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Abstract A simple and an efficient tool for the direct
growth of bimetallic Ag@Pt nanorods (NRDs) on elec-
trochemically reduced graphene oxide (ERGO) nano-
sheets was developed at glassy carbon electrode (GCE).
Initially, Cu shell was grown on Ag core as Ag@Cu NRD
by the seed-mediated growth method. Accordingly, Cu
shell has been successfully replaced by Pt using the
electroless galvanic replacement method with ease by
effective functionalization of L-tryptophan on ERGO sur-
face (L-ERGO), which eventually plays an important role
in the direct growth of one-dimensional bimetallic NRDs.
As a result, the synthesized Ag@Pt NRD-supported L-
ERGO nanosheets (Ag@Pt NRDs/L-ERGO/GCE) were
characterized by scanning electron microscopy (SEM),
X-ray diffraction (XRD), energy-dispersive X-ray analy-
sis (EDAX) and Raman spectroscopy. Anodic stripping
voltammetry was used to explore its electrochemical
properties. Finally, the developed bimetallic Ag@Pt
NRDs/L-ERGO/GCEs were studied as a better
electrocatalyst compared to the commercial catalysts such
as Ptyo/C or Ptyo/C-loaded electrode for the oxidation of
ethanol or methanol with a high tolerance level and an
enhanced current density. In addition, the long-term sta-
bility was studied using chronoamperometry for 1000 s at
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the bimetallic NRD electrode for alcohol oxidation which
impedes the fouling properties. The unfavourable and
favourable electrooxidation of ethanol at Ag@Cu
NRDs/L-ERGO/GCE (a) and Ag@Pt NRDs/L-ERGO/
GCE (b) is discussed. The synergistic effect of Ag core
and catalytic properties of Pt shell at Ag@Pt NRDs/L-
ERGO/GCE tend to strongly minimize the CO poisoning
effect and enhanced ethanol electrooxidation.

Keywords Electrochemically reduced graphene oxide-
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Introduction

Recent scientific community pave a great interest in
exploring noble metal nanostructures due to their high
efficiency in different fields such as fuel cells, optics,
electronics and chemical sensors (Meir et al. 2013; Xu
etal. 2011; Tedsree et al. 2011). Its catalytic property is
closely related to their composition, morphology and
dimension. Among the noble metals, nanostructured Pt
catalysts are extensively studied in fuel cell applications
(He et al. 2010a,b; Divya and Ramaprabhu 2013). How-
ever, the major challenges in developing Pt catalysts that
are high cost, kinetic limitation of oxygen reduction and
rapid poisoning due to CO-like intermediate species
generation would affect the efficiency of direct alcohol
fuel cells (DAFCs) (Chen and Hindle 2010; Zeng et al.
2006). Bimetallic Pt nanostructures such as core-shell or
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alloys with other metals like Ru, Rh, Au and Ag tend to
resolve the drawback and enhanced its catalytic activity
(Zeng et al. 2006; Liu et al. 2014; Du et al. 2012; Cheng
et al. 2014). Zhang et al. designed Pt shell nanoparticles
with alloy core for oxygen reduction reaction (Zhang
et al. 2013). Liu et al. demonstrated the design and
preparation of stellated Ag-Pt bimetallic nanoparticles
for methanol oxidation and oxygen reduction reaction
(Liu et al. 2014).

Carbon materials such as carbon black, carbon nano-
tubes and carbon nanofibers were widely used as
supporting material for Pt catalysts to improve its cata-
lytic efficiency (Maiyalagan et al. 2012; Nguyen et al.
2013; Xi et al. 2007). Among carbon materials,
graphene oxide nanosheets have been considered as
better supporting material for Pt catalysts due to its high
surface area, enhanced mechanical strength and good
thermal and electrical conductivity (Sharma et al. 2010;
Wang et al. 2014; Shen et al. 2014). Feng et al. synthe-
sized Pt-Ag alloy nanoisland/graphene hybrid compos-
ites to study its electrocatalytic activity towards metha-
nol oxidation (Feng et al. 2011). Cui et al. deposited
Au@Pt core-shell nanoparticles on the reduced
graphene oxide surface and used for methanol oxidation
(Cui et al. 2013). Even though the incorporation of
metal nanostructures on the graphene oxide surface
was widely reported (Liu et al. 2012; Lee et al. 2013;
Luo etal. 2012a,b; Zeng et al. 2015; Luo et al. 2012a,b),
the direct growth of bimetallic NRDs or nanowires on
reduced graphene oxide surface is not yet investigated
effectively. In the present investigation, an effective
method for the direct growth of bimetallic Ag@Pt
NRDs on L-ERGO/glassy carbon electrode (GCE) sur-
face is introduced where bimetallic Ag@Cu NRDs are
grown on L-ERGO nanosheets by simple seed-
mediated growth method followed by replacing the Cu
shell by Pt through electroless galvanic replacement
method. Recently, the first stage of direct growth of
bimetallic Ag@Cu NRDs on L-ERGO nanosheets was
established and reported elsewhere (Jeena et al. 2015).

In general, the synthesis of Ag-based bimetallic alloy
or core-shell nanostructures was either reported by the
simultaneous co-reduction of two different metal atoms
or by the successive reduction of one metal over the seed
of other metal (Chen et al. 2007; He et al. 2010a,b;
Wojtysiak et al. 2014). On the other hand, the electroless
galvanic replacement method has proved as a simple
and an efficient tool to develop a thin layer of shell-like
nanostructures of any noble metal catalysts using an
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extremely low proportion of precursors (Zhang et al.
2012; Gnanaprakasam et al. 2015). Importantly, the
difference in standard reduction potential between the
metals is the driving force for the galvanic replacement
reaction. Very few reports have shown the formation of
bimetallic Ag@Pt nanostructures by a galvanic replace-
ment method where Ag was used as the sacrificial
template for the replacement process (Rashid et al.
2015; Chen et al. 2005). Accordingly, the direct Pt layer
generation over an Ag surface by galvanic replacement
was discontinuous due to the stripping of relatively large
amount of Ag and alters its crystal structure and com-
position during Ag—Pt alloy nanostructure formation
(Wojtysiak et al. 2014). The stripped Ag" ions in the
replacement process have the tendency to precipitate as
AgCl in the aqueous medium of Pt precursor and even-
tually would passivate the electrode surface. Therefore,
the successful generation of bimetallic nanostructures at
the electrode surface was affected (Xie et al. 2012).
Ultimately to overcome these challenges, in the present
work, the metallic Cu surface was introduced as a sac-
rificial template over Ag nanorods for the galvanic
replacement reaction. Here, the exchanged Cu as Cu?**
will remain in the solution in an ionic state without
forming any precipitate during the replacement process.
In addition, the standard reduction potential of Cu”*/Cu
(0.34 V) is less compared to Ag*/Ag (0.8 V) which
enables the electroless galvanic replacement process of
Pt layer at Ag NRDs. To the best of our knowledge,
there is no report existing for the one-dimensional
growth of Ag@Pt NRDs on an electrochemically re-
duced graphene oxide surface by Cu as a sacrificial
template using the electroless galvanic replacement
method. Consequently, the present investigation would
highlight the importance of using Cu as a sacrificial
template for the successful growth of Ag@Pt NRDs
on L-ERGO surface to sweep over the stripping phe-
nomena of Ag* ions at the electrode surface.

In addition, the synergistic effect of Ag metal pos-
sesses better capabilities for enhancement in the CO
tolerance and thereby exhibits an increased catalytic
activity and stability of Pt-based catalysts (Feng et al.
2011; Peng et al. 2015). At the outset, these properties
have enlightened us to develop an Ag-based bimetallic
nanostructure such as Ag@Pt NRDs on L-ERGO/GCE
surface for a better catalytic activity with high CO
tolerance and stability towards methanol or ethanol ox-
idation. Very recently, Au@Pt bimetallic nanoparticles
on chemically reduced graphene oxide surface were
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studied for alcohol oxidation, which favours methanol
rather than ethanol oxidation (Gnanaprakasam et al.
2015). Instead of Au core and chemically reduced
graphene oxide synthesis, in the present investigation,
Ag core metal is introduced at L-ERGO surface to devel-
op the bimetallic Ag@Pt NRDs/L-ERGO/GCE and to
explore its possibility towards ethanol or methanol oxi-
dation. The replacement of base metal has altered and
favoured the catalytic property of Pt surface for ethanol
oxidation. Usually, the electrooxidation of ethanol is very
complex due to the release of 12 electrons to split C—C
bonds (Kakaei and Dorraji 2014). Ultimately, the toler-
ance level and the stability of the electrode will be affect-
ed. Thus, the presence of Ag as core metal with Pt would
enhance the efficiency of the catalyst based on the d-band
theory where the combination of Ag and Pt resulted in the
shift of d-band centre of Pt which tends to increase the
adsorption of hydroxyl ions on the metal surface (Safavi
et al. 2013). In addition, the presence of Ag would
activate the water molecules and enable to oxidize the
adsorbed poisonous species which, in turn, liberates the
active sites. Thus, Ag would act as a better base metal for
the development of bimetallic nanostructures of noble
metal catalysts for ethanol oxidation. The electrochemical
behaviour of the fabricated electrodes was investigated
by cyclic voltammetry (CV) and chronoamperometry.
Accordingly, a new avenue has opened up in the field
of direct growth of bimetallic NRDs on L-ERGO surface
which would enhance the catalytic activity for the
electrooxidation of ethanol. Further, the synthesized
new generation catalyst could be used as a better elec-
trode material in tuning the performance of fuel cells.

Experimental
Materials

L-tryptophan, sulphuric acid, hydrogen peroxide, cop-
per nitrate, sodium nitrate, sodium borohydride and
sodium hydroxide were obtained from Merck, India.
Methanol, ethanol and cetyl trimethyl ammonium bro-
mide (CTAB) were purchased from HiMedia, India.
Graphite powder crystalline (300 mesh), Pty,/C
(35849, MFCDO00011179) and Pt4o/C (42204,
MFCDO00011179) were obtained from Alfa Aesar, UK.
Ascorbic acid, trisodium citrate, hexachloroplatinic acid
and silver nitrate were purchased from Sigma-Aldrich,
USA. All reagents were analytical graded and used

without any purification process. All solutions were
prepared using double-distilled water.

Characterizations

Bimetallic Ag@Pt NRDs were grown on L-ERGO-
modified ITO surface for exploring its structural and mor-
phological behaviour. Preceding the development process,
the ITO plates were cleaned and pretreated with H,O,
H,0, and NH,OH with the ratio of 5:1:1. The surface
morphology of Ag@Pt NRD-decorated L-ERGO nano-
sheets was confirmed by scanning electron microscopy
(SEM) (VEGA 3 TESCAN, USA). X-ray diffraction
(XRD) pattern and energy-dispersive X-ray analysis
(EDAX) mapping analyses were used to confirm the pres-
ence of metallic Ag and Pt. XRD patterns were analysed
using Shimadzu XRD 6000 (Japan). EDAX measurements
were carried out using an energy-dispersive X-ray analyser
(Bruker, Germany). The Raman spectra were recorded
using the Horiba-Jobin (LabRAM HR).

Electrochemical measurements

All electrochemical investigations were performed with a
three-electrode set-up in an electrochemical workstation
using CHI 660D (CH Instruments, USA). GCEs were
polished with alumina (0.3 pm) using Buehler cloth and
sonicated in ethanol-water blend for 3 min. Ag@Pt
NRDs/L-ERGO/GCEs were used as the working elec-
trode. An Ag/AgCl filled with a saturated KCI and Pt wire
was used as reference and counter electrodes, respectively.

Synthesis of Ag@Pt NRDs/L-ERGO nanosheets
on GCE surface

Graphene oxide (GO) has been used as the basic mate-
rial for the synthesis of ERGO-modified electrodes. GO
was prepared by the modified Hummers method (Jeena
et al. 2015; Gnanaprakasam and Selvaraju 2014). The
prepared GO should be dispersed well in DI water under
ultrasonication with a fine concentration of 0.3 mg ml™"
where it is stable for more than 7 months. Initially, 10 pl
of GO dispersion was drop casted on GCE surface and
dried at room temperature. GO was electrochemically
reduced by 40 successive cycles in the potential range
between 0.0 and —1.5 V in 0.05 M phosphate buffer (pH
5). A reduction peak has appeared at —1.2 V at first few
cycles due to the reduction of oxygen moieties on the
GO surface and disappeared subsequently which
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indicates the complete reduction of GO. Further, for an
effective functionalization, the ERGO-modified elec-
trode was dipped in L-tryptophan (1 mg ml™") at room
temperature for 24 h and dried.

Bimetallic Ag@Pt NRDs were grown on L-ERGO
surface by a seed-mediated growth process followed by
the galvanic replacement method. Initially, bimetallic
Ag@Cu NRDs were grown on L-ERGO/GCE by the
simple seed-mediated growth method. Subsequently,
Cu shell at the bimetallic Ag@Cu NRDs was subjected
to galvanically replace by Pt in order to form a thin layer
of Pt on Ag surface. The detailed synthetic route of
Ag@Cu NRDs on L-ERGO-modified electrodes by
the modified seed-mediated growth method has been
reported elsewhere (Jeena et al. 2015). Further, Ag@Cu
NRD-decorated L-ERGO nanosheet-modified elec-
trodes were dipped in 2.4 mM aqueous solution of
hexachloroplatinic acid for 95 s for the complete gal-
vanic replacement of Cu by Pt. Finally, the bimetallic
NRD-decorated electrode should be denoted as Ag@Pt
NRDs/L-ERGO/GCE.

Results and discussion
Surface and morphological studies

Scheme 1 summarizes the stepwise growth of bimetallic
Ag@Pt NRDs on L-ERGO surface by seed-mediated

on £ 2400s

OH

Ag@Pt/L-ERGO

Ag@Cu/L-ERGO

growth followed by galvanic replacement method. It
demonstrates the growth of Agg..qs into bimetallic
Ag@Cu NRDs followed by the electroless replacement
of Cu by Pt at L-ERGO-modified electrodes. The dif-
ference in the standard reduction potential between
Cu™*/Cu (E° = +0.34 V) and Pt""/Pt (E° = +1.44 V)
has accounted for the galvanic replacement reaction.
Figure 1 shows the SEM images of ERGO (a) and
bimetallic Ag@Pt NRDs (b) decorated L-ERGO nano-
sheets. Figure 1a displays the wrinkled morphology of
ERGO nanosheets on the electrode surface, and Fig. 1b
demonstrates the effective growth of bimetallic Ag@Pt
NRDs at L-ERGO surface with the size distribution of
185 £ 2-nm diameter thickness and 1-um length. The
intermediate step of demonstrating SEM image of
Ag@Cu NRDs at L-ERGO has been reported elsewhere
(Jeena et al. 2015). In the present study, the shell-like Cu
has replaced as a sacrificial template for the successful
generation of a thin Pt layer over an Ag NRD surface by
galvanic replacement. It seems to be an efficient route
for the formation of a thin layer of noble metal nano-
structures such as bimetallic or core-shell nano alloy-
based NRDs. On the other hand, after galvanic replace-
ment of Cu by Pt at the bimetallic NRD-decorated L-
ERGO surface, no significant variation has been ob-
served in the surface morphology or size distribution
which is evidently confirmed by SEM analysis.

The existence of bimetallic such as Ag and Pt at
Ag@Pt NRDs/L-ERGO was confirmed by EDAX
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C; A0
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<
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Scheme 1 Schematic representation for the stepwise growth of Agg..qs into bimetallic Ag@Pt NRDs on L-ERGO nanosheets
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Fig. 1 SEM images of ERGO (a) and Ag@Pt NRDs/L-ERGO (b) on electrode surfaces

spectra and elemental mapping analysis. Figure 2 shows
the elemental mapping analysis and the EDAX pattern
of Ag@Pt NRDs/L-ERGO-modified electrodes. EDAX
measurements of Ag@Cu NRDs/L-ERGO were report-
ed elsewhere (Jeena et al. 2015). The result derived from
Fig. 2 would substantiate the complete replacement of
Cu by Pt through galvanic replacement. In addition, the
XRD patterns have justified the existence of bimetallic
Ag and Pt through the complete replacement of Cu at
Ag@Pt NRDs/L-ERGO surfaces (Fig. 3). The diffrac-
tion pattern at 10.1° was minimized, and a new diffrac-
tion pattern was observed at 24.1° for ERGO which
inferred the complete electrochemical reduction of
graphene oxide. Besides, the XRD pattern of bimetallic
Ag@Cu NRDs/L-ERGO (a) shows that peaks at 17.1°,
20.6° and 27.5° correspond to Ag and 20.6°, 23.5° and
38.2° correspond to Cu (Jeena et al. 2015). On the other
hand, after Cu replacement by Pt, the diffraction pattern
that corresponds to metallic Cu did completely disap-
peared and new diffraction patterns at 20.7° (2 0 0),
28.9° (2 2 0) and 36.3° (2 2 2) were observed which
exhibits the presence of Pt at Ag@Pt NRDs/L-ERGO
(b). In addition, the peaks at 21.7° and 31° correspond to
ITO surface. Eventually, all the diffraction patterns were
correlated with JCPDS nos. 011167 (Ag), 011311 (Pt)
and 320458 (ITO), respectively. Thus, the XRD pattern
has firmly validated the complete replacement of Cu by
Pt and thereby the successful growth of Ag@Pt NRDs
on L-ERGO surface by galvanic replacement reaction.

Raman spectra are extremely sensitive to electronic
structure, and it is considered as an effective tool to
characterize graphene-based materials. Figure 4 shows
the Raman spectrum of Ag@Pt NRDs/L-ERGO-modi-
fied electrode. D and G bands at 1350 and 1590 cm ™'
corresponds to the breathing mode of A, symmetry and
first-order scattering of E,, vibrational mode. The inten-
sity ratio of D and G bands (/p/I) has been considered
as a degree of disorderness on the graphene nanosheets.
Initially, /p/Ig ratio was calculated as 1.42 for ERGO
(Jeena et al. 2015). After the growth of bimetallic
Ag@Cu NRDs on L-ERGO surface, the ratio has de-
creased to 1.03. It depicts the direct growth of Cu shell at
Ag NRDs as Ag@Cu NRDs on L-ERGO surface (Jeena
et al. 2015). Further, upon galvanic replacement of Cu
by Pt at Ag@Pt NRDs/L-ERGO nanosheets, a slight
increase in the I/l ratio to 1.15 is observed. It is due to
an insignificant increase in the disorderness upon the
generation of a thin layer of Pt at Ag NRD surface. The
second-order band (2D) and the combination band (D +
G) at 2680 and 2939 cm ! are correlated with the
graphitic phases of the nanosheets. The intensity of 2D
band is an evidence for the generation of exfoliated
graphene oxide at the electrode surface.

Electrochemical characterizations

CV studies have been considered as an effective surface
sensitive tool which enables the electrochemical
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information of surface atoms compared to the bulk
material. CV responses of Agge.qs/L-ERGO/GCE and
Ag@CuNRDs/L-ERGO/GCE were studied in N,-satu-
rated 0.5 M H,SO, and reported elsewhere (Jeena et al.
2015). After electroless Cu replacement by Pt, the an-
odic stripping peak current that corresponds to Cu or Ag
disappeared. Figure 5 shows a CV response of bimetal-
lic Ag@Pt NRDs/L-ERGO/GCE in N,-saturated 0.5 M
H,S0,. It shows a broad oxidation and reduction waves
in the range of —0.3 to 0.1 V corresponding to the
hydrogen adsorption/desorption process which typically
correlates the presence of Pt surface. Predominantly,
there is no stripping behaviour at 0.23 V which was a
solid evidence for the confinement of Ag dissolution
(Jeena et al. 2015; Easow and Selvaraju 2013). In addi-
tion, CV results would validate the masking properties
of thin Pt layer at the Ag NRD surface as bimetallic
Ag@Pt NRDs on L-ERGO. This evidently confirmed
the presence of Pt over an Ag surface at Ag@Pt NRDs/
L-ERGO electrodes.

Electrocatalytic activities of Ag@Pt NRDs/L-ERGO/
GCE

The electrocatalytic behaviour of bimetallic Ag@Pt
NRDs/L-ERGO/GCE or commercial catalysts such as
Pt40/C or Ptyo/C-loaded electrodes was investigated for
the oxidation of ethanol or methanol in alkaline media.
Importantly, the number of catalytic active sites at dif-
ferent catalyst-loaded electrodes was determined using
the electroactive surface area (ECSA). After double-

0.124

-0.06 v

00 03 06
E/V vs.Ag/AgCl

Fig. 5 Cyclic voltammetric response of Ag@Pt NRDs/L-ERGO/
GCE in 0.5 M H,SO; at a scan rate of 50 mV s~

layer correction, the ECSA has been estimated from
the accumulated charge under the hydrogen
adsorption/desorption process. It was studied using CV
response at different catalyst-loaded electrodes in 0.1 M
H,SOy, at a scan rate of 50 mV/s with the Eq. (1).

ESCA — QH/QH*m (1)

Here, Oy is the charge associated with the hydrogen
adsorption/desorption region, Oy« is the charge density
associated with the adsorption of hydrogen monolayer
(210 uC cm_z) and m is the mass of Pt loaded on the
electrode. The calculated ECSA for the bimetallic
Ag@Pt NRDs/L-ERGO/GCE or Pt,(/C or Ptyy/C-load-
ed electrodes is 53.5, 39.7 and 27.8 m> gpfl, respective-
ly. Thus, a thin layer of Pt generation via galvanic
replacement process exhibits a high ECSA at bimetallic
Ag@Pt NRDs/L-ERGO/GCE compared to other com-
mercial high weight percentage catalysts such as 20%
(Pty0/C) or 40% (Pt4¢/C) Pt-loaded electrodes.

The electrocatalytic activity of Ag@Pt NRDs/L-ER-
GO-modified electrode for ethanol or methanol oxida-
tion was compared with Pt,o/C or Ptyo/C-loaded elec-
trodes in terms of specific activity (current density nor-
malized by surface area of the catalysts) and mass ac-
tivity (current density normalized by the mass of Pt
loaded). The mass of Pt at bimetallic Ag@Pt NRDs/L-
ERGO was calculated from EDAX analysis or ICP-
AES and compared with the commercial catalyst-
loaded electrodes. It is calculated as 1.35, 12 and
24 ug cm 2 that correspond to bimetallic Ag@Pt
NRDs/L-ERGO/GCE, Pt,o/C/GCE and Pt4o/C/GCE.
Figure 6 shows the CV responses of bimetallic Ag@Pt
NRDs/L-ERGO/GCE in terms of mass activity (a) and
specific activity (b) for 0.5 M ethanol at the scan rate of
50 mV s '. The newly developed modified electrode
exhibits an excellent electrooxidation of ethanol with
ease at an anodic peak potential of —0.26 V with an
onset potential at —0.72 V. Further, for comparison and
in order to emphasize the importance of thin layer Pt
generation at bimetallic NRD-decorated L-ERGO elec-
trode, bare GCE (a), L-ERGO/GCE (b) and Ag@Cu
NRDs/L-ERGO/GCE (c) were studied for the
electrooxidation of ethanol under identical conditions
(Fig. 6a (inset A)). Neither bare GCE nor bimetallic
Ag@Cu NRD-decorated L-ERGO electrode had shown
an observable oxidation current in the potential between
—1.0 and 0.5 V. It validates the feasibility of ethanol
oxidation at the Pt surface-loaded electrode rather than
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Fig. 6 CV response of mass activity (a) and specific activity (b) at
Ag@Pt NRDs/L-ERGO/GCE for 0.5 M ethanol in 0.5 M NaOH at
the scan rate of 50 mV s . Inset A in a shows CVs of bare GCE
(@), L-ERGO/GCE (b) and Ag@Cu NRDs/L-ERGO/GCE (¢).
Inset B in a and inset in b shows CVs of Pt,/C/GCE (a) and
Pt4o/C/GCE (b) for ethanol oxidation under identical conditions
for mass activity and specific activity, respectively

a
CH3;CH;OH

at the Cu loaded or at bare electrode surfaces. Moreover,
the electrocatalytic behaviour of bimetallic Ag@Pt
NRDs/L-ERGO/GCE towards ethanol oxidation was
compared with the commercial catalysts such as Ptyo/C
or Pt,o/C-loaded electrodes in terms of its mass activity.
Figure 6a (inset B) shows the CVs of Pt,(/C/GCE (a) or
Pt4o/C/GCE (b) in 0.5 M ethanol under identical condi-
tions where the onset potential and anodic peak potential
were calculated as —0.54 and —0.2 V. On the other hand,
Ag@Pt NRDs/L-ERGO/GCE exhibits a negative shift
in both onset potential —0.72 V and anodic peak poten-
tial —0.26 'V for ethanol oxidation. Thus, the developed
catalyst exhibits 65 or 59 times higher mass activity
compared to Pt,o/C or Ptyo/C commercial catalysts
(Fig. 6a). Scheme 2 illustrates the unfavourable and
the favourable condition for the electrooxidation of eth-
anol at Ag@Cu NRDs/L-ERGO/GCE (a) and Ag@Pt
NRDs/L-ERGO/GCE (b), respectively. Though Pt sur-
face possesses high catalytic activity for alcohol oxida-
tion, the surface poisoning effect due to the generation
of CO-like species is a main challenge. Ultimately, the
generation of a thin layer of Pt at Ag surface as bime-
tallic Ag@Pt NRDs/L-ERGO electrode shows an en-
hancement in catalytic activity for ethanol oxidation
with a high current density and reduced its surface
poisoning effect. In CVs, the forward peak current (/p)
is responsible for the oxidation of ethanol and the back-
ward peak current (/) is due to CO poisoning. The ratio
of forward and backward peaks currents (/¢/1,) is in-
versely proportional to the rate of intermediate adsorp-
tion. Thus, the ratio was calculated as 5 at Ag@Pt
NRDs/L-ERGO/GCE towards electrooxidation of etha-
nol. It was very high compared to other commercial Pt

b
CH3;CH;OH

Scheme 2 Schematic representation of the electrooxidation of ethanol at Ag@Cu NRDs/L-ERGO/GCE (a) and Ag@Pt NRDs/L-ERGO/

GCE (b)
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Table 1 Comparison of onset potential (V), anodic peak potential (V), /{/],, ratio, specific activity (mA cm ?) and mass activity (A mgfl) of
Ag@Pt NRDs/L-ERGO/GCE with commercial catalysts Pt,o/C/GCE and Pt,;o/C/GCE for ethanol oxidation

Catalyst Onset potential (V) Anodic peak potential (V) I, Specific activity Mass activity
(mA cm 2) (Amgy )

Ag@Pt/L-ERGO -0.72 -0.26 5 2.0 0.19

Pt,o/C -0.54 -0.2 1.8 0.19 0.0029

Pt,o/C —0.54 -0.2 1.6 0.62 0.0032

catalyst-based electrodes (Gnanaprakasam et al. 2015)
where a thin layer of Pt was generated at bimetallic NRDs
as Ag@Pt at L-ERGO surface which exhibits a high
tolerance ratio and better stability for the electrooxidation
of ethanol. The weak chemisorptions of CO at Pt surface
were closely associated with its high electron density.
This factor had been overcome by the synergistic effect
produced by the interaction between Ag and Pt at the
bimetallic NRD electrode. The ligand effect and strain
effect developed at the bimetallic Pt and Ag-based NRDs
show better electron transfer kinetics. In addition, the
ERGO nanosheet template provides a high surface area
for favouring the electrooxidation of ethanol.

Moreover, the electrocatalytic behaviour of bimetal-
lic Ag@Pt NRDs/L-ERGO/GCE towards ethanol oxi-
dation was compared with the commercial catalysts
such as Pt,o/C or Ptyo/C-loaded electrodes in terms of
its specific activity (Fig. 6b). An enhanced current den-
sity of 10 or 3.2 times higher than Pt,/C (Fig. 6b inset
(a)) or Pty/C (Fig. 6b inset (b)) loaded electrodes was
observed. Further, Ag@Pt NRDs/L-ERGO/GCE shows
a high I/, ratio as 5 compared to 1.8 at Pt,o/C or 1.6 at
Pt4¢/C-loaded electrodes. Table 1 summarizes the onset
potential, the anodic peak potential, the /1, ratio, the
specific activity and the mass activity between the newly
generated bimetallic and commercial catalyst-loaded
electrodes. Finally, the high current density or high
specific activity in terms of electrooxidation of ethanol
at bimetallic Ag@Pt NRD-decorated L-ERGO elec-
trode was observed due to the high efficiency of a thin
layer of Pt generation via galvanic replacement reaction.
In addition, the high /], ratio was achieved due to the
significant synergistic role of Ag as base metal at bime-
tallic NRDs which attributes to enhance the oxidation of
CO-like poisonous species by imparting oxygen-
containing species from aqueous media and thereby
minimizing the poisoning level. Hence, the blending
of bimetallic Ag@Pt NRDs at L-ERGO has allowed
for the better electrooxidation of ethanol.

The long-term electrochemical stability of bimetallic
Ag@Pt NRDs/L-ERGO/GCE for the electrooxidation
of ethanol was investigated by chronoamperometry at
—0.4 V for 1000 s (Fig. 7). Here, the current density has
decreased rapidly at the initial stage due to the formation
of the intermediate species, and after 400 s, a very
minimum decrease in the current density up to 1000 s
was observed. It indicates the better tolerance level and
long-term stability of bimetallic Ag@Pt NRDs/L-
ERGO electrodes. Compared to Pt,/C or Ptyo/C-loaded
electrodes, Ag@Pt NRDs/L-ERGO/GCE shows 22.9 or
7.6 times higher current density (Fig. 7 (inset)). In
addition, the ratio of mass activity of the modified
electrode has been calculated as 14.2 or 6.2 times higher
than Pt,o/C or Pt;o/C-loaded electrodes. These results
proved the unique bimetallic Ag@Pt NRD-decorated L-
ERGO nanosheets as a better catalyst for the
electrooxidation of ethanol with good stability and low
poisoning effect.

Similarly, the electrocatalytic activity of bimetallic
Ag@Pt NRDs/L-ERGO/GCE for methanol oxidation
was compared with the commercial catalysts in terms
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Fig. 7 CA curves of Ag@Pt NRDs/L-ERGO/GCE for 0.5 M

ethanol in 0.5 M NaOH studied up to 1000 s at —0.4 V. The inset

shows CA curves of Pt,o(/C/GCE (a) and Pt;o/C/GCE (b) under
identical conditions
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of' mass activity and specific activity. Figure 8 shows the
CV response of Ag@Pt NRDs/L-ERGO/GCE in terms
of mass activity (a) and specific activity (b) in 0.5 M
methanol at the scan rate of 50 mV s~ . It has shown an
onset potential and an anodic peak potential at —0.5 and
—0.24 'V, respectively. Figure 8a solidly confirmed an
enhanced catalytic activity at Ag@Pt NRDs/L-ERGO
for methanol oxidation in terms of mass activity with a
higher current density of 0.145 A mgpt_1 compared to
Pt,o/C (0.024 A mg, ') or Pty/C (0.016 A mgy ).
Inset of Fig. 8a shows the CVs of Pt,o/C/GCE (a) and
Pt4o/C/GCE (b) for methanol oxidation under identical
conditions. Thus, the newly developed catalyst shows
nine or six times higher efficiency compared to the
commercial catalysts. Similarly, the specific activity of
the catalyst for methanol oxidation was studied
(Fig. 8Db). It shows an electrooxidation of methanol with
the current density 1.48 mA cm ? which was compara-
ble to Pt,o/C (Fig. 8b inset (a)) or Pt;/C (Fig. 8b inset
(b)) loaded electrode. Thus, the unique bimetallic NRDs
on L-ERGO-decorated electrode exhibits a high tolerance
level with the /1, ratio of 12 and low poisoning effect
compared to the commercial Ptyo/C or Ptyo/C-loaded
electrodes. The peak potential, the /y/, ratio, the specific
activity and the mass activity corresponding to different
electrodes for methanol oxidation are tabulated in
Table 2. Further, the electrochemical stability of bimetal-
lic Ag@Pt NRDs/L-ERGO/GCE was studied for metha-
nol oxidation by CA at —0.45 V for the period up to
1000 s (Fig. 9) and compared its efficiency with the
commercial catalysts (Fig. 9 (inset)). In addition, the ratio
of mass activity of the modified electrode was calculated
as 1.2 or 1.77 times higher than Pt,/C or Pt4o/C-loaded
electrodes. The CA response of Ag@Pt NRDs/L-ERGO
catalyst shows better long-term stability compared to the
commercial catalysts such as Pt,o/C or Pt;y/C in terms of
mass activity and comparable behaviour in terms of
specific activity. Normally, PtRu/C catalysts have been
considered as the best catalyst due to the bifunctional
mechanism of Ru which activates the water molecules
at a lower potential than pure Pt (Costamagna and
Srinivasan 2001; Schmidt et al. 1997). Steigerwalt et al.
developed PtRu/C nanocomposites as anode catalysts for
direct methanol fuel cells (Steigerwalt et al. 2002). Gu
et al. used PtRu/C nanocomposites for methanol oxida-
tion where I/, ratio has been calculated as 4.6 (Gu et al.
2014). Chronoamperometric response shows the current
density around 0.2 mA cm 2 for methanol oxidation at
PtRu/C-modified electrodes. Zhu et al. studied the
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performance of PtRu/C catalysts for methanol oxidation
by activation and sensitization treatment where the cur-
rent density normalized by the Pt loading has been cal-
culated as 0.5 A mg ' (Zhu et al. 2007). All these results
derived from Ru-based catalyst are comparable with the
newly developed bimetallic Ag@Pt NRDs/L-ERGO cat-
alyst where /i/I;, ratio is measured as 5 or 12 for ethanol or
methanol oxidation.

Conclusions

The challenging task of direct growth of bimetallic
Ag@Pt NRDs on L-ERGO nanosheets via galvanic
exchange process where Cu acts as sacrificial template
was successfully carried out. Here, a facile seed-
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Fig.8 CV response of mass activity (a) and specific activity (b) at
Ag@Pt NRDs/L-ERGO/GCE for 0.5 M methanol in 0.5 M NaOH
at the scan rate of 50 mV s ', The insets in a and b show CVs of
Pt,o/C/GCE (a) and Pt4/C/GCE (b) for methanol oxidation under
identical conditions
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Table 2 Comparison of onset potential (V), anodic peak potential (V), /¢/,, ratio, specific activity (mA cm ?) and mass activity (A mgfl) of
Ag@Pt NRDs/L-ERGO/GCE with commercial catalysts Pt,o/C/GCE and Pt;/C/GCE for methanol oxidation

Catalyst Onset potential (V) Anodic peak 11, Specific activity Mass activity
potential (V) (mA cm %) (Amgy ")

Ag@Pt/L-ERGO 0.5 -0.24 12 1.48 0.14

Pt,/C —0.43 -0.2 8.8 1.65 0.023

Pty/C —0.43 -0.2 7.4 1.33 0.015

mediated growth followed by electroless galvanic re-
placement method was introduced for the direct growth
of bimetallic Ag@Pt NRDs on L-ERGO nanosheets
with ease and confirmed by SEM, EDAX, XRD and
Raman spectroscopy. EDAX mapping analysis and CV
studies satisfactorily explained the complete replace-
ment of Cu by Pt at Ag surface. The resultant Ag@Pt
NRDs/L-ERGO electrode exhibits an excellent electro-
catalytic activity and stability for the oxidation of etha-
nol or methanol in alkaline medium. Importantly, high
tolerance level and minimal poisoning effect are ob-
served at Ag@Pt NRDs/L-ERGO-modified electrode
which is due to high I¢/], ratio towards electrooxidation
of ethanol or methanol compared to the commercial
catalysts such as Pt,o/C and Pt4o/C-loaded electrodes.
Eventually, the present work arose as a simple, robust
method for the development of bimetallic Ag@Pt
NRDs/L-ERGO-decorated electrode which could be
used as a new generation electrode material in alcohol-
based fuel cell applications, catalysis and sensors.
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Fig. 9 CA curves of Ag@Pt NRDs/L-ERGO/GCE for 0.5 M

methanol in 0.5 M NaOH studied up to 1000 s at —0.4 V. The

inset shows CA curves of Pt,o/C/GCE (a) and Pt4o/C/GCE (b)
under identical conditions
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