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A B S T R A C T

The developing human societies are being faced provoking energy crises due to higher demands of energy for
increasing worldwide populations. The massive depletion of natural resources and global warming issues sound
a laud alarm for modern societies. Methanol is attracting huge attractions as an alternative fuel in direct me-
thanol fuel cells for the development of future energy conversion resources, while the fast chemisorptions of
methanol and stable performance remained a challenge thereby hampering their scalable applications at com-
mercial level. Herein, we focused on these goals by alteration in chemistry of materials being used as anode
catalysts for direct methanol fuel cells. The promising PtPd alloy nanoparticles with tailored compositions are
loaded on highly conductive rGO-CNTs support material. The highly active components of the metals and
powerful electron transfer material as a support, these combined characteristics in one nanostructure facilitate
the fast chemisorptions of methanol with durable performance. The ex-situ electrochemical and in-situ online
differential electrochemical mass spectrometric analysis reveal the enhanced electrocatalytic methanol oxidation
reaction activities attribute towards direct chemisorptions intermediate pathways introduced via geometric and
structural factor within nanocomposite material.

1. Introduction

Direct methanol fuel cells (DMFCs) have been proved to be highly
promising power generators for energy alternative devices because of
their high energy density, convenient fuel storage and environment
friendly nature [1–5]. Catalysts play a role of pillars in DMFCs due to
the sluggish kinetics of the methanol chemisorptions at the anode. To
date, number of strategies has been adopted to improve the perfor-
mance of methanol oxidation reactions (MOR) catalysts. Among those,
tailoring of geometries and chemistry of materials for monometallic,
bimetallic and multimetallic catalysts involved. Pt has been widely used
monometallic catalysts for MOR because of its promising performance
[6,7]. However, due to substantial drawbacks correlating with high cost
of the platinum being precious metal and loss of electrocatalytic activity
by poisoning of its active sites strongly reduces durability of DMFCs
which hinder their commercialization over large-scale [8–10].

Alloying Pt with less expensive noble metals such as Pd, Ag, Au and
Ru is an effective approach to reduce the catalyst poisoning issues and
enhances its electrocatalytic activity, accompanied by decreasing the
consumption of Pt active sites [11–13]. Among above, Pd shown better

partnership with Pt by facilitating the dissociation of water molecules
and adsorption of MOR intermediates species outshine the other noble
metals. Although great progress has been made in this combination, the
enhanced activity, durability and stability of PtPd alloys for MOR still
need to be improved [14]. As inside the catalyst chemistry, the support
material plays important role via transference of electrons to improve
the performance of overall catalyst synergistically. The choice of ef-
fective support material has been criterion among the factors such as
having strong affinity with catalyst particles to stabilize them, owning a
high surface area and a high electrical conductivity to promote fast
electron transfer in redox reactions with corrosion resistant behavior
under the operating conditions [15–17].

In near decade, carbon nanotubes (CNTs) and graphene oxide (GO)
have been extensively used to fabricate the metals in constituting the
effective catalyst materials. The combination of rGO sheets and carbon
nanotubes (CNTs) has also shown its excellent performance in energy
application devices due to exceptional properties of both the materials
[18–21]. The functional groups on GO makes it favorable to incorporate
in composite form with other functional nanomaterials with sp2-bonded
aromatic carbon regions [22,23]. Also the oxygen-containing functional
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groups make GO hydrophilic, while the aromatic regions offer active
sites to facilitate interaction with other carbon-based aromatic mole-
cules through π–π supramolecular chemistry [24,25]. Whereas, CNTs
can bridge the defects for mutual electron transfer phenomenon and
effectively prevent the restacking or aggregation of rGO sheets. More-
over, unusual intercalation properties, corrosion resistant behavior and
high chemical stability of CNTs make them auspicious in overall com-
posite material [26].

Recently, Liu et al. [27] and Zhan et al. [28] have tuned PdPt alloys
fabricated on carbon black and tested for MOR catalysis, Kim et al. [29]
and Yang et al. [30] incorporated PdPt alloys on rGO and CNTs respec-
tively for methanol electro-oxidation. These groups have tried different
composition with tuned synthetic strategies to get MOR catalysts with
optimal performance. Therefore, the sluggish of MOR kinetics remained a
challenging task to overcome. So far, the loading of PtPd auspicious couple
on highly active rGO-CNTs composite support have not been tested for
methanol electro-oxidation. Herein, we have developed a unique electro-
catalyst consisting of PtPd alloys supported on rGO-CNTs composite which
were tested for MOR in an acidic medium. The precisely synthesized
capping agent free catalyst has shown enhanced electro-oxidation of me-
thanol which was revealed by online differential electrochemical mass
spectrometry (DEMS). Strong MOR characterizing tool, the online DEMS
has shown fast chemisorptions of methanol facilitating smooth six elec-
trons transfer phenomenon by mutual interactions of carbon support and
metallic alloys in electrocatalyst.

2. Experimental section

2.1. Reagents

Natural graphite powder and carbon nanotubes (CNTs) were pur-
chased from Alfa Aesar. H2PdCl4 (99.9% metal basis) was from Alfa
Aesar, K2PtCl6 (40%) was purchased from Fluka and CH3OH (99.9%)
was purchased from J.T. Baker. Other reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd. All reagents were of analytical-
reagent grade.

2.2. Characterizations

The crystallographic structure, morphology and element composi-
tions of the synthesized catalyst were studied by transmission electron
microscopy (TEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). Transmission electron microscopic (TEM) images
and high-resolution transmission electron microscopic (HRTEM) images
were carried out on a JEM-2100F field emission electron microscope at
an accelerating voltage of 200 kV. The X-ray powder diffraction (XRD)
patterns of the samples were collected on a Rigaku/Max-3A X-ray dif-
fractometer with Cu Kα radiation (λ = 1.54178 Å), the operation vol-
tage and current was maintained at 40 kV and 200 mA, respectively.
The X-Ray photoelectron spectroscopy (XPS) was performed at a
Perkin-Elmer RBD upgraded PHI-5000C ESCA system.

2.3. Synthesis of PtPd/rGO-CNTs catalyst

The typical synthesis of PtPd/rGO-CNTs is a two step process. In the
first step, rGO-CNTs composite support was synthesized as followed;
the pre-functionalized GO (synthesized by modified Hummers and
Offenmans method) [31,32] obtained and CNTs in an acidic medium
for 5 h with stirring at elevated temperature were used for rGO-CNTs
synthesis. These functionalized GO and CNTs were dispersed in Milli-Q
water with a 3:1 ratio and sonicated for 2–3 h. Then the dispersion
mixture was transferred into an autoclave and hydrothermally treated
at 210 °C for 24 h in order to obtain the composite with three dimen-
sional composite structures.

Afterwards in second step, PtPd alloy nanoparticles were loaded
onto the surface of rGO-CNTs. The atomic compositions for PtPd were

varied as 75:25, 50:50 and 25:75 for Pt75Pd25/rGO-CNTs, Pt50Pd50/
rGO-CNTs and Pt25Pd75/rGO-CNTs catalysts respectively. Whereas, the
cumulative weight percentage of both the metals PtPd was fixed as 6 wt
% in all the catalysts and the composition of these two candidates was
varied by changing the concentration of their precursors H2PdCl4 and
K2PtCl6 followed to add in 50 mL of H2O containing 1 mg/mL of rGO-
CNTs. The suspension was stirred over night at room temperature,
during this process the PtPd ions were supposed to adsorb over the
carbon support material. The suspension was heated slowly at 60 °C to
evaporate the water, and then obtained material was treated for calci-
nations in a furnace for 3 h at 350 °C in Ar/H2 environment to reduce
the Pt and Pd ions which were adsorbed at the surface. Resultantly, the
homogeneous dispersed bimetallic alloys on rGO-CNTs were obtained.
The final products were designated as Pt75Pd25/rGO-CNTs, Pt50Pd50/
rGO-CNTs, Pt25Pd75/rGO-CNTs and further used for characterizations
and applications. Similarly, monometallic Pt and Pd catalysts re-
presented as Pt100Pd0/rGO-CNTs and Pt0Pd100/rGO-CNTs were pre-
pared by the above same method.

2.4. Electrochemical measurements

Before each electrochemical experiment, a glassy carbon (GC)
electrode (0.196 cm2 geometric surface are) was first polished with
alumina slurries (Al2O3, 0.05 mm) on a polishing cloth to obtain a
mirror finish, followed by sonication in 0.1 M HNO3, 0.1 M H2SO4, and
pure water for 10 min, successively. To prepare a catalyst supported
working electrode, 10 μL of 2 mg/mL suspension in ethanol was drop-
coated on the polished electrode surface by a micro liter syringe, with a
catalyst loading of 0.1 mg cm−2, followed by drying in vacuum at room
temperature. Afterwards, the catalyst was covered with a thin layer of
Nafion (0.1 wt% in water, 5 μL) to ensure that the catalyst was tightly
attached to the electrode surface during the electrochemical measure-
ments. Voltammetry measurements were carried out with a CHI660D
electrochemical workstation. The electrode prepared above was used as
the working electrode. The Ag/AgCl (in 3 M KCl, aq.) combination,
isolated in a double junction chamber and a Pt coil were used as the
reference and counter electrodes, respectively. All the measurements
were performed in electrochemical experiments with respect to the
standard values of reversible hydrogen electrode (RHE).
Electrochemical experimental work was done by potential cycling and
chronoamperometric methods for MOR studies in 0.1 M HClO4 + 1 M
CH3OH solution with N2 purging at a scan rate of 50 mV s−1. Whereas,
the DEMS setup used in this study is a HidenHPR-40 DSA Bench top-
membrane inlet gas analysis system, mass signals are collected
20 points/s. The mass signal for CO2 produced has been calibrated by
oxidative stripping of a saturated CO adlayer pre-adsorbed at 0.06 V,
mass calibration constant k= QF / Q mass is found to be
3.65 × 106 mA/Torr.

3. Results and discussions

The structural and morphological analysis for PtPd/rGO-CNTs
electrocatalyst was carried out by transmission electron microscopy
(TEM) and high magnification TEM (HRTEM) micrograph. The TEM
micrograph for neat rGO-CNTs composite has taken before the loadings
of PtPd alloys and compared with the TEM images after the alloys
loadings to confirm the successful fabrication of catalyst material,
shown in Fig. S1A & B. The real Pt and Pd loadings on rGO-CNTs
support in all the catalysts were also analyzed by ICP-MS analysis to
evaluate the difference between actual and nominal metals loadings.
The detailed Pt and Pd molar and weight percentage (wt%) measure-
ments for all the catalysts is provided in Table S1. The PtPd loading on
rGO/CNTs was also evaluated by thermogravimetric analysis, taking
into account the difference in TGA before and after metal loading. (see
Fig. S2). The resulting values of the PtPd loading was 6 wt%, which are
in agreement with experimental values. Moreover, inductively coupled
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plasma mass spectrometry (ICP), also confirmed the validity of the TGA
analysis for determination of PtPd loading (see Fig. S2).

The low-magnification TEM images have shown that successful
loading of PtPd bimetallic alloys was done on rGO-CNTs support ma-
terial with an average nanometric size of 7–9 nm, the dark tiny spheres
representing the PtPd bimetallic alloys fabricated on rGO-CNTs (see
Fig. 1A–C). The intimate contact of the encored bimetallic alloys with
rGO-CNTs support channel were observed by high resolution trans-
mission electron microscopy (HRTEM) analysis with their calculated
standard specific crystal lattice signatures. The HRTEM results also
indicate the successful formation of PtPd bimetallic nanosized alloys by
sharing the same facets structure and almost identical lattice constant
(with a mismatch of only 0.768%) comprising a bimetallic structures
those are in contact with the rGO-CNTs support [33].

The bimetallic PtPd NPs exhibit the d-spacing values of 0.22 nm
corresponding to the (111) planes of PtPd homogeneous phase (see
Fig. 1D). In addition, the Fast Fourier transform (FFT) patterns (inset in
Fig. 1D, Fig. X & Y) are also taken the calculation of lattice spacing
values, giving a strong message of crystallite formation for as-developed
material with (111) facets. Moreover, HAADF-STEM elemental map-
pings were also performed to examine the distribution of Pt and Pd in
the bimetallic alloy particles (see Fig. 2A–E). These results strengthen
the indication of PtPd alloy formation on the surfaces of rGO-CNTs, and
both the metals have well homogeneous dispersion.

The structure and crystalline phase of prepared catalysts were
measured by X-ray diffraction (XRD) patterns (see Fig. 3). The XRD
diffraction patterns of Pd/rGO-CNTs catalyst, diffraction peaks ascribed
to the Pd (111), (200), and (220) crystalline planes of the face centered
cubic (fcc) structure of Pd are strongly coinciding with an fcc crystalline
structure of bulk Pd (JCPDS, card no. 46-1043). Whereas, the XRD
diffraction pattern of Pt are consisting with (JCPDS, card no 04-0802)
and well-defined diffraction peaks observed, correspond to the (111),
(200), (220), (311) and (222) crystal planes of fcc Pt in Pd/rGO-CNTs
catalyst. In the XRD pattern of PtPd/rGO-CNTs, (111) peak is located at
2θ 40.10, considering the peak position of (111) more closely, it is
evident that the peak position is moved from 39.76 to 40.10 in PtPd/
rGO-CNTs by incorporating the Pd with Pt [34,35]. Thus, PtPd/rGO-
CNTs also show Pt peaks of a polycrystalline fcc structure indexed to Pt

(JCPDS, PDF # 04-0802). The patterns corresponding to the PtPd bi-
metallic sample showing the mixed features of Pt and Pd peak positions,
hence the diffraction peaks for respective metal are shifted to higher
angles compared with that of its monometallic existence, indicating the
formation of an alloyed structure by incorporation of Pd into Pt in the
bimetallic material. The diffraction peak values for (111) plane vary
roughly linearly as a function of apparent composition in PtPd alloys.
This trend clearly suggests the successful formation of PtPd alloys, re-
sulting in an increase of the unit cell lattice parameter through an in-
crease in the addition of Pd into Pt. The shifting of XRD peak positions
to higher angles (111) peak at 40.72°, compared to the standard Pt XRD
(111) at 39.76° (PDF # 04-0802), also indicating that Pd, with a rela-
tively smaller atomic radius, is incorporated into the Pt lattice by
sharing the same facet structures to form an alloy structure with a re-
sulting lattice contraction. The ambiguity may be caused due to some
overlapping peaks for rGO-CNTs and compared to other samples in
which Pd is incorporated into the Pt lattice sharing the same facet
structure. Consequently, the XRD patterns confirmed the association of
ordered structure of the PtPd intermetallic phase. In addition, the peaks
shakeup between 20° and 30° attribute towards carbon materials, the
relatively broad diffraction peak observed at 25.85° corresponds to the
(002) planes of graphene and the higher intensity peak at 27.11° cor-
respond to the presence of CNTs along with rGO [36,37].

The X-ray photoelectron spectroscopy (XPS) studies of PtPd/rGO-
CNTs catalyst were employed to investigate the information related to
its surface chemistry. The full range survey spectrum contains sig-
natures of all the expected metals such as, Pt, Pd and C at their corre-
sponding binding energy positions (see Fig. 4A). The C1s XPS spectra
provide the knowledge related to the reduction of surface groups. The
results shown in Fig. 4B reveal there are three domains assigned to
carbonyl groups (C]O) and CeO & CeC bonds and the π–π* [38,39].
The strong peak intensity associated with CeC bonds indicates that the
sp2-hybridized graphitic structure that is predominant domain among
others also correspond the substantial reduction of oxygenated func-
tional groups with fabrication of bimetallic alloys onto them. The high
resolution Pt 4f deconvoluted spectrum with 4f5/2 and 4f7/2 doublets
corresponding binding energies positions appeared at 74.53 eV and
71.35 eV, respectively, with an asymmetric nature, exhibit to the

Fig. 1. TEM and HRTEM images of
Pt75Pd25/rGO-CNTs catalyst. (A) Low mag-
nification dark field TEM image of
Pt75Pd25/rGO-CNTs catalyst, (B) low mag-
nification bright field TEM image of
Pt75Pd25/rGO-CNTs catalyst, (C) higher
magnification TEM image of Pt75Pd25/rGO-
CNTs catalyst and (D) HRTEM image of
Pt75Pd25/rGO-CNTs catalyst, insets X & Y:
FFT patterns of Pt75Pd25 bimetallic alloys
extracted from HRTEM micrograph,
showing the lattice fringes facets (111)
shared by each element Pt & Pd in their
alloy formation.

A.B. Yousaf et al. Journal of Electroanalytical Chemistry 832 (2019) 343–352

345



relatively dominant metallic Pt(0) state (see Fig. 4C) [40]. Similarly,
the Pd 3d wide range deconvoluted scan contains two spin-orbit
doublets of 3d5/2 and 3d3/2 at 334.95 eV and 340.21 eV respectively,
corresponding to the core electrons of metallic Pd(0) state (see Fig. 4D)
[41]. It was observed that the predominant surface species in the pre-
pared bimetallic catalysts are the metallic Pd states and relatively minor
amounts of the oxidized species are also present, this shakeup in peaks
is due to its contact with air. The electronic interaction between Pt and
Pd was also examined by these XPS results.

The binding energy values of the metallic Pt for 4f7/2 domain peak
are negatively shifted compared with its standard value (71.51 eV),
which suggests that the electronic structure of Pt was modified by

incorporation of Pd in PtPd bimetallic alloys. This shifting of binding
energies towards lower values and significant electronic modifications
in Pt structure predicts electron transference phenomenon from Pd to Pt
in bimetallic alloys geometry. Whereas, the downshifting binding en-
ergies of Pt shows that Pd is donating electrons to Pt, following the
substantial increase in the electron density around the Pt sites.
Furthermore, this increase in electron density would favor for its me-
thanol electro-oxidation performance by weaken the chemisorption of
poisoning intermediate specie CO, hence consequently, improve the
CO-poisoning issue in DMFCs, and facilitating the oxidation of me-
thanol [42,43]. In addition, the binding energy values for Pd spin-orbit
doublets are slightly shifted towards higher values than those of its
standard peak positions relative to bulk Pd. Taking into account this
shift in Pd peaks values towards higher BEs is also attributed to the
strong interplay between Pd and rGO-CNTs support, furthermore,
showing the existence of strong metals to support interactions [44].
Moreover, the electronic effects for Pt and Pt in bimetallic geometries
can also be explained by means of electronegativity differences in re-
lation with their shift of binding energies in XPS results. As discussed
earlier, the shifting of binding energies of Pt and Pd relative to their
standard values indicating the change in their electronic structures.
These can be ascribed to the presence of electronic interactions between
Pt and Pd atomic orbitals within the alloys. Hence, leading to electron
transfer phenomenon from Pd to Pt due to the higher electronegativity
of Pt, (2.28) compared to Pd (2.20). These electronic effect phenomena
have also commonly seen in Pt-based alloys [45,46].

The cyclic voltammograms (CVs) curves for all the catalysts were
recorded at room temperature in N2 saturated 0.1 M HClO4 aqueous
solution at a scan rate of 50 mV s−1. The characteristic CVs trends show
the typical three components of electrochemical evaluation such as
hydrogen adsorption/desorption region (Hupd), an electrochemical
double-layer charging region and surface metal oxidation/reduction
region, at between ca. 0.05–0.30 V, 0.40–0.75 V and above 0.90–0.95 V
respectively, for all the catalysts in the positive scanning direction.
Whereas, the negative scanning direction indicates the formation of a
hydroxide layer (OHad) on the nanoparticles alloys surface. In this re-
verse direction curve, the two peaks attribute to surface reduction and
hydrogen adsorption loops (see Fig. 5A). The diagnostic Hupd peaks

Fig. 2. HAADF-STEM element mapping
images of Pt75Pd25/rGO-CNTs catalyst. (A)
Selected area for HAADF-STEM element
mapping measurements in dark field TEM
image of Pt75Pd25/rGO-CNTs catalyst, (B)
overlay representations for all the con-
stituents C, Pt & Pd for the selected area of
measurements and (C–E) HAADF-STEM
element mapping of C, Pt & Pd respectively,
in Pt75Pd25/rGO-CNTs catalyst.

Fig. 3. XRD patterns for all the prepared series of PtPd alloys on rGO-CNTs
support material.
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with pure Pt proportion exhibit a combination of (100) and (111) facets
of Pt sites terraces [47,48]. It can be seen from CV curves of PtPd bi-
metallic catalysts that the characteristic Hupd loops are located between
pure Pt and Pd catalysts and exhibit negative shift in peak when the Pt
proportion is increased (see inset Fig. 5A). The same shifting trend
observed in the OHad peaks. As for the concern of Pd sites adsorption

with eOHad species, these are usually originate at a lower potential
values than those of Pt-OHad species, this behavior is due to the fact that
Pd is more vulnerable to oxidation. These scientific observations and
reasoning confirm that Pt and Pd are strongly associated with each
other in the PtPd bimetallic structures forming alloys materials [27,49].

These electrochemical characteristic furthers strongly supports the

Fig. 4. XPS spectra of Pt75Pd25/rGO-CNTs catalyst. (A) The survey scan, representing the presence of each constituent element in Pt75Pd25/rGO-CNTs, (B) the C1s
high resolution deconvoluted spectrum, (C) the Pt4f high resolution deconvoluted spectrum, (D) the Pd3d high resolution deconvoluted spectrum, within Pt75Pd25/
rGO-CNTs catalyst.

Fig. 5. Electrochemical CV and CO oxidation evaluation. (A) The characterization curves of electrochemical CV for all the PtPd alloys catalysts on rGO-CNTs, inset;
showing the high magnification area for Hupd to show the shift in characteristic peak with different compositions of Pt with Pd and (B) the electrochemical CO
oxidation/stripping curves for all the PtPd alloys series (I), full range CO oxidation CV along with base line (black color) CV of catalysts after the CO oxidation
showing the exposed Hupd region that is unblocked after CO stripping (II).
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identification of the PtPd bimetallic alloys structures analyzed in the
XRD and XPS studies. Furthermore, from these electrochemical CV
curves, their electrochemical active surface areas (ECSAs) were calcu-
lated by integrating the area bounded by the Hupd curve region and the
baseline in the range of 0.05–0.30 V (see Table S2). The ECSAs for the
Pt based bimetallic alloys can be calculated by QH = mq, where “QH” is
the total electric charge of hydrogen adsorption and desorption on the
PtPd sites, “m” is the catalyst loading on the glassy carbon electrode
(GCE) in gram (g) and the charge of each actual active area is assumed
to be 210 mC cm−2 [50,51].

Carbon monoxide tolerance in methanol electro-oxidation catalysis
is an important factor for developing efficient anode catalysts for fast
chemisorptions of methanol [52]. In addition, the bifunctional me-
chanism in MOR can be easily convinced by explaining the process of
CO electro-oxidation on catalysts surface. As the CO produced as in-
termediates species during methanol oxidation, block the active sites on
the catalyst and stops further oxidation of methanol molecules into final
product, thereby, decreasing the efficiency of overall DMFCs system.

It is believed that, CO species are extensively adsorbed on active
sites of catalysts at lower potential values nearly below 0.40 V and
hinders the adsorption of other carbonaceous species for chemisorp-
tions. Hence, removal of these strongly adsorbed COads from catalyst
surface is an important task for quick and complete oxidation of me-
thanol in DMFCs [53,54]. Herein, an enhanced performance of as-de-
veloped catalysts can be fairly explained by CO stripping experiments
(see Fig. 5B). The obtained CO stripping voltammograms/curves
showed the typical behavior, a projecting straight line with no Hupd

peaks (presenting in black line base CVs for CO oxidation) with sudden
inclined predicting the onset for CO oxidation over catalysts surfaces. It
can also be seen from these results, there is a visible negative shift in CO
oxidation onset potential with an increasing proportion of Pt in PtPd
bimetallic alloys. These attainments in the CO oxidation experiments
give a clear message for enhanced CO tolerance behavior that plays an
important role for higher activity of present materials towards MOR.

The electrocatalytic performance for MOR was analyzed by elec-
trochemical methods such as CVs in 0.1 M HClO4 + 1 M CH3OH solu-
tion and online differential electrochemical mass spectrometry (DEMS)
for in-situ deep atomic level studies of methanol electro-oxidation. In
MOR electrocatalysis system, there are few specified proposed me-
chanisms documented for the electro-oxidation of methanol on mono-
metallic Pt and bimetallic Pt-based alloys catalysts [55–57]. The spec-
troscopic analysis coupled with potentiodynamic measurements of
MOR has been recently introduced to unveil the atomic level step-by-
step mechanistic assessments. It has been well-proposed that adsorption
of methanol molecules on active Pt-sites are the primary step in MOR.

Whereas, in secondary step CO2 produces following the chemisorptions
of surface adsorbed intermediates of methanol molecules via six elec-
trons transfer phenomenon such as Pt-(CHO)ads and Pt(CO)ads
[48,58,59]. Hence, the presence of co-element active sites in Pt-based
(Pt-M) bimetallic alloys promotes the activation of water molecules to
create Pt-(OH)ads and M-(OH)ads species those are reacting with the
adsorbed carbonaceous intermediates species on Pt-sites to produce
CO2 as final product.

In typical CV trends of MOR there are two major peak curves, in the
first forward scan anodic peak both the primary and secondary steps are
involved such as, adsorption of carbonaceous species following the
preparation of CO2. Whereas, the second reverse scan peak correspond
the further chemisorptions of surface adsorbed carbonaceous inter-
mediates species to unblock pre-captured active sites. Among these, the
Pt-(CO)ads are considered to be poisoning intermediates remain un-re-
acted and block the catalyst active sites for further MOR electro-
catalysis. To assess the tolerance of these poisoning intermediates Pt-
(CO)ads and enhanced activity during methanol electro-oxidation in Pt-
based bimetallic catalysts, the ratio between forward anodic peak (If) to
the backward anodic peak (Ib) have been calculated [60]. In this cri-
terion, the higher If/Ib values represents that the secondary step in
methanol oxidation is dominant to produce to the final product CO2

showing negligible poisoning issue due to Pt-(CO)ads intermediates.
Herewith, the electrochemical CVs measurements for methanol

oxidation were performed between 0.05 and 1.2 V vs RHE with a scan
rate of 50 mV s−1. As shown in (see Fig. 6A), all the CVs exhibit a ty-
pical MOR behavior with forward and backward scan peaks correspond
to the electro-oxidation of methanol on catalysts surfaces. The forward
scan exhibit that the oxidation of methanol happened at around 0.7 to
1.1 V following the removal of incompletely oxidized carbonaceous
species in backward scan those produced during forward scan. The
onset potential of MOR observed with shifting more towards negative
scale from Pt25Pd75, Pt50Pd50 to Pt75Pd25 respectively. The observed
MOR onset potentials for Pt75Pd25/rGO-CNTs at ca. ~0.35 V, Pt50Pd50/
rGO-CNTs at ca. ~0.40 V and Pt25Pd75/rGO-CNTs at ca. ~0.53 V vs
RHE appeared, predicting the shift in MOR onset potentials towards
lower potential values with enhanced performance. The as-obtained
onset potential also observed to be better than commercial 20 wt% Pt/C
(with 0.60 V) and Pd/C catalysts. The peak current density values of
specific and mass activities for all the bimetallic catalysts have shown
the increasing trend of activities among Pt25Pd75 < Pt50Pd50
< Pt75Pd25 catalysts and as-well enhanced activities than that of
commercial 20 wt% Pt/C catalyst (see Fig. 6B).

The understandings of higher MOR activities in present series of
bimetallic PtPd catalysts supported on rGO-CNTs can be ascribed to

Fig. 6. Electrocatalytic MOR performance. (A) MOR performance of Pt75Pd25/rGO-CNTs, Pt50Pd50/rGO-CNTs, Pt25Pd75/rGO-CNTs and commercial 20 wt% Pt/C &
Pd/C catalysts, in 0.1 M HClO4 + 1 M CH3OH at scan rate of 50 mV s−1 and (B) comparison of measured specific and mass activities at positive peak (Ifmax) potential
for all catalysts compared with 20% Pt/C catalyst.
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various factors scientifically correlating with the construction of ma-
terial. As stated above, the primary step of methanol oxidation is re-
sponsible for complete oxidation of methanol molecules via adsorption
and chemisorptions of intermediate species into CO2. This primary step
further follows two possible routes, the direct and indirect oxidation of
methanol [61,62]. In the first route, methanol is directly oxidized into
CO2 without experiencing CO poisoning and adsorption of un-reacted
carbonaceous intermediates species issues. The direct oxidation oxi-
dizes methanol to CO2 directly. On the other hand, methanol molecules
oxidized to CO via pre-adsorbed carbonaceous intermediates chemi-
sorptions and later conversion into CO2 by reacting with nearby eOHads

sites [61,62].
In present PtPd bimetallic alloys catalysts, the addition of Pd into Pt

lowers the binding energy values of Pt, which is strongly verified and
explained by XPS analysis, that weaken the association between CO and
Pt-sites consequently lowered the CO poisoning on catalyst surface
[62,63]. In addition, the bifunctional methanol oxidation mechanism,
involves in PtPd bimetallic alloys catalysts. Herewith, the Pd-sites are
responsible for the dehydrogenation of water molecules to produce Pd-
OHads, in combination of above Pt-COads weak association, these two
species react with each other to prepare CO2 leading towards the fast
chemisorptions methanol. In this mechanism the transference of elec-
trons play important role for quick oxidation of pre-adsorbed species,
which is introduced by highly conductive rGO-CNTs support material in
PtPd alloys through strong metal to support interactions. In this way the
active sites on the surface of catalyst materials are also regained and
catalyst became more efficient for further electro-oxidation of methanol
molecules. As in case of excess Pd proportion the performance of cat-
alyst decreased, it happened due to the unavailability of more Pt active
sites in presence of higher Pd amount to adsorb more methanol mole-
cules for oxidation. These three stated phenomenon (i) weak Pt and CO
binding associations, (ii) bifunctional MOR mechanism in PtPd and (iii)
electrons transference phenomenon due to conductive support highly

enhanced the indirect route of oxidation process during methanol
electro-oxidation [27].

Moreover, there are also possibilities for direct route of methanol
oxidation in present series of catalysts that enhanced the performance
of catalysts due to the following proposed facts. The downshifting of Pt
binding energies also possibly reduces the adsorption of COads species
on its surface and following the direct oxidation of adsorbed methanol
molecules without producing COads intermediates [64]. The facet ef-
fects are also accountable to support the high performance of catalysts
linked with direct rout of oxidation such as, high index surfaces of the
Pt (111) present in these PtPd bimetallic alloys those are verified and
explained above by HRTEM and XRD characterizations, which can ac-
celerate the electrocatalytic activities of catalysts [65]. These Pt (111)
facets strongly inhibit the adsorption of CO molecules on its surface,
hence following the direct route of methanol oxidation with chemi-
sorptions of adsorbed methanol molecules [62].

The mechanism of MOR is further confirmed by deconvolution of
positive scans for all the catalysts to show the proportions related to
direct oxidation or dehydrogenation mechanism and the indirect oxi-
dation routes, shown in Fig. 7A–C. The deconvoluted positive scans of
each catalysts contains two inset peaks, the green colored peak and the
red colored peak correspond to direct and indirect intermediates
pathways of methanol electro-oxidation respectively. It can be clearly
shown the peak area and intensity for direct pathways are compara-
tively reducing from Pt75Pd25/rGO-CNTs, Pt50Pd50/rGO-CNTs to
Pt25Pd75/rGO-CNTs. On the other hand, the indirect or poisoning in-
termediate peak intensity and proportion is increasing with same trend.
These electrochemical screening confirm the superiority of Pt75Pd25/
rGO-CNTs over the other materials due to the fact that poisoning in-
termediates routes are diminishing and the MOR performance is en-
hancing by following a direct chemisorptions pathway through an ac-
tive intermediate routes [64]. Moreover, the superiority of present
catalyst material towards MOR have also compared with the state-of-

Fig. 7. MOR deconvolution analysis and online DEMS results for MOR. (A–C) Deconvolution of positive scan of MOR for Pt75Pd25/rGO-CNTs, Pt50Pd50/rGO-CNTs
and Pt25Pd75/rGO-CNTs catalysts, respectively, divided by two peaks inside, the green colored peak predicting the proportion for direct intermediate pathway of
MOR, whereas, the red colored peak proportion for indirect intermediate pathway, and (X–Z) online DEMS response of Pt75Pd25/rGO-CNTs, Pt50Pd50/rGO-CNTs and
Pt25Pd75/rGO-CNTs catalysts, respectively, at four different applied potentials from 350 mV, 450 mV, 550 mV and 650 mV, time course of 600 s with reaction current
and mass signal m/z= 44 from CO2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the-art Pt-based catalysts already reported by the different groups, the
comparison table is provided in Table S3.

In addition, the online DEMS studies have also done for all the
catalysts at different potentials of 0.35 V, 0.45 V, 0.55 V and 0.65 V,
time course of 600 s with reaction current and mass signal m/z= 44
from CO2. These featured results revealed the production of final pro-
duct CO2 during methanol electro-oxidation. DEMS is a strong elec-
trochemical characterization tool for the analysis of volatile products
formation during methanol electro-oxidation on the surface of catalysts
[66,67]. The atomic level evaluation of catalysts in MOR performance
performed by online DEMS exhibit the formation of CO2 with a linearly
increased signals of mass spectrometric (m/z= 44) ion current signals
(those converted into a partial Faradic current for CO2) [66] by in-
creasing potential values following the complete oxidation of methanol
in all the bimetallic alloys catalysts (see Fig. 7X–Z).

These results are useful to unveil the efficiency of electrocatalysts by
analyzing the complete oxidation reaction for fuels, by the mass spec-
trometric (m/z= 44) ion current signals converted into a partial
Faradic current for CO2 [68]. As the complete oxidation of methanol
molecules follow the six electrons transfer reaction. To find out the
current signals related to CO2 means there is a successful oxidation of
methanol on catalyst surface to form the end product. The findings
confirm the fast chemisorptions of methanol assuming the concepts of
six electrons (n= 6) released/transferred reaction per CO2 molecule
produced from methanol. The observed DEMS results exhibit CO2 ion
currents were increased linearly by increasing the potential during
methanol oxidation, following the potential step, at first the CO2 ion
currents increased and then achieved a plateau value within a specified
period of time and then remained constant. These outcomes also reflect
the complete and fast oxidation of methanol leaving behind no residual
adsorbed species on the surface of catalysts those are not reacted during
oxidation reaction.

Moreover, the durable nature of methanol electro-oxidation on
present materials was also analyzed by electrochemical accelerated
durability tests (ADTs). These ADTs were employed on higher perfor-
mance Pt75Pd25/rGO-CNTs catalyst in comparison with commercial
20 wt% Pt/C catalyst to evaluate the long-term performance and sta-
bility of the catalysts. The durability was presented in terms of loadings
of metals, which can also suggest the enhanced and durable perfor-
mance of catalysts with their highly stable chemical behavior. The
ADTs results shown (see Fig. 8A & B) the Pt75Pd25/rGO-CNTs catalyst
experienced a loss of approximately 2.1%, while, the commercial Pt/C
catalyst lost 26.8% after 2000 cycles of methanol electro-oxidation. The
loss of MOR performance is ascribed to the corrosion of the carbon
support material in the catalyst, the subsequent agglomeration and
leaching of metallic NPs have been documented as the major factor for

the decrease in MOR performance [45]. In case of durable performance
of Pt75Pd25/rGO-CNTs catalyst over Pt/C mainly acknowledging the
corrosion resistant, highly conducive carbon-based support material
such as, rGO-CNTs to provide stable dispersion of metallic alloys NPs
with durable performance.

4. Conclusions

In conclusions, we have been successful in developing highly active
anode catalysts for DMFCs with a series of tuned compositions such as,
Pt75Pd25/rGO-CNTs, Pt50Pd50/rGO-CNTs and Pt25Pd75/rGO-CNTs. The
powerful catalytic behavior of both the metals Pt and Pd in combination
with highly conductive and synergistic rGO-CNTs support material
shown enhanced and durable performance for MOR. The HRTEM
analysis correlating with electrochemical characterizations predicts the
major proportions of Pt (111) facets sharing the same geometries with
its partner element highly introduced the CO tolerance characteristics
in catalysts, later confirmed by CO stripping results. The structural XPS
and XRD analysis revealed the strong mutual electrons transference
phenomenon among metallic alloys and the support, which facilitated
the fast chemisorptions of methanol molecules by following the direct
or active intermediates pathways. The highly convincing results ob-
tained from online DEMS further supported the stated claims, as by
increasing the potential values during MOR increased the amount of
CO2 produced during reactions. The overall outcomes suggested the fast
and durable methanol electro-oxidation of as-developed anode catalyst
for DMFCs and open up effective routes strategies for developing active
materials in the avenue of renewable energy applications.
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Fig. 8. Accelerated durability test (ADTs) for MOR activity. (A) ADTs results of Pt75Pd25/rGO-CNTs catalyst and (B) ADTs results of commercial 20 wt% Pt/C, in N2

saturated 0.1 M HClO4 + 1 M CH3OH with 100 mV s−1 scan rate.
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