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Abstract. Bimetallic PdAu alloy nanostructures incorporated ethylene diamine functionalized silicate solgel (ES) nanocomposite materials on indium-tin-oxide (I) electrodes (I/ES-PdAu) were prepared by facile
electrochemical method. X-ray diffraction patterns conﬁrmed the formation of single-phase bimetal PdAu
alloy nanostructures at the electrode. X-ray photoelectron spectroscopy analysis conﬁrmed the existence of a
zero oxidation state of Pd and Au metals at the I/ES-PdAu electrode. Morphology analysis revealed the
formation of anisotropic nanostructures of Au, Pd and PdAu alloy nanostructures with different sizes and
shapes at the modiﬁed electrodes. Electrocatalytic methanol oxidation reaction (MOR) was studied and
enhanced methanol oxidation activity was observed at the bimetallic I/ES-Pd75Au25 and I/ES-Pd50Au50
modiﬁed electrodes when compared to pristine I/ES-Pd100, I/Pd100 and I/ES-Au100 modiﬁed electrodes. The
I/ES-Pd75Au25 modiﬁed electrode was found to be the best electrocatalyst which showed lower overpotential
with higher mass activity (0.144 A/mgPd) for MOR. Interestingly, when Pd was combined with Au in the
presence of ES silicate sol-gel the bimetallic PdAu alloy nanomaterials showed enhanced MOR activity. The
MOR current observed at the I/ES-Pd75Au25 electrode was nearly 1.8 times higher than that of the I/Pd75Au25
electrode without ES silicate sol-gel. The stability of the I/ES-Pd75Au25 electrode was tested by scanning 200
continuous cycles and the catalytic current was found to decrease only \5%.
Keywords. Electrochemical co-deposition; silicate sol-gel; PdAu alloy; modiﬁed electrode; methanol
oxidation reaction.

1. Introduction
Fabrication of catalytically active and stable electrocatalyst materials for electrochemical reactions is an
important area of research. Direct methanol fuel cell
(DMFC) is considered the most reliable portable energy device. DMFC in alkaline medium has attracted
signiﬁcant research interest due to improved kinetics, less corrosive environment for catalyst, high
current efﬁciency and operation at lower potentials.1,2 The performance of DMFC depends on the
anode materials composition and surface nature. A
number of methodologies for the preparation of
electrocatalyst for methanol oxidation reaction
(MOR) have been reported, such as chemical,

electrochemical, sonochemical and microwave
methods.3–7 Indeed, electrocatalysts of different sizes
and shapes were reported with various compositions
such as bimetal (alloy and core-shell), polymersupported and carbon-supported metal nanoparticles
(NPs).8–10 Electrochemical deposition technique is
an appealing method for preparing metal nanostructures modiﬁed electrodes.11 Besides, two types
of electrochemical reduction methods are available
such as single and sweeping potential reduction
methods.12 In these methods, electrolyte solution, the
concentration of precursor metal ions and supported
components such as nature of polymer, silicate solgel and carbon materials are the deciding factors to
obtain different size and shape electrocatalysts.13
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The electrochemical co-deposition of silicate sol-gel
supported bimetal nanostructures modiﬁed electrodes
and their catalytic applications are not explored in
detail. Mandler et al. reported the electrochemical
co-deposition of amine-functionalized silicate supported pre-synthesised Au NPs on ITO substrate and
studied the Au NPs embedded in silicate sol-gel thin
ﬁlm modiﬁed electrode.13 Recently, Feng et al.
reported highly electroactive Au nanodendrites on
FTO substrate by electrochemical co-deposition
method using amine-functionalized silicate sol-gel
and Au3? ions in HClO4 medium.12
Au NPs received considerable attention in electrocatalysis because of their high electroactive surface area, biocompatibility and high conductivity. In
our earlier report, the electrochemical deposition of
Au nanostructures at the pre-formed silicate sol-gel
thin ﬁlms using different functionalized silicate solgel has been reported.14 Moreover, Au NPs deposited on various pre-formed thin ﬁlms such as Naﬁon,
Naﬁon-conducting polymer (poly(o-phenylenediamine)) and electrochemically reduced graphene
oxide is reported.15,16 Platinum (Pt) NPs based
electrocatalysts are mostly used as anode material in
DMFC.6 However, high cost and low CO poisoning
effects are the main disadvantages. On the other
hand palladium (Pd) NPs, an alternate to Pt electrocatalyst has been reported as good electrocatalyst
material for DMFC application.1 Pd nanostructures
were utilized as electrocatalyst for oxidation of
alcohols, other small organic molecules and oxygen.17,18 Sun et al. reported the programmed electrodeposition method to fabricate tetrahexahedral Pd
nanocrystals with high-index facets and achieved
enhanced ethanol electrooxidation.17 Kim et al.
reported the triangular Pd nanorod structures on Au
surface and achieved enhanced MOR and SERS
activities.5 Vizza et al. reported the preparation of
Pd NPs by electrochemical milling reported
enhanced mass activity for MOR.19
Encapsulation of noble metal nanostructures in
silicate sol-gel is advantageous to get highly
stable and active metal nanostructures.20 An alloy of
two metals in a single domain makes it possible to
tune its physical, chemical and optical properties.21–23 Previously, we reported the electrochemically co-deposited PtAu alloy incorporated silicate
sol-gel modiﬁed electrode as an efﬁcient methanol
oxidation catalyst.24 The PdAu alloy nanostructures
are the most reliable and ideal catalyst for fuel cell
applications because alloy metal nanostructures
enhance catalytic activities. Au metal plays an
important role in enhancing the catalytic activity of
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PdAu alloy catalyst and facilitates the reduction of
PdO back to Pd so that the Pd surface is available
for the continuous catalytic reaction.25 Evidently, the
PdAu alloy NPs show improved MOR activity.25,26
To explore the electrocatalytic properties of
electrochemically co-deposited pristine and bimetal
nanostructures embedded in amine-functionalized
silicate sol-gel matrix, we have adopted benign
synthetic methodology using amine-functionalized
silane, Pd and Au precursors and prepared pristine
(Pd and Au) and bimetal (PdAu) alloy nanostructures embedded in ES silicate sol-gel modiﬁed
indium-tin-oxide electrodes. The electrochemical
characterization conﬁrmed the presence of bimetal
alloy (PdAu) and pristine (Pd and Au) metals at the
modiﬁed electrodes. Further, the electrocatalytic
properties of the electrochemically co-deposited
PdAu bimetal modiﬁed electrodes toward MOR in
the alkaline medium were systematically investigated. The combination of bimetallic PdAu alloy
nanostructures and ES silicate sol-gel at the modiﬁed electrode exhibited enhanced synergistic catalytic activity for MOR.

2. Experimental
2.1 Materials and methods
Palladium chloride (PdCl2) and N-[3-(trimethoxysilyl)propyl]ethylenediamine (ES) silane was received
from Sigma–Aldrich. Gold(III) chloride hydrate
(HAuCl4.H2O) were purchased from Alfa Aesar.
Hydrochloric acid (HCl) and potassium hydroxide
(KOH) were obtained from Merck. XPS, XRD, SEM
and SEM-EDX data were recorded by Thermo Scientiﬁc K-Alpha XPS (monochromatic Al Ka
(1350 eV), XPERT PRO-PAN analytical instrument
with Cu Ka radiation (k = 1.5406 Å) and VEGA3,
TESCAN. BRUKER Nano, GmbH, D-12489 detector, respectively. The CH Instruments electrochemical workstation (model–760D) was used for
electrochemical experiments. The indium-tin-oxide
electrode (I) electrodes were from Delta Technologies Ltd, USA (CG-411N-1507-surface resistance of
4–8 X/sq).

2.2 Electrochemical methods
All electrochemical experiments were conducted
using a single-compartment three-electrode cell
consisting of the working electrode (modiﬁed I
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electrode (1 cm2)), auxiliary electrode (Pt wire) and
reference (1M KCl ﬁlled Ag/AgCl) electrode. The
modiﬁed I (I/ES-Au, I/ES-Pd and I/ES-PdAu) electrodes were prepared by electrochemical method
(-0.2 V (Ag/AgCl) applied for 300 s). H2PdCl4
(10 mM) solution was prepared by dissolving palladium chloride (PdCl2) in 10 mL of 20 mM HCl
solution.27 A mixture of HAuCl4 and H2PdCl4 aliquots (a total concentration of 1 mM was maintained) was added to the mixture of HCl (0.1 M)
and ES silane (0.5 v/v %) under stirring. The prepared modiﬁed electrodes were abbreviated as I/ESPd100, I/ES-Au100, I/ES-Pd75Au25, I/ES-Pd50Au50 and
I/ES-Pd25Au75 with respect to the molar concentration ratio of metals (Pd/Au). The charge (Q) of PdO
and AuO reduction peak after eliminating non-faradaic current (0.5 M H2SO4 at a scan rate of 50
mV/s between -0.2 to 1.2 V) were used to derive
the electrochemically active surface area (EASA) of
modiﬁed I electrodes. The cyclic voltammetric
technique was used to monitor MOR activity in an
alkaline medium using a mixture of electrolyte
solution 0.1 M KOH and 0.5 M CH3OH. The ﬁrst
20 cycles of each MOR experiment was ignored so
that the MOR activities can be studied at equilibrium conditions.4
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formation of metal nanostructures at the modiﬁed I
electrode.30,31 This is the ﬁrst report on the electrochemical co-deposition of bimetal PdAu alloy nanostructures incorporated in silicate sol-gel and their
application in electrocatalysis.
The crystal planes of electrochemically co-deposited metal nanostructures on modiﬁed electrodes
were understood from the XRD patterns. Figure 1
shows the XRD patterns acquired for pristine I/ESPd100, I/ES-Au100 and bimetal I/ES-Pd75Au25, I/ESPd50Au50 and I/ES-Pd25Au75 modiﬁed electrodes. The
obtained diffraction patterns showed characteristic
peaks for Pd, Au and I electrodes. The strong
diffraction peaks observed at 38.45° and 39.95° were
conﬁrmed to the {111} facet of face centred cubic
(fcc) system of Au (JCPDS 04-0784) and Pd (JCPDS
87-0641) metals, respectively.32 Further, the other
diffraction peaks noticed at 44.62° and 45.94° were
conﬁrmed to the {200} facet of fcc system of Au and
Pd metals, respectively.26,32 The bimetal alloy I/ESPd75Au25, I/ES-Pd50Au50 and I/ES-Pd25Au75 modiﬁed
electrodes demonstrate the distinct {111} facet
diffraction peak at 38.61°, 38.95° and 39.21°, respectively. The major {111} diffraction peak position of
PdAu bimetallic nanostructures was observed between

3. Results and Discussion
3.1 Synthesis and characterization
The electrochemical co-deposition of two different
materials in one domain could offer unique properties
and the composition of metals controlled by the
preparation methodology offers scope to fabricate
newer nanostructured materials modiﬁed electrodes
for various applications.13,28,29 In a single-step electrochemical co-deposition method, an applied potential of -0.2 V lead to the simultaneous reduction of
Pd2? and Au3? ions and catalyzed the ES silicate sol
to gel condensation to simultaneously deposit ESPdAu on the electrode (I) surface. The fabricated
bimetal I/ES-Pd75Au25, I/ES-Pd50Au50, I/ES-Pd25Au75
and pristine I/ES-Pd100 and I/ES-Au100 electrodes
were washed with water and kept at room temperature.
The presence of ES silicate sol-gel supports the
nucleation of metals (Pd, Au and PdAu) upon reduction of metal ions and uniform deposition with a high
density of nanostructures on the electrode surface was
achieved. The amine-chloride complex formation
between ES silicate sol-gel and metal salts hinders
aggregation and supports the uniform growth and

Figure 1. XRD results for I/ES-Au100 (a), I/ES-Pd25Au75
(b), I/ES-Pd50Au50 (c), I/ES-Pd75Au25 (d) and I/ES-Pd100
(e) electrodes.
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the {111} diffraction peak positions of pristine Au and
Pd. The position of {111} diffraction peak due to Au
was shifted from that of pristine fcc Au towards
pristine fcc Pd, with respect to Pd content in the PdAu
bimetal nanostructures. Figure S1 shows the non-linear plot of PdAu bimetal {111} plane peak position
against Pd metal content which conﬁrms the non-homogeneous PdAu alloy formation. The observed XRD
patterns matched well with the previous report on
PdAu alloy.26 The observed other diffraction patterns
are assigned to the indium tin oxide electrode substrate
(JCPDS 71-2194).
The surface composition and oxidation states of Pd
and Au at the electrochemically co-deposited I/ESPd75Au25 nanostructures were examined by recording
XPS (Figure 2). The survey spectrum of the I/ESPd75Au25 electrode shown in Figure 2(A) conﬁrmed
the presence of Pd and Au metals. The bimetal alloy
I/ES-Pd75Au25 electrode showed two characteristic
peaks in the region of Au (Figure 2B) and Pd (Figure 2C) metals, which conﬁrmed the metallic Au and
Pd. Figure 2B shows the Au characteristic peaks at
binding energies of 83.32 and 87.01 eV for Au 4f7/2
and 4f5/2, respectively.4 Figure 2C shows the Pd metal
characteristic peaks at the binding energies of 334.85
and 340.18 eV for Pd 3d5/2 and 3d3/2, respectively.26
The XPS analysis clearly reveals that the electrochemical co-deposition leads to the simultaneous
reduction of Au3? and Pd2? ions to Au0 and Pd0
metals and the formation of PdAu bimetal.
The morphology of electrochemically co-deposited
I/ES-Pd100, I/ES-Au100, I/ES-Pd75Au25, I/ES-Pd50Au50 and I/ES-Pd25Au75 electrodes were examined
by recording the SEM images and the SEM images
are shown in Figure 3. All the modiﬁed electrodes
showed different nanostructures of various sizes and
shapes due to different metal compositions in the
presence of ES silicate sol-gel. The dendritic like Au
nanostructures with irregular shapes were observed
for I/ES-Au100 modiﬁed electrode with Au nanostructures in the size range of *180 nm to
*600 nm. The speciﬁc interaction between the
amine-functionalized silicate sol-gel and Au3? ions
leads to the dendritic like nanostructure formation.12,30,31 The I/ES-Pd100 modiﬁed electrode
showed spherical shaped Pd nanostructures in the
size range of *80 nm to *200 nm. The bimetal
I/ES-Pd25Au75, I/ES-Pd50Au50 and I/ES-Pd75Au25
modiﬁed electrodes showed PdAu nanostructures
with an average size of *500 nm, *300 nm and
*200 nm, respectively. Interestingly the Pd2? ions
play a major role in alloy nanostructure formation,
and depending on the concentration of Pd2? ions the
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Figure 2. XPS survey scan spectra of I/ES-Pd75Au25
electrode (A) and deconvoluted core level spectra of Au 4f
(B) and Pd 3d (C).

sizes of nanostructures were decreased and anisotropic nature was observed. The SEM images of
I/ES-Pd25Au75 (Figure 3B) and I/ES-Pd75Au25
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Figure 3. SEM images of I/ES-Au100 (A), I/ES-Pd25Au75 (B), I/ES-Pd50Au50 (C), I/ES-Pd75Au25 (D) and I/ES-Pd100
(E) electrodes.

(Figure 3D) electrodes evidently showed anisotropic
spherical and uniform spherical shaped bimetal
nanostructures at the modiﬁed electrode. Overall, the
crystal, oxidation state and morphological characterisation studies reveal that the electrochemical codeposition method yields the formation of highly
crystalline and unique nanostructures (pristine and
bimetal alloy) in the existence of ES silicate sol-gel.
Further the Pd and Au elements present at the
modiﬁed electrodes (Figure S2, SI) were conﬁrmed
by SEM-EDX analysis. The actual compositions of
Pd and Au atomic ratios were estimated from the
SEM-EDX analysis for the I/ES-Pd75Au25, I/ESand I/ES-Pd25Au75 electrodes as
Pd50Au50
74.12:25.88, 53.58:46.42 and 23.17:76.83, respectively which matched well with the experimental
compositions (Figure S2, SI). The SEM-EDX lines
scan spectra conﬁrmed the different amounts of Pd
and Au metals present in the bimetal alloy I/ESPd75Au25 and I/ES-Pd25Au75 electrodes (Figure S3,
SI). The bimetallic Pd and Au elements distribution
at the (I/ES-Pd50Au50) modiﬁed electrodes were
analysed through EDX-elemental mapping analysis.
Figure S4 (SI) displays the mapping images of
combined (Pd and Au) and individual Pd (red) and
Au (green) elements obtained for Pd50Au50. The
uniform distribution of Pd and Au elements and
successful formation of alloy PdAu nanostructures at
the bimetal modiﬁed electrode are conﬁrmed.

3.2 Electrochemical studies
The cyclic voltammetric technique was used to
examine the electrochemical characteristics and catalytic properties of pristine Pd and Au and bimetal
PdAu modiﬁed electrodes. The MOR in alkaline
medium was studied to understand the electrocatalytic
activity of bimetal alloy PdAu modiﬁed electrodes and
the results are compared with the pristine Pd and Au
modiﬁed electrodes. The charge consumed for the
metal deposition was used to estimate the speciﬁc
mass (M) of Pd or Au. The atomic percentage ratio
values obtained from EDX analysis for bimetal alloy
and the estimated respective charges of Pd and Au
metals were used to calculate the mass of Pd and Au
using eq. 1.4
Mass of M ¼ Q  MW/nFA

ð1Þ

where the speciﬁc mass after electrodeposition (M),
charge consumed for electrodeposition (Q), molar
mass (MW) of Pd (106.42 g/mol) and Au (196.96
g/mol), number of electrons (n) transferred for electrodeposition (n = 2 (Pd) and 3 (Au)), Faraday
(F) constant and working area (A) of modiﬁed I
electrode (1 cm2). The electrochemical characteristics
of modiﬁed electrodes (I/ES-Pd100, I/ES-Au100, I/ESPd75Au25, I/ES-Pd50Au50 and I/ES-Pd25Au75) were
studied in 0.5M H2SO4. From the cyclic voltammetric
studies, one can elucidate the bimetal internal
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components such as core-shell or alloy composition.22
The obtained cyclic voltammograms for pristine (I/ESPd100 and I/ES-Au100) and bimetal PdAu alloy (I/ESPd75Au25, I/ES-Pd50Au50 and I/ES-Pd25Au75) modiﬁed electrodes exhibited their characteristic hydrogen
adsorption (oxide formation) and desorption (oxide
reduction) peaks (Pd, Au and PdAu) in the negative
and positive potential regions, respectively (Figure 4).
Figure 4A shows the characteristic Pd and Au oxide
reduction peaks at 0.42 and 0.71 V for pristine I/ESPd100 and I/ES-Au100 electrodes, respectively. The
obtained cyclic voltammograms for bimetal I/ESPd75Au25, I/ES-Pd50Au50 and I/ES-Pd25Au75 modiﬁed
electrodes showed characteristic Pd oxide formation
peak at 0.75, 0.55 and 0.54 V and the corresponding
reduction peak at 0.43, 0.46 and 0.49 V, respectively
(Figure 4B). Further, the Au oxide reduction peak was

Figure 4. Cyclic voltammograms recorded for I/ES-Pd100,
I/ES-Au100 (A), I/ES-Pd75Au25, I/ES-Pd50Au50 and I/ESPd25Au75 (B) modiﬁed electrodes in 0.5 M H2SO4 at a scan
rate of 50 mV/s.
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observed at 0.61, 0.68 and 0.71 V for I/ES-Pd75Au25,
I/ES-Pd50Au50 and I/ES-Pd25Au75 modiﬁed electrodes, respectively. The typical PdAu oxide reduction
peaks were observed between the pristine Pd and Au
oxide reduction peak potentials. The cyclic voltammograms showed a negative shift in the Pd/Au oxide
reduction peak potential owing to the atomic level
interaction between of Pd and Au and alloy formation.4,22 Moreover, the Pd/Au oxide reduction peak
current systematically decreased with respect to the
increase in Au content. Charges consumed for the
reduction of Pd and Au oxides were used to calculate
the electrochemically active surface area (EASA) of
Pd and Au, respectively. The obtained Pd and Au
oxide reduction values are normalized (EASA =
Q/Q*) using the standard pristine Pd, Pd alloy and Au
oxide reduction data as 424, 41126 and 39016 lC/cm2,
respectively, and the estimated EASA are displayed in
Table 1. Among all the modiﬁed electrodes, the I/ESPd100 electrode showed higher EASA value than that
of bimetal alloy PdAu electrodes (Table 1). The EASA
values are depended on deposited materials surface
and composition.33
Efforts have been taken to develop suitable anode
material for DMFCs, because alkaline medium
DMFCs has several advantages, such as ease of
transportation of fuel, improved kinetics, less corrosive environment and delighted power source for
portable devices.1,26 The electrocatalytic methanol
oxidation activities of the fabricated electrodes were
examined by recording cyclic voltammograms in
KOH (0.1 M) containing CH3OH (0.5 M). Figure 5
displays the cyclic voltammograms recorded for MOR
at the I/Pd100, I/ES-Pd100, I/ES-Pd75Au25 and I/ESPd50Au50 nanostructures modiﬁed electrodes. The
MOR current density (j) values obtained for the
modiﬁed electrodes and EASA values are summarized
in Table 1. These modiﬁed electrodes showed characteristic and unique MOR voltammograms with oxidation peaks in both forward and reverse scans. The
bare modiﬁed ITO (I) electrode did not demonstrate
CH3OH oxidation current in the chosen potential
window. The prepared bimetal I/ES-Pd75Au25 and
I/ES-Pd50Au50 electrodes demonstrate higher MOR
current when compared to their pristine I/ES-Pd100 and
I/Pd100 electrodes. The MOR activities of the pristine
Pd electrode with and without ES silicate are compared. The I/ES-Pd electrode showed 2.74 times
enhanced MOR current density when compared to the
I/Pd electrode. Notably the I/ES-Pd100 electrode displayed sharp peak for MOR with a 43 mV positive
shift, which clearly indicates that the improved the
MOR activity due to the presence of ES silicate at the
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Table 1. Summary of electrochemical parameters obtained for MOR at various modiﬁed electrodes.
Modiﬁed
electrodes

EASA
(cm2)

Mass of M
(lg cm-2)

Current density
(j) (A/cm2)

Peak
potential (V)

If/Ir
ratio

Tafel slope
(mV/dec)

Mass activity
(mA/lgPd)

I/ES-Pd100
I/ESPd75Au25
I/ESPd50Au50
I/ESPd25Au75
I/ES-Au100

0.757
0.163

21.5
17.5

0.0018
0.0158

–0.004
0.066

–
1.6

66
160

0.045
0.144

0.158

28.5

0.0126

–0.004

0.6

116

0.068

0.011

20.5

–

–

–

–

0.117

49.3

–

–

–

–

Figure 5. Cyclic voltammograms recorded for I/Pd100 (a),
I/ES-Pd100 (b), I/ES-Pd75Au25 (c) and I/ES-Pd50Au50
(d) electrodes in 0.5 M CH3OH in 0.1 M KOH at a scan
rate 50 mV/s.

Pd modiﬁed electrode. Most importantly, the pristine
Au nanostructures (I/ES-Au100) and Au rich bimetal
alloy I/ES-Pd25Au75 electrodes did not reveal the
MOR activity when compared to the aforementioned
modiﬁed electrodes.
The electrochemically codeposited ES-Au nanostructures are not electrocatalytically active for MOR,
but the Au combined with Pd at the modiﬁed electrode
enhanced the catalytic activity. In a previous report,
the electrochemical codeposition of Au nanostructures
with monoamine functionalized silicate sol-gel lead to
the formation of Au dendrite nanostructures and
showed electrocatalytic oxidization of CH3OH in
alkaline medium.12 The electrochemically deposited
Au nanostructures showed very low MOR activity in
alkaline medium, but the present bimetal alloy PdAu
form showed enhanced MOR activity.24 The prominent observation is that the magnitude of methanol
oxidation peak current observed at I/ES-Pd75Au25
electrode was nearly 1.2 and 8.7 times higher than that

of I/ES-Pd50Au50 and I/ES-Pd100 electrodes, respectively. Surprisingly, the diminished EASA of bimetal
PdAu alloy modiﬁed electrodes is not affecting the
MOR activity, because of the presence of aminefunctionalized silicate and catalytically active bimetal
alloy surface.11,12 The observed MOR peak potential
was 0.066 V, –0.004 V and –0.004 V for I/ES-Pd75Au25, I/ES-Pd50Au50 and I/ES-Pd100 electrodes,
respectively. Besides, the I/ES-Pd75Au25 electrode
showed a sharp MOR peak at positive potential with a
shift of 70 mV when compared to the I/ES-Pd50Au50
and I/ES-Pd100 electrodes. From this observation we
infer that the optimized 3:1 composition of Pd:Au
exhibit the best electrocatalytic activity in alkaline
MOR application. The bimetal I/ES-PdAu electrodes
exhibited both forward and reverse scan currents for
MOR. The forward MOR peak current corresponds to
the oxidation of CH3OH. The reverse peak current was
due to the oxidation of adsorbed halfway product such
as HCHO, CO and HCOO.12,34 Consequently, the ratio
of forward to reverse peak currents (If/Ir) can be analyzed to evaluate the performance of the catalyst
(Table 1). The bimetal electrocatalyst shows better
MOR activity in a fuel cell when the If/Ir ratio is
high.34 A lower Au content present at the bimetal
PdAu (I/ES-Pd75Au25) electrode showed a higher If/Ir
ratio when compared to higher Au present at the I/ESPd50Au50 electrode.
The Pd mass activity derived from MOR activity is
useful to understand the efﬁciency of the catalyst
(Table 1).4 The I/ES-Pd75Au25 electrode showed
improved mass activity of 3.2 and 2.1 times higher
than that of I/ES-Pd100 and I/ES-Pd50Au50 electrodes,
respectively. The presence of ES silicate sol-gel
ensures enhanced mass activities due to the synergistic
MOR activity at the I/ES-Pd75Au25 electrode. It has
been reported that the reverse oxidation peak observed
for MOR is due to the adsorbed intermediates at the
PdAu electrode.35–38 However, a recent report shows
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that the freshly adsorbed CH3OH at PdAu electrode
surface undergoes oxidation during the reverse scan.25
The CH3OH oxidation occurs via intermediate formation with intriguing reaction pathways at the
Au35,36 and Pd37,38 surfaces. Tilley et al. reported that
the PdAu alloy electrode is not affected by CO
adsorption during MOR.26 These results support that
the MOR reaction occurs via intermediate formation,
because the Ir peak current is increasing with respect
to Au molar ratio. The surface studies of pristine Au
{111}36, Pd {111}38 and bimetal PdAu {111} alloy
show that the metal surface can facilitate the CO
intermediate formation and adsorption/desorption
processes during MOR at the electrode surface.38,39
This observation showed excellent correlation with
crystal plan results of PdAu alloy electrodes. Overall,
the existence of Au, amine functionalized silicate,
bimetallic PdAu alloy and alkaline medium surface
enhance the MOR activity and adsorbed intermediate
can easily be oxidized/removed.
The cyclic voltammograms recorded at I/ES-Pd75Au25 electrode for CH3OH (0.5 M) in KOH (0.1 M)
with different scan rates are shown in Figure S5. The
forward oxidation peak current values of MOR
increased with increasing scan rate (m) (Figure S5(A)).
A linear relationship was observed between log j and
log m with a slope value 0.28 (Figure S5(B)). The
estimated slope value between 0 and 0.5 reveal that the
MOR at I/ES-Pd75Au25 electrode is a diffusion-controlled process.4 Further, the linear relationship
between E (V) and log (m) (Figure S5(C)) shows that
the MOR is an irreversible electron transfer process.4
The observed onset potential for MOR at the bimetal
PdAu alloy electrodes and the calculated exchange
current density and Tafel slope values are the crucial
factors that determine the intrinsic MOR activity. The
onset potentials for the oxidation of CH3OH at the
I/ES-Pd100, I/ES-Pd50Au50 and I/ES-Pd75Au25 electrodes were measured from the linear sweep voltammograms at a scan rate of 5 mV/s (Figure 6(A)).
Among the modiﬁed electrodes, the I/ES-Pd75Au25
electrode showed lowest onset potential of -0.35 V
and higher MOR current. The linear sweep voltammetry data was used to derive the Tafel plot (Figure 6(B)). The Tafel slopes obtained for the I/ESPd100, I/ES-Pd50Au50 and I/ES-Pd75Au25 electrodes
were found to increase gradually from 66, 116 and
160 mV/dec, respectively due to the change in the
surface composition and nature of the bimetal electrocatalyst. Similar observation has been reported
earlier for MOR at the bimetal modiﬁed electrodes and
improved electrocatalytic activity was observed for the
bimetal electrocatalyst.40,41 The bimetal PdAu is
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Figure 6. Liner sweep voltammograms recorded at I/ESPd100 (a), I/ES-Pd75Au25 (b) and I/ES-Pd50Au50 (c) electrodes for 0.5 M CH3OH in 0.1 M KOH at a scan rate 5 mV/
s (A). Corresponding Tafel plot (B).

associated with better electrocatalytic MOR activity
and thus the catalytic sites are accessible to the substrates during the MOR. Exchange current density
values were calculated from the Tafel plot intercept
values (Figure 6(B)). Increased exchange current
density values of 1.63, 1.57 and 1.83 mA/cm2 was
observed for I/ES-Pd100, I/ES-Pd50Au50 and I/ESPd75Au25 electrodes, respectively. The calculated
exchange current density and Tafel slope values suggest that the different surface nature of PdAu alloy
electrocatalyst improves the MOR activity.40,41
Moreover, the Au atoms in PdAu alloy and ES silicate
sol-gel play a major role in the MOR efﬁciency. The
Au atoms facilitate the reformation of Pd from PdO, so
that the Pd surface is available for continuous MOR
reaction at the modiﬁed electrode surface.25 The
bimetal PdAu alloy surface enhanced the adsorption of
intermediates which simultaneously increased the
MOR efﬁciency. Further, when the Au content was
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increased beyond 50% the MOR activity at the bimetal
I/ES-Pd25Au75 alloy electrode was decreased enormously due to lower Pd catalytic sites.34 The enhanced
MOR activity at the Pd75Au25 electrode suggests that
the electrochemically codeposited ES silicate embedded bimetal ES-Pd75Au25 alloy nanostructures act as
the best electrocatalyst for MOR.
The effect of ES silicate was understood by
preparing the modiﬁed electrode in the absence of ES
silicate (I/Pd75Au25) and the MOR activity was
examined (Figure S6). The I/ES-Pd75Au25 electrode
demonstrated 1.8 times higher MOR activity when
compared to the I/Pd75Au25 electrode (Figure S6). The
MOR activity was examined in the presence and
absence of CH3OH at the I/ES-Pd75Au25 electrode and
the corresponding cyclic voltammograms are shown in
Figure S7. The obtained anodic peak current was
mainly due to the oxidation of CH3OH at the I/ESPd75Au25 electrode. The ES silicate ensured enhanced
mass interaction between PdAu alloy nanostructure
and analyte. The ES silicate plays a major role in the
fabrication of bimetal PdAu alloy modiﬁed electrode
by providing sites for nucleation of PdAu and formation of bimetal PdAu alloy nanostructures and diffusion of substrate and also increased the stability of
catalyst material.
The stability of the modiﬁed electrode material is
the most important factor in the DMFCs anode material. To determine the stability of the I/ES-Pd75Au25
electrode continuous cyclic voltammograms were
recorded in KOH (0.1 M) and CH3OH (0.5 M) (Figure 7) and \5% decrease in MOR peak current was
observed after 200 cycles. This observation indicates
that the electrochemical codeposition of PdAu alloy
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nanostructure in the presence of ES silicate improves
the electrocatalytic activity and stability towards MOR
in an alkaline medium. A facile and single-step electrochemical co-deposition of ES silicate sol-gel and
bimetal PdAu alloy nanostructures is developed for
fabricating highly electroactive bimetal PdAu nanostructured materials modiﬁed electrode for DMFCs
application.
4. Conclusions
A simplistic electrochemical co-deposition technique
to fabricate highly electrocatalytically active bimetal
alloy PdAu nanostructures embedded in amine-functionalized silicate sol-gel modiﬁed electrodes (I/ESPdAu) for MOR is demonstrated. The cyclic voltammetric studies show that the bimetal PdAu alloy
embedded in ES silicate sol-gel (I/ES-Pd75Au25 and
I/ES-Pd50Au50) modiﬁed electrodes exhibit enhanced
MOR current in an alkaline medium when compared
to their pristine I/ES-Pd100 and I/ES-Au100 electrodes.
For MOR, the I/ES-Pd75Au25 electrode shows the
enhanced performance in terms of low onset potential,
high If/Ir ratio, exchange current density and Tafel
slope when compared to other I/ES-Pd50Au50, IESPd25Au75, I/ES-Pd100 and I/ES-Au100 electrodes. The
presence of ES silicate leads to the formation of uniform and high density of bimetal PdAu alloy nanostructures with highly electroactive crystal facets. In the
alloy composition, the Au atoms help to reconstruct Pd
from PdO, which improves the MOR activity. The ES
silicate ensures uniform dispersion and improves the
stability of PdAu alloy nanostructures at the electrode
surface. This facile electrochemical co-deposition of
bimetal PdAu in ES silicate can also be extended to
other metals for fabricating electrocatalysts.
Supplementary Information (SI)
Figures S1–S7 are available at www.ias.ac.in/chemsci.
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