor
appearance of additional bands.
Figure 2A−D shows the field emission scanning electron

microscopy (FESEM) images of Pt/GO-GCN, Pt−Sn/GO-
GCN, Pt/rGO-GCN, and Pt−Sn/rGO-GCN, respectively.
The corresponding images for the controlled samples
(substrates, before loading metal parts) are presented in
Supporting Information Figure S1A,B. Typical layered
morphology associated to the graphitic backbone is seen as a
common feature in all the micrographs. The nanoparticles
deposited on the graphitic structure are legible as bright spots
in Figure 2A−D. In the case of Pt loaded on GO-GCN (Figure
2A), a large number of particles are noted to be agglomerated,
while in the case of Pt−Sn/rGO-GCN (Figure 2D), the
nanoparticles are dispersed more or less uniformly on the
surface and at the edges. Overall, the Pt−Sn nanoparticles on
rGO-GCN (Figure 2D) show more uniform dispersion and
better loading on the hybrid support as compared to Pt−Sn on
GO-GCN (Figure 2B). This observation is attributed to the
excess electron density associated with r-GO which plausibly
induces uniform nucleation and growth of nanoparticles. From
the EDAX (refer Figure S2 Supporting Information) and ICP-
OES analysis (refer Table S1, Supporting Information), the
ratio of Pt−Sn for rGO-GCN and GO-GCN was found to be
2:1 and 1:4, respectively.

Figure 1. FTIR spectra recorded for the individual RGO, GO, and
GCN samples and their hybrids, viz., rRGO-GCN and GO-GCN. The
relevant bands are marked for more clarity.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00114
ACS Omega 2021, 6, 13579−13587

13580

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c00114/suppl_file/ao1c00114_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c00114/suppl_file/ao1c00114_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c00114/suppl_file/ao1c00114_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00114?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00114?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00114?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00114?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00114?rel=cite-as&ref=PDF&jav=VoR


To gain further insights into the morphology and to estimate
an average particle size, transmission electron microscopy
(TEM) investigations were performed on the samples. Figure
3A,B shows typical micrographs recorded on Pt−Sn/rGO-

GCN and Pt/GO-GCN samples, respectively. Dark-contrasted
dots observed in the micrographs are indicative of metal NP
parts, while the graphene is seen as a light-gray semitransparent
layered structure in the background. From the micrographs,
the average size of the nanoparticles is estimated to be 5−10
nm. Upon careful observation, two distinct contrast values
were noted within the nanoparticle portion; the one with
darker contrast is attributed to the relatively high atomic
number element, that is, Pt, while the less dark one is
attributed to Sn. Figure 3C,D represents lattice fringes
recorded on the selected area of the samples. A predominant
interplanar spacing of 0.246 nm is attributed to the Pt(111)
indices, while 0.413 nm corresponds to Sn (100) indices.

In order to gain information on the surface composition and
the oxidation state of the elements, X-ray photoelectron
spectroscopy (XPS) analysis was performed. The presence of
Pt, Sn, C, and N is noted in the survey scan, as shown in
Figures 4A and S3A,B (Supporting Information). The high-

resolution Pt 4f region (Figure 4B) shows splitting due to the
spin−orbital coupling. These peaks were deconvoluted and
assigned to Pt0 having binding energy 71.3 and 74.7 eV and
Pt2+ having binding energy 72.2 and 76.2 eV. Deconvolution
analysis in the 3d5/2 and 3d3/2 of the Sn region is shown in
Figure 4C. It suggests a best fit of the data into three peaks,
corresponding to Sn0, Sn2+, and Sn4+ oxidation states. The
stronger peaks at 487.4 eV (3d5/2) and 495.8 eV (3d3/2) are
attributed to the Sn4+ oxidation. The next intense peaks at
486.9 and 495.3 eV (3d5/2 and 3d3/2) are attributed to the Sn

2+

oxidation state. The remaining weak peaks at 485.7 and 494.2
eV are matched very well with the Sn0 oxidation state. All the
binding energy values are in good agreement with the literature
reports.23,24 These data suggest that in the Pt−Sn nano-
composite prepared by the γ-radiolysis, Sn is present
predominately in the Sn4+ oxidation state.
Similarly, deconvolution of the C 1s part is fitted into

components having binding energy values 84.6 eV (sp2 C−C),
284.2 eV (CC), 286.1 eV (C−OH), 286.98 eV (C−N), and
288.3 eV (CO). The high-resolution N 1s spectrum is fitted
into several peaks corresponding to C−NC (399.2 eV), N−
(C)3 (400.6 eV), and C−N (404.9 eV), and a hump at around
397.9 eV indicated a strong interaction between graphene and
graphitic carbon nitride (Figure S3 Supporting Information).17

Figure 2. FESEM of (A) Pt/GO-GCN, (B) Pt−Sn/GO-GCN, (C)
Pt/rGO-GCN, and (D) Pt−Sn/rGO-GCN. In the micrographs (A−
C), the agglomeration of metal nanoparticles on edge sites is noted.
(D) Uniform distribution of Pt−Sn NPs.

Figure 3. TEM images for (A) Pt/GO-GCN and (B) Pt−Sn/rGO-
GCN. (C,D) Respective lattice fringes.

Figure 4. XPS recorded on the Pt−Sn/rGO-GCN composite. (A)
Survey scan and (B) Pt 4f region of Pt/GO-GCN and Pt−Sn/rGO-
GCN, respectively. (C) Sn 3d region. The circles are experimental
data and black lines are fitting from deconvolution analysis (red,
green, and blue lines).
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Figure 5A shows Raman spectra recorded for Pt/GO-GCN,
Pt−Sn/GO-GCN, Pt/rGO-GCN, and Pt−Sn/rGO-GCN
hybrids. The corresponding spectra for GO-GCN, Sn/GO-
GCN, rGO-GCN, and Sn/rGO-GCN are shown in the
Supporting Information (Figure S4). From those spectra, the
hybrid GO-GCN shows the D and G bands at 1345 and 1595
cm−1, respectively. After the reduction (rGO-GCN hybrid),
the position of the D band remained unchanged, while the G
band is downshifted to 1585 cm−1. This change in the G band
position is attributed to the re-establishment of the conjugated
graphene network (sp2 carbon), due to reductive removal of
oxygen functionalities. The increase in the ID/IG ratio from
0.74 (GO-GCN) to 1.01 (rGO-GCN) is attributed to the
formation of more defect sites upon removal of oxygen.25

Further increase in the ID/IG ratio is observed for metal-loaded
samples, that is, for Sn/GO-GCN (0.92), Pt/GO-GCN (1.03),
and Pt−Sn/GO-GCN (0.88) than GO-GCN (0.74). This
observation is attributed to the partial reduction of GO during
γ-radiation treatment.26

Figure 5B shows typical powder X-ray diffraction (XRD)
recorded on Pt/GO-GCN, Pt/rGO-GCN, Pt−Sn/GO-GCN,
and Pt−Sn/rGO-GCN samples. The 2θ values at 39.6, 46.2,
and 68.3° are indexed to (111), (200), and (220) planes of the
Pt component (JCPDS 87-0646), respectively. The peaks at
34.3 and 52.04° have been indexed to the SnO2 tetragonal
rutile phase in the hybrid composite.11 The diffractions
corresponding to the Sn or SnO2 are less prominent in the
diffractogram. The broad peak at ∼27° is due to the
interlayered stacking peak (002) of GCN and rGO/GO
hybrids.13 The characteristic peaks due to the graphene oxide
or partially reduced graphene oxide (due to γ-irradiation),
rGO, and GCN are seen as broad reflection in XRD.
2.3. Electrochemical Study of the Composites.

Electrocatalytic activities of these composites for MOR have
been studied by cyclic voltammetry on the samples drop-casted
on the glassy carbon electrode. Figure 6A shows controlled
scan recording in 0.5 M H2SO4. Similar measurements were
also carried out on the commercial E-TEK sample under
identical conditions. The prominent anodic peaks observed in
the Pt redox region (0.4−0.6 V) are attributed to the oxidation
of the Pt surface into Pt−OH species. This peak is most
prominent in the case of the Pt−Sn/rGO-GCN sample,
suggesting a large number of surface hydroxyl species in this
sample. The exponential increase in anodic current at extreme
positive bias is attributed to triggering of the O2 evolution
reaction. On reversing the sweep, a cathodic response is noted
in the region 0.7−0.4 V which is due to the reduction of
adsorbed Pt−OH on the surface.7 Interestingly, Pt−Sn/rGO-

GCN (black curve) and Pt−Sn/GO-GCN (red curve) show
the shift in the −OH reduction peak by −30 mV than the Pt
composites (without Sn). Thus, the presence of Sn decreases
the activation energy for the reduction of −OH species as
inferred. In Pt−Sn/GO-GCN and Pt−Sn/rGO-GCN samples,
Sn is predominantly present in two oxidation states, viz., Sn2+

and Sn4+ (refer XPS spectra in Figure 4C and the discussion
therein). These belong to the surface species Sn(OH)2 and
Sn(OH)4, respectively. The interaction of Sn−OH with Pt−
OH plausibly generates synergy among them and lowers the
activation energy for the reduction reaction. This observation
is further substantiated by a stronger cathodic peak for −OH
reduction than the anodic peaks that belong to Pt oxidation in
the case of Pt−Sn composite samples.

Figure 5. (A) Raman spectra and (B) powder XRD recorded for (a) Pt/GO-GCN, (b) Pt/rGO-GCN, (c) P−Sn/GO-GCN, and (d) Pt−Sn/rGO-
GCN hybrids.

Figure 6. Cyclic voltammograms recorded for the composites, Pt−
Sn/rGO-GCN, Pt/GO-GCN, Pt/rGO-GCN, and Pt−Sn/GO-GCN,
and commercial catalyst (ETEK, Pt 20%). (A) Measurements were
carried out on a blank solution of 0.5 M H2SO4 and (B) solution
containing 1.0 M methanol and 0.5 M H2SO4. If and Ib are the peak
anodic current in forward and reverse swipe, respectively.
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Similar measurements carried out on Sn-GO-GCN and Sn-
rGO-GCN (refer Figure S5 Supporting Information) did not
show such features associated to −OH species. Thus, from the
CV analysis, we concluded that multiple oxidation states of Sn
hydroxides in the composites plausibly help the reduction of
Pt−OH in the redox cycles.
Figure 6B shows cyclic voltammetry response for methanol

oxidation for all the samples in 1 M methanol and 0.5 M
H2SO4. The current is normalized to per gram of Pt loading
(ICP-OES results; refer Supporting Information Table S1).
Two anodic peaks, one in the forward scan (marked as If) and
the other in the reverse scan (marked as Ib), are noted as a
common feature in all the cases. In the previous reports,27 If is
attributed to the oxidation of methanol residual intermediates,
such as half-way dehydrogenation products and CO. The
reverse anodic peak (Ib) is correlated to the complete oxidation
of these intermediates to CO2. The ratio of the If/Ib has been
therefore widely used to correlate an extent of poisoning and
thus the degree of CO tolerance of the catalysts.28 However,
recent reports27,29 suggested that the reverse anodic peak
(assigned as Ib) could be due to the methanol oxidation
catalyzed with oxy species on a platinum surface (platinum
oxides), which is formed during forward anodic sweep. Thus,
the ratio If/Ib is corelated to the degree of oxophilicity.
From the CV analysis, the mass-normalized current density

(mass activity) of Pt−Sn/rGO-GCN is found to be 2400 mA/
mgPt. These values follow the order: Pt/GO-GCN (1477 mA/
mgPt) > Pt 20%/C (1045 mA/mgPt) > Pt/rGO-GCN (544
mA/mgPt) > Pt−Sn/GO-GCN (397 mA/mgPt). The activity
of Pt−Sn/rGO-GCN is almost double than the activity of
commercial E-TEK measured under identical conditions.
Comparison of mass activity among all the samples further

suggests that the presence of Sn and r-GO both together is
responsible for high mass activity for MOR. The current
density is found to be reduced substantially if one of the
components (Sn or r-GO) is missing. Based on these results,
the plausible mechanism is described as follows.
The mechanism of methanol oxidation involved first

dissociative adsorption of methanol and the formation of
dehydrogenated intermediates including CO. In the next step,
these intermediates react with the adsorbed hydroxyl group on
the Pt surface (Pt−OH) and lead to complete oxidation of
methanol into CO2. In the acidic pH, the supply of the −OH
group from Pt−O species on the surface is insufficient and thus
half-reacted intermediates including CO accumulate and
poison the catalyst surface. Ru (normally used as a cocatalyst)
has multiple oxidation states and provides abundant OH
groups even in acidic pH, thus protects the Pt from getting
poisoned. Similar to Ru, Sn also has multiple oxidation states
which resulted in enhanced response in the Pt−Sn bimetallic
system. Our results suggest that substitution of costly Ru with
an earth-abundant element, Sn, is equally active in imparting
CO tolerance to Pt.
Both Pt−Sn/rGO-GCN and Pt/rGO-GCN show the

oxidation peak at 0.75 V (vs NHE) which is 30 mV less
positive than the commercial catalyst [Pt 20%/C (0.78 V)].
This shift suggests the less activation energy for MOR on these
composites. It may be attributed to the large surface area and
high electronic conductivity of the hybrid support, rGO-GCN.
Similar measurements carried out for Pt and Pt−Sn loaded on
the GO-GCN support gave the oxidation peak at 0.81 V which
is 50 mV more positive than for Pt−Sn/GO-GCN. These
results imply that the rGO plays an important role in reducing
activation energy for oxidation. Similar studies were performed

Figure 7.Multicycled voltammograms recorded in 1 M methanol and 0.5 M H2SO4 for (A) Pt−Sn/rGO-GCN and (B) Pt/GO-GCN after various
cycle intervals from 1st to 100th cycle. The scan rate was 50 mV/s. (C) Chronamperometry recorded at a step potential of 0.7 V (vs NHE) for all
the abovementioned samples. (D) Mass current density values obtained for these samples from the forward anodic peak in CV at the 100th cycle
are presented in terms of the histogram.
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for controlled samples GO-GCN, rGO-GCN, Sn/GO-GCN,
and Sn/rGO-GCN in acidic as well as the solution containing
1 M methanol and 0.5 M H2SO4 (see Figure S5 Supporting
Information). No methanol activities were observed for these
controlled samples. These results indicate that Pt is an essential
component to break the C−OH bond in the methanol and Sn
plays a role as a cocatalyst.
The small initial cathodic currents were noted near starting

potential (0.2 V) in all the samples. This feature is also noted
for the controlled samples (Figure 6B) and attributed to the
charging/discharging current associated to a high surface area
of the GO/GCN layer structure.
Figure 7A,B shows multicycle voltammograms recorded for

Pt−Sn/rGO-GCN and Pt/GO-GCN, respectively (Figure
S7A,B Supporting Information for Pt−Sn/GO-GCN, Pt/
rGO-GCN). The peak current density for the forward peak
as a function of cycles is used as a rider to judge the dynamic
stability. For the Pt−Sn/rGO-GCN, the current density was
noted to be 2350 mA/mgPt which further improved to ca. 2402
mA/mgPt after the 100th cycle. Improvement in the current
density suggests rejuvenation of the catalyst surface during
potential cycle due to regeneration of the oxy/hydroxy group
provided by Sn upon polarization at positive bias.20 The
variable oxidation state of Sn helps in regenerating hydroxy
groups on the surface.
In terms of the added Sn cocatalyst, its interaction with

rGO-GCN, the defects on rGO, and self-exfoliation during γ-
radiolysis may be attributed to the uniform distribution and
intercalation of Sn/SnO2 on rGO. These properties of the
composite prevent the agglomeration of the nanoparticles and
in turn increase the overall surface area.30 Such an interaction
of the Sn with r-GO has been well-studied for its possible
applications in the lithium-ion battery.31 Also, the favorable Sn
with GCN interaction via Sn−N bonding may influence the
overall higher activity of Pt−Sn/rGO-GCN combination.31,32

On the contrary, in the case of Pt/GO-GCN, the current
density is degraded from 1514 to 1350 mA/mgPt at the 100th
cycle. Here, the degradation again attributed to the poisoning
of the Pt surface due to the scarcity of the −OH group.
The observed higher current density in Pt/GO-GCN as

compared to the Pt/rGO-GCN is attributed to the oxy groups
in GO which provide favorable sites for the nucleation and
growth of Pt nanoparticles. However, as seen in SEM and
TEM images (refer Figures 2A and 3A), these features are also
responsible for the agglomeration of nanoparticles which is
reflected in terms of fast decay in the current density in the
case of Pt/Go-GCN as compared to the Pt/rGO-GCN (Figure
7B,C). The lower current density of Pt−Sn/GO-GCN as
compared to the Pt/GO-GCN and Pt/rGO-GCN could be
attributed to the competition in the reduction of both the
metal precursors, SnCl2 (Sn

2+) and K2PtCl6 (Pt
4+) during γ-

radiolysis and the available sites for deposition.33

To study the current stability of the composites further,
chronoamperometry was recorded for the potential step 0.7 V
versus NHE, for all the samples, as shown in Figure 7C. The
current density of Pt−Sn/rGO-GCN remains stable and higher
in longer run as compared to Pt/GO-GCN, Pt (20%)/C, Pt−
Sn/GO-GCN, and Pt/rGO-GCN. The high current density is
noted at the initial period on the Pt/GO-GCN (pink plot),
which is attributed to the capacitive current which was also
noted in the CV (refer Figure 6B). The comparison of the
mass activities of all the composites is represented by the
histogram in Figure 7D. It underlines the better performance

of Pt−Sn/rGO-GCN among all the composites and more
importantly better than the commercial E-TEK catalyst.
Based on the all the results and analysis, the exceedingly

better performance of the Pt−Sn nanoparticle-loaded rGO-
GCN hybrid could be correlated to the several factors. First,
the higher current density is attributed to the large surface area
of reduced graphene oxide and graphitic carbon nitrides which
provides better sites for the uniform loading of the Pt and Sn
nanoparticles. Furthermore, the defects on the chemically
reduced GO could improve the efficient transfer of electrons
which transcended into high current density as compared to
the other variants. Second, the incorporation of Sn is known to
alter the electron density around Pt, thereby weakening the
Pt−CO binding energy and enhancing the overall catalytical
performances. Additionally, the efficient adsorption of hydroxyl
groups from water at lower potential helps to complete
oxidation to CO2, thereby showing better control over CO
poisoning.36 Finally, the electron-withdrawing nature of the
nitrogen present in the GCN support creates a positive
environment around the neighboring carbon and thus favors
the formation of OH for efficient oxidation of the CO
intermediate, thereby increasing the efficacy of the catalysts.36

The polymeric nature of the GCN incorporated with rGO
could be responsible in prevention of leaching of the catalysts
over prolonged use in the acidic media and thus increase the
long-term stability of the materials composites, which is
reflected in terms of stable current response in the
chronoamperogram and dynamic CV measurements.
Overall, Pt−Sn/rGO-GCN shows excellent high current

density as compared to the analogues, viz., Pt/GO-GCN, Pt−
Sn/GO-GCN, Pt/rGO-GCN, and also commercial Pt (20%)/
ETEK. The composites show high stability with the better
durability; thus, they could be promising candidates as an
anode material for DMFC applications.

3. EXPERIMENTAL SECTION

3.1. Materials. Graphite powder (Sigma-Aldrich), sodium
nitrate, melamine, sulfuric acid (98%), potassium permanga-
nate, stannous chloride (S.D. Fine), sodium borohydride
(Sigma-Aldrich), hydrogen peroxide (30% Merck), potassium
chloroplatinate (Sigma-Aldrich), and methanol (Thomas
bakers) were used as received. All the solutions were prepared
in Milli-Q water. Graphene oxide (GO) was prepared from
graphite powder using the modified Hummers method.34 GO
was converted to reduced graphene oxide (rGO) with the help
of NaBH4, as described in the Supporting Information.

3.2. Preparation of Graphitic Carbon Nitride. Graphitic
carbon nitride (GCN) was synthesized by autopyrolysis of
melamin.35,36 In brief, 10.0 g of melamine was heated to 500
°C in an inert atmosphere for 2 h with a heating rate of 2 °C
min−1. The temperature was subsequently increased to 550 °C
for another 2 h. The furnace was allowed to cool naturally to
room temperature. The resultant yellow powder of the product
was recovered and stored under ambient conditions for further
use.35

3.3. Preparation of rGO-GCN and GO-GCN Hybrid
Composites. To make the rGO-GCN hybrid composite,
dispersion of rGO and GCN (1:1, each 50 mg) in 5 mL water
was sonicated for 5−6 h.37 The resultant dispersion was
filtered, dried in an oven, and stored in a vacuum desiccator for
the subsequent use. Using a similar procedure, the hybrid of
GO-GCN (1:1) was prepared.
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3.4. Preparation and Deposition of Pt/Sn on rGO-
GCN and GO-GCN Supports by γ-radiolysis. γ-Radiolysis
was employed to reduce K2PtCl4 and SnCl2 to their respective
metal nanoparticles and their bimetallic composite on chosen
substrates.7,20 In brief, 5 mg of rGO-GCN was dispersed in 10
mL of solution, containing K2PtCl4 (0.8 mM) and SnCl2 (0.8
mM). Into it, 0.1 mL of 2-propanol was added. The whole
mixture was transferred to a 15 mL cuvette and degassed with
nitrogen gas for 30 min. The sealed cuvette was exposed to γ-
radiation. All the standard operating procedures (SOP) were
followed to handle the radioactive source. The optimum
results were obtained with a total dose of 1.6 kGy (dose rate of
ca. 300 Gy/h). The identical procedure was used to prepare
controlled samples, viz., Pt/rGO-GCN, Sn/rGO-GCN, Pt/
GO-GCN, Sn/GO-GCN and Pt−Sn (1:1)/rGO-GCN, and
Pt−Sn/GO-GCN. After irradiation, the products were filtered,
vacuum-dried, and stored under ambient conditions.
We tried to prepare other ratios of Pt/Sn with rGO-GCN

and GO-GCN substrates by controlling the starting precursor’s
concentrations and other parameters. The representative
electrochemical measurements in the case of Pt/Sn rGO-
GCN samples with varied ratios are presented in Figure S6,
Supporting Information. These results brought out that the
ratio of Pt/Sn in 2:1 on the rGO-GCN substrate delivered the
best electrochemical performance for MOR. Thus, the detailed
investigations have been carried out and presented for the 2:1
Pt−Sn rGO-GCN sample. However, a similar strategy did not
work in preparation of the GO-GCN sample with varying Pt−
Sn ratios. The only stable ratio we could achieve with this
substrate was of Pt/Sn in 1:4. Therefore, all the measurements
regarding Pt/Sn GO-GCN have been carried out on the 1:4
Pt/Sn GO-GCN sample. The difficulty in getting a Pt-rich
sample (2:1 Pt/Sn) in GO-GCN is attributed to the oxide-rich
surface of GO which plausibly discourages the deposition of Pt.
This interpretation is based on the recent report22 on
electrodeposition of Pt on the SnO2 surface which brought
out the role of the oxide layer in inhibiting Pt deposition.
3.5. Material Characterizations. A Shimadzu FTIR-8400

spectrophotometer having attenuated total reflection (ATR)
accessories was used to record Fourier transform infrared
(FTIR) spectra. Powder X-ray diffraction (XRD) patterns of
the samples were obtained on a Bruker, D8 Advance X-ray
diffractometer (Cu Kα, 40 kV and 40 mA). X-ray photo-
electron spectroscopy (XPS) was performed with the help of
Thermo Fisher Scientific Instruments having an Al Kα
monochromatic source with 6 mA beam current at 12 KV
grid bias. Binding energies were calibrated to C 1s at 284.8 eV
BE as the reference.
Transmission electron microscopy (TEM) images were

recorded using a Technai G2 20 V TWIN transmission
electron microscope (20−200 kV), and Raman spectra were
recorded on a Jobin Yvon LabRam HR800 Raman
spectrometer. All the measurements were carried out at
514.5 nm/30 mW power and for acquisition time 30 s. Field
emission scanning electron microscopy (FESEM) images and
elemental mappings were recorded using Quanta FEG 450.
The actual loading (wt %) and composition of Pt and Sn in the
samples were analyzed by inductively coupled plasma optical
emission spectrometry (ICP-OES) from Prodigy, Teledyne
Leeman Labs; the summarized data are presented in the
Supporting Information (Table S1).
3.6. Electrochemical Characterizations. Electrochemical

measurements were carried out using the potentiostat/

galvanostat workstation model biologic SP300. A conventional
three-electrode system having a glassy carbon electrode (GCE
diameter d = 3 mm) as a working electrode, Ag/AgCl (3 M
KCl) as a reference, and Pt wire loop as counterelectrodes was
used. Prior to the experiment, the working electrode was
polished over 0.5 μm grade alumina slurry and rinsed with
copious amounts of Milli-Q water. 10 μL dispersion of material
was drop-casted on the GCE and dried under vacuum. The
loading percent of metals was maintained identical for all the
sample composites during analysis.
Cyclic voltammograms were recorded on the samples loaded

on the GCE, in a 0.5 M H2SO4 blank electrolyte. The solution
was then replaced by 1 M CH3OH in 0.5 M H2SO4, without
disturbing the electrode system, and MORs were studied.

4. CONCLUSIONS
In this work, we presented the synthesis and characterization of
the hybrid anode material, that is, Pt−Sn/GO-GCN for
DMFC applications. While composing such a cocktail, we
carefully chose the methodology to prepare these materials.
For example, the support hybrid graphene−graphitic carbon
nitride prepared by the sonochemical process, which provided
an excellent interaction between them as noted in the Raman
analysis. The γ-radiolysis method has been used as it is known
to reduce metal salts without any side product and thus
delivers debris-free metal surface, essential for catalysis. Also,
this method also provides new possibility of scaling up the
synthesis for the commercial applications. The hybrid structure
of r-GO-GCN provides a large surface area much needed for
dispersion of metals. The polymeric nature of GCN saves the
composite from getting degraded under dynamic polarization
and thus imparts stability. Due to multiple oxidation states, Sn
provides abundant surface −OH groups to Pt and decreases
the tendency of the Pt catalyst to get poisoned. Besides, Sn is a
cost-effective alternative to Ru. Overall, this cocktail catalysts
demonstrated excellent performance in terms of high mass
activity (double of E-TEK), stability, and less overpotential for
the methanol oxidation and proposed to be a potential anode
material for future DMFCs.
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