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One pot aqueous synthesis of nanoporous AugsPt;s
material with surface bound Pt islands: An efficient
methanol tolerant ORR catalyst+t

P. Anandha ganesh and D. Jeyakumar*

First time, we are reporting the synthesis of Aujgo.Pt, nanoporous materials in the size range
of 7-10 nm through galvanic replacement of Ag by Pt from Au;. Ags, spherical nano-alloys
(x= 20, 15, 10 and 5) in aqueous medium. The galvanic replacement reaction follows
‘Volmer-Weber’ growth mode resulting in the formation of surface bound Pt islands on
nanoporous Au surface. The high angle annular dark field image and low angle X-ray
diffraction studies confirm the presence of nanoporous Aujgo.Pt, NPs. The electrochemical
studies using AugsPt;s/C catalyst show excellent methanol tolerance behaviour and better
performance towards oxygen reduction reaction in terms of high mass activity, mass-specific
activity and figure of merit (FOM) when compared to HiSPEC Pt/C commercial catalyst.
Preliminary studies on the full cell using nanoporous AugsPt;s/C (loading 1.0 mg/cm?) as
cathode material and Pt-Ru/C (loading 0.5 mg/cm?®) as anode material performed well (38 mW

c¢m’?) than HiSPEC Pt/C cathode material (16 mW cm™).

Introduction

The endeavour on the development of small organics
fuel cells including methanol is pursued intensively owing to
the advantages like high volumetric energy density, ease of
handling and storage, simple cell design, along with possible
low temperature operation.'” Among the small organics,
methanol oxidation reaction (MOR) pathway doesn’t involve
complex C-C cleavage' and hence, work on the
development of direct methanol fuel cell (DMFC) has been
intense. However, the efficiency of DMFC was not fully
realized due to the following reasons 1) the ‘methanol cross
over’ from the anode side to the cathode side (through proton
exchange membrane), 2) ‘sluggish ORR kinetics’ at cathode
side and 3) the ‘catalytic CO-poisoning’ at anode side.2 Since,
Pt based catalysts are used in DMFC for both anodic MOR (Pt-
Ru/C) and cathodic ORR (Pt/C), the methanol cross over results
in mixed potential generation due to simultancous ORR and
MOR at cathode, which diminishes the cell voltage and current,
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thereby lowering the cell performance. Thus, there is a global
need for more reliable, efficient and truly methanol tolerant
catalysts for ORR.

Large number of research groups are actively working on
methanol tolerant ORR catalysts.®'* In this regard, bimetallic
nanostructures comprising Pt as one of the components with
either one of Pd, Au and transition metals (Fe, Co, Ni) as the
other component, with varying surface morphologies and
compositions have been under consideration.'"'>!* It is well
established that, bimetallic catalysts not only provides enhanced
catalytic activity through synergistic effect,'® but also helps in
minimizing the cost of its precious or less abundant metallic
counterpart, in the present case Pt. Pt/Pd based bimetallic nano-
alloys, core-shell nanostructures, nano-dendrites, core-porous
shell structures and Pt decorated NPs were synthesized and
extensively studied and the enhanced ORR activity was
attributed to the lowering of ‘d’ band centre value.'®?
Recently, Au-Pt core shell nanostructures have been reported
with better ORR activity owing to electronic coupling effect of
Au core and porous Pt shell,” strain effects of core metals.?
The beneficial effect of Au-Pt alloying could be ascribed to the
enhanced chemical activity of Pt (higher density of states) and
support surface periodicity of Au providing higher turnover
rates in DMFCs.?” Research activities currently focus on the
effect of nanostructured topography and modification of surface
morphology towards ORR catalysis.?®* During the last decade,
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nanoporous films (in the order of 100 nm thick) have been
synthesized by de-alloying metal-alloy foils or galvanic
replacement reaction resulting in enhanced ORR activity.’*™
For example, de-alloyed Pt-Ni porous film was shown to have
enhanced ORR activity.’® But, controlling the particle shape,
pore size at nanoscale and electrode fabrication process in
nanoporous films were found to be tedious, limiting their
catalytic applications in fuel cells. Hence, there is a great
challenge towards facile synthesis of bimetallic nanoporous
structures with sizes below 10 nm which will facilitate ease
cathode fabrication for effective ORR. Gao et al.,, have
synthesized a-PtO, NPs and showed a better mass and specific
activity than conventional Pt/C catalyst.*” However, to enhance
the performance they have remarked the need of a suitable
carrier for loading a-PtO, NPs. It is envisaged that, Pt clusters
will have steps and kink sites favourable for the formation of Pt
(IV) species that may have enhanced ORR activity.”® But
unfortunately, aggregation of free standing Pt clusters makes it
difficult for their practical applications. Hence, the formation of
nanoporous Au-Pt NPs may be a facile and easy way to have Pt
islands on Au surface towards enhanced ORR catalysis.

In this work, we have synthesized nanoporous Aujo.Pts
NPs (x = 20, 15, 10, 5) from Au;go,Agy, nano-alloys (x = 20,
15, 10, 5) through galvanic replacement reaction. The porous
nature of nanoporous Au-Pt NPs was predicted from surface
plasmon resonance (SPR) and confirmed by low angle x-ray
diffraction (LAXRD), high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) and cyclic
voltammetric (CV) studies. In addition, HAADF-STEM images
also show the presence of porous Au and Pt islands in AugsPt;s
NPs. X-ray photoelectron spectroscopy (XPS) results reveal the
presence of higher quantities of Pt (IV) in nanoporous
AugsPt;s/C catalyst. Electrochemical studies of AugsPt;s/C
catalyst shows excellent methanol tolerant ORR activity
compared to other nanoporous Au-Pt/C and HiSPEC Pt/C
catalysts. Furthermore, the enhanced methanol tolerant ORR
activity of AugsPt;s was observed from RDE studies, ca., high
mass activity, mass-specific activity, more positive onset
potential and half wave potential for ORR along with high
figure of merit (FOM). Meanwhile, the efficient and enhanced
Pt utilization in nanoporous AugsPt;s/C catalyst has been
assured by the stabilization of FOM in the presence of
methanol. Preliminary full cell studies have been carried out
using nanoporous AugsPt;s/C as the cathode material and the
details are presented in this paper.

Experimental

Synthesis of Au-Ag nano-alloys

Typical synthesis procedure for the AugsAgs, alloy NPs were
described as follows: Same procedure were followed for the
preparation of AujgxAgx nano-alloys (x = 20, 15, 10, 5) with
their appropriate precursors ratios. In a typical experiment,
7.8 mgs of HAuCl4.3H,O and 1.3602 mgs of AgNO; were
taken in 100 ml water and continuously stirred for five minutes.
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The reaction mixture was slightly turbid due to the formation of
AgCl. In order to solubilize the AgCl, the reaction mixture was
heated at 100 °C under constant stirring. As a result, turbid
solution changes to a clear pale yellow solution, to which 2.5
ml of 1% trisodiumcitrate decahydrate was added as capping
agent. The boiling precursors were co-reduced by adding 1ml
of 0.15% NaBH, at a single shot and the sol colour turns light
yellowish pink to brownish yellow with increasing ‘x’ values
(x = 5 to 20) intimating the Au-Ag nano-alloy formation. The
AujgoxAgy suspensions were centrifuged and utilized for
optical, transmission electron microscopy (TEM), HAADF-
STEM and LAXRD analysis.

Synthesis of nanoporous Au-Pt NPs from Au-Ag nanoalloys

Nanoporous Au <Pty NPs were synthesized through galvanic
replacement reaction from citrate capped spherical Au;pyAgx
alloy NPs in aqueous medium using K,PtCl; solution at
ambient temperature. In a typical experiment, Au;go Aoy
suspensions were treated with ‘x’ mole equivalent of K,PtCly
and the solution was stirred for 60 m. The colour of the
suspensions turns to pinkish, indicating the replacement of Ag
by Pt (i.e. nanoporous Au-Pt formation) with increase in
turbidity due to AgCl formation. The Au;goPt; suspensions
were centrifuged to remove AgCl and clear supernatant solution
containing the sol was used for further analysis. Details of
preparation of AujgoAgy/C and AujgPt,/C materials are
presented in ESI, .

Results and discussion

Several attempts have been made to prepare Au-Ag nano-alloys
in organic avoid AgCl
precipitation.***® There are few reports on the synthesis of

medium using oleylamine to

Au-Ag nano-alloy in aqueous medium.*'*? In the present case,
co-reduction of Au and Ag precursors were carried out in
aqueous medium at 100°C to avoid the problem of AgCl
precipitation. The optical absorption spectra of Auygo.Agy NPs
and Au; Pty NPs are presented in Fig. 1. It can be seen from
the Fig. 1A that the Au;go.Agyx NPs (x= 20, 15, 10, 5) shows a
single SPR band (SPB) between 482 nm to 507 nm.
It is pertinent to note that the SPB of 10 nm sized Ag and Au is
around 415 nm and 520 nm respectively. In our case, the SPB
of AuygoxAgrx NPs occurs between the SPB of Au and Ag and
gradually blue shifted (table 1) with increase in silver content
(increase in ‘x’ values) confirming the Au-Ag nano-alloy
formation.* The blue shift with increasing concentration of Ag
is further confirmed by the SPR spectra of AugsAgg, nano-alloy
(ESI, Fig. S37). In contrast, the SPB of Auygo..Pt, NPs (Fig. 1B)
are slightly broadened and red shifted compared to Aug.<Agoy
NPs and appears between 492 nm and 516 nm indicating the
replacement of Ag by Pt. It is also interesting to note that, the
SPB of Aujg.<Pt, nanoporous materials is also blue shifted with
increasing ‘x’ values due to the formation of Pt islands on Au
surface. If complete Pt shell is formed, then the SPB of
Auy9Pt, NPs might be diminished,** but the presence of SPR
confirms the nanoporous nature of this material. To ascertain
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the role of Pt islands in SPB blue shift, the Ag from Auj. Agx
NPs was stripped using Bromine water. The SPB of this
bromine etched porous Au NPs is seen at around 513 nm (ESI,
Fig. S47), which is closely similar to that of Au NPs. Hence,
the of SPR band for all ‘x’
AuygoPt, NPs could be attributable to exposed porous Au with
Pt islands and the lack of complete Pt shell.
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Fig. 1 (A) SPR spectra for Aujgx<Agay alloy NPs (a-d) x= 20, 15, 10, 5, (e) Au
NPs, (f) Ag NPs respectively. (B) SPR spectra for nanoporous AujgoPty NPs (a-
d) x=20, 15, 10, 5, (e) Au NPs, (f) Pt NPs respectively.

Powder x-ray diffraction patterns (Fig. 2) of AujgoAg/C
and Au,go.<Pt,/C are compared with the standard patterns of Ag
(JCPDS 04-0783), Au (JCPDS 04-0784) and Pt (JCPDS 04-
0802) and found to have characteristics similar to FCC system.
The lines are indexed and the lattice constant values, crystallite
size (calculated using Scherrer formula) are listed in ESI, table
S1f. It can be seen that the lattice constant values have
decreased marginally for Au;go.<Agx NPs when compared to
Ag NPs and Au NPs, whereas, for Aug<Pt, NPs it is shifted
towards that of Pt with increase in x values. This type of
behaviour has been reported for bimetallic NPs.?”** Galvanic
replacement reaction of a lower valent metal by a higher valent
metal generally results in the formation of hollow structures.*’
Ag

In the present case, in  Aujg.Agy nanoalloy was
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galvanically replaced by Pt using K,PtCl, as the reactant. It is
trivial that two silver atoms are replaced by one Pt during the
reaction. Hence, this may result in the formation of pores/voids
in the resultant Au,go.,Pt, nanomaterials.
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Fig. 2 (A) Powder XRD patterns of Aujg.xAgz/C alloys (a-d) x= 20, 15, 10 and 5
respectively compared with standard Au (black solid vertical line) and Ag (brown
solid wvertical line) patterns. (B) Powder XRD patterns of nanoporous
Auygo«Pty/C nanomaterials (a-d) x= 20, 15, 10 and 5 respectively compared with

standard Au (black solid vertical line) and Pt (blue solid vertical line) patterns.

To ascertain this, LAXRD analysis (Fig. 3) for AugsAgso,
AugsPt;s (derived from AugsAgsg and AugsAgg) and AugsPty
were performed. There was no low angle peak for AugsAgs
NPs indicating the material is not porous, whereas AugsPt;s NPs
clearly shows a peak at around 1.08 degree, which suggests the
presence of nanopores (microporous) in this material. AugoPty
and AugsPt;s derived from AugsAgg, also show low angle peaks
at 0.65 degree and 0.60 degree respectively indicating the
increased porosity in these materials. AugoPt;y did not show
prominent low angle peak (very low intense peak at around 2.0
degree), whereas AugsPts did not show any peak at low angle.
This result is comparable with the LAXRD pattern of
mesoporous silica and other porous materials.*® This is further
corroborated by HAADF-STEM studies of this material (vide
infra).

XPS spectra of AugsAgs;/C and AugsPt;s/C NPs were de-
convoluted using Guassian-Lorentzian curve fitting** with chi-
square value less than 2 and are presented in Fig. 4. An
examination of the Fig. 4A shows one set of peaks for Au 4f ;5
and Au 4f 5, energy levels at around 84.33 eV& 87.98 eV
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attributable to metallic Au.*’ Likewise, the Fig. 4B shows two
peaks at around 368.23 eV & 374.19 eV corresponding to 3ds,,
and 3ds); states of metallic Ag in AugsAg;,alloy NPs.

T T T T T T T

2 3 4 5 6 7 8 9 10
2 0 (deg.)

T [

Fig. 3 Low angle XRD patterns of (a) nanoporous AugsPt;s NPs derived from
AugsAge NPs., (b-d) nanoporous AujexPtyx (x=20, 15, 10) and (e) AugsAgso

nanoalloy respectively.

Similarly, XPS of AugsPt;s/C NPs (Fig. 4C) shows peaks
corresponding to Au and Pt energy levels. Au gives rise to two
set of peaks at around 84.43 eV& 86.05 eV and 88.07 eV&
89.50 eV corresponding to Au 4f;, and 4fs,, levels of Au’ and
Au (I) respectively.*’ On the contrary, the Pt centre exhibits
three sets of peaks for the energy levels of 4f;, and 4fs, at
around (71.33 & 74.73 V), (72.71 &76.11 eV), (74.51 & 77.91
eV).*” These peaks can be assigned for Pt°, Pt (II) and Pt (IV)
states with the relative peak areas of 50:22.5:27.5. Generally,
for Pt NPs the binding energy levels for Pt” and Pt (II) were
observed dominantly with trace levels of Pt (IV) (5-10% peak
area). Generally, Pt clusters are expected to have more steps
and kinks sites favouring Pt (IV) states.*® Hence, it may be
concluded that Pt in Au,g.Pt, NPs is present as isolated islands
on nanoporous Au surface. Further, the trace level of Au (II)
states observed in the present case is attributed to strong
interaction of Pt (IV) and the underlying porous Au structure.
The transmission electron microscopy (TEM) image (Fig. 5A)
of AugsAgsg alloy NPs shows that the particles are smooth and
spherical with a size range of 6 to 8 nm. Fig. 6A depicts the
TEM image of AugsPt;s NPs, in which the particles are porous
and spherical with a size range of 7.0 to 10.0 nm. The d - values
obtained from XRD patterns and TEM- SAED patterns are
consistent and the SAED intensity profiles as shown in
supporting information (ESI, Fig. S5 & S6 {). The HAADF-
STEM image of an AugsAgs, alloy NP along with elemental
mapping of Au, Ag and their line profile are presented in Fig. 5
(B-F). The HAADF-STEM image (Fig. 5B) reveals the lattice
fringes. The elemental colour profile of Au and Ag (Fig. 5C &
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5 D) shows random distribution and its composite mapping
(Fig. SE) indicates the mixing of Au/Ag in AugsAgsy nano-
alloy. The line profile (Fig. 5F) confirms and roughly mimics
its ratio (i.e., 85:30 as confirmed by ICPMS). The HAADF-
STEM picture of a nanoporous AugsPt;s NP along with
elemental mapping and line profile are presented (Fig. 6 (B-F)).
The HAADF-STEM image (Fig. 6B) shows typical pattern of
microporous materials with difference being the size of the
particle itself in the size range of 7 nm. The elemental mapping
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Fig. 4 (A) XPS of AugsAgs/C alloy NPs showing Au 4f and (B) Ag 3d energy
levels. (C) XPS of nanoporous AugsPt;s/C nanomaterials showing Pt 4f and Au 4f
energy levels.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 (A) TEM image of AugsAgso alloy NPs, (B) HAADF- STEM image of a
AugsAgs alloy NP, (C) Au elemental mapping, (D) Ag elemental mapping, (E)
Au-Ag composite mapping and (F) Au-Ag line profile.

images of Au and Pt (Fig. 6C & 6D) shows number of voids for
Au mapping and scattered Pt have been observed. In addition,
the composite profile (Fig. 6E) clearly shows Pt islands and
white patches all over the particle surface, indicating the
presence of pores/divots.*® Z. Liu et al., has observed this type
of images with voids/divots in de-alloyed PtCo; material owing
to the absence of Pt and Co in the elemental mapping images.
In the present case, these white patches are dominant due to the
nanoporous structure in AugsPt;s NPs. The line profile (Fig. 6F)
further corroborates this with consistent composition (i.e.,
85:15 as confirmed by ICPMS). It is seen from Pt line that the
Pt distribution drops to zero periodically, with an interval of <
0.5 nm, indicating that Pt is present as islands all over the
nanoporous surface. Similarly, Au line profile also indicates
that there is sharp dropping in the Au content periodically but
not to zero. In addition, the absence of Ag signal in the
elemental mapping images of AugsPt;s NPs suggests the
complete galvanic replacement of Ag. Both, LAXRD and
HAADF-STEM studies confirms the nanoporous (microporous)
nature of this material that manifests itself in the CV studies.

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 (A) TEM image of nanoporous AugsPt;s materials, (B) HAADF- STEM
image of a AugsPt;s NP, (C) Au elemental mapping, (D) Pt elemental mapping,
(E) Au-Pt composite mapping and (F) Au-Pt line profile.

The stabilized CV graphs of the nanoporous Au;gy.Pt,/C
materials (x = 20, 15, 10, 5) and HiSPEC Pt/C are shown in
Fig. 7. During anodic cycle, the surface oxide formation of Pt
and Au were seen as a wave from 1.0 V to 1.5 V and well
defined surface oxide reduction peaks of Pt-O and Au-O at
around 0.63 V to 1.14 V vs. RHE.** A closure examination of
the Fig. 7 indicates that the Pt-O reduction peak current
‘x’ values to that of Au-O
reduction current. This observation indicates the increasing

increases with increase in the

amount of Pt on the surface with increase in x values. The
surface oxides reduction peaks can be used to calculate the
ECSA and fraction of surface Au and Pt atoms from the
charges under the peaks** for various x values and are given in
table 1. The fraction of surface Pt atoms found to increase
dramatically for x = 5 and 10 as 26.7% and 50.0 % onwards.
For x=15 and 20 these values marginally increased as 55.5%
and 57.7% These
corroborated as follows: The number of atoms for 7 nm sized
AujgooxAgy nano-alloys computed using the previously
reported methodology®® was around 10,074 atoms with 1962
surface atoms. Depending on the x values the Au and Ag atoms

respectively. observations may be

J. Name., 2012, 00, 1-3 | 5
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vary at the bulk and surface (ESI, Table S271). For AugsAg,
NPs, the total number of Ag atoms is 959 and the surface Ag is
about 187 atoms. This means that 480 Pt atoms are required and
1755 Au surface atoms are available for nucleation and growth.

(a)

(b)

)

(d)

025 050 075 1.00 125 150 1.75
Potential (V vs. RHE)

Fig. 7 CVs of nanoporous Au,g«Pt,/C catalysts (a-d) x= 20, 15, 10, 5 respectively
coated on GC electrode in N purged 1.0 N H,SOj4 electrolyte.

This constitutes nearly 27% coverage of Pt on Au surface.
Similarly for x=10, the value was around 57%. However, in the
case of AugsAgs;y NPs the number of Pt atoms required to
replace Ag atoms was 1314 which constitutes 90% surface
coverage by Pt monolayer. During the galvanic replacement,
Ag from the core leaves voids/pores in the NPs exposing fresh
Au surface in the form of nanoporous structure. Hence the
relative ECSA of Pt did not change dramatically for x= 15 and
20 as mentioned earlier. To ascertain this, AugsPt;s NPs derived
from AugsAgg, nano-alloy using Pt*" as the precursor showed
39.5% Pt coverage. This is due to the galvanic replacement of
twice the amount of Ag compared to that of AugsAgs, NPs
resulting in more porous material. The mechanism of
nanoporous Aujg.Pt, material formation is described as
follows: Generally, the galvanic replacement reaction follows
nucleation growth model resulting in hollow or porous
nanostructures. The standard reduction potential of [PtCL,]*/Pt
(0.755 V) is higher than that of AgCl/Ag (0.22 V) and hence,
the replacement of Ag by Pt*' is thermodynamically
feasible. Initially, the [PtCly]*" nucleates on the Au-Ag alloy
surface and oxidizes Ag to Ag" which reacts with CI" forming
AgCl as precipitate and gets reduced to Pt atom on the surface
of Au. This process takes place sequentially adjacent to the Ag
sites. By stoichiometry, for one Pt atom will replace two silver
atoms from Au-Ag nanoalloy resulting in nano-hole formation.
Once the surface Ag atoms are removed, Ag from the interior
will also be removed. Due to kirkendall effect, there will be a
minor re-organization within the nanoparticles leading to
porous structure formation. It is worthy to note that, Pt has
higher surface free energy (159 meV/A?) than Au (96.8

6 | J. Name., 2012, 00, 1-3

meV/A%) and Ag (78 meV/A?* and hence, Pt growth
would follow Volmer—Weber growth model. This would lead
to the formation of Pt islands on nanoporous Au surface under
galvanic replacement conditions. Moreover, the presence of
SPR (Fig. 1 B) clearly shows exposed porous Au, HAADF-
STEM elemental mapping images and line profile confirms
porous structure with Pt islands (Fig. 6 C-F) and low angle
XRD pattern (Fig. 3) shows overall nanoporous structure. The
relative surface Pt fraction values of nanoporous Aujg.Pt.
(ESI, Table S2t) materials also corroborate the formation of
nanoporous structure. Furthermore, the characteristics of
AugsPt;s NPs clearly show the nanoporous nature of the
material with more surface bound Pt islands that manifests in
the ORR studies. Fig. 8A depicts the LSV graphs of
electrochemical oxygen reduction reaction (ORR) of
AujoPty/C (x = 20, 15, 10, 5) and HISPEC
Pt/C catalysts coated on RDE electrode at 1600 rpm in O,
saturated H,SO, electrolyte. The ORR onset and half-wave
potentials were calculated from the LSV graphs and listed in
(table 1). Perusal of the values indicate that, with increase in the
‘x’ values (up to x = 15) the E;;, increased to more anodic
values and then for x = 20, the value marginally decreased.
AugsPt;s/C nanomaterial shows higher onset and half-wave
potential than HiSPEC Pt/C, implying its efficacy towards
ORR. Similarly, ORR studies for all the compositions at
different rotation speed were carried out and the no. of
electrons using Koutecky — Levich equation® is described as

follows:

1 1 1

-= -4+ — 1
J JL JK ( )
1 1 1

j iBxe)2 T g @)

B = 0.620nFCyDy3/*v=1/6 3)

Where, j = measured current density, jp = diffusion limited
current density, jx = kinetic limited current density, ® = angular
velocity of RDE in rpm, n = number of electrons for ORR, F =
Faraday constant, C, = concentration of O,, D, = Diffusion
coefficient of O, and v = Kinematic viscosity of electrolyte. 1/j
was plotted as a function of w!/2 gave a straight line, with 1/j
as the intercept and slope has the component of B from
which the number of electrons can be calculated. It is
interesting to note that all these materials reduce oxygen via 4
electron reduction process. It is pertinent to note that
Au NPs shows 2¢” reduction process for ORR whereas Pt NPs
by 4e¢ reduction to H,O in acidic medium.
This observance of 4e” reduction process for ORR ascribes to
the presence of island like Pt on porous Au surface and is
responsible for effective ORR activity. The ORR graphs of
AugsPt;s/C nanomaterial at different rpm were shown in (ESI,
S8+). The mass activity and mass-specific activity for ORR
were calculated from the RDE studies. The mass-specific
activities for nanoporous Aujg.Pt,/C materials and HiSPEC
Pt/C catalysts were calculated (Fig. 8B & (table 1)) from their

This journal is © The Royal Society of Chemistry 2012
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steady state currents at 0.9V from RDE studies. It can be seen
that AugsPt;s/C catalyst has higher mass-specific activity (7.8
mA) compared to HiISPEC Pt/C catalysts (2.1 mA). Likewise,
the mass normalized Tafel regions were plotted for both
nanoporous AugsPt;s/C and HiSPEC Pt/C catalysts as shown in
Fig. 8C. It is noteworthy to mention that, at 0.9 V nanoporous
AugsPt;s/C shows higher mass activity of 0.49 A/mgp,
exceeding the 2017 DOE target of 0.44 A/mgp" and 16 times
higher than that for HISPEC Pt/C (0.03 A/mgp,) Perusal of the
data indicates that nanoporous AugsPt;s/C catalyst is the most
efficient catalyst among the series. The enhanced mass and
mass-specific activities in nanoporous AugsPt;s/C is ascribed to
higher catalytically active Pt islands confined on nanoporous
Au surface compared to HISPEC Pt/C catalysts.

In order to understand the efficiency of Pt atom
utilization, the figure of merit (FOM) for nanoporous
AugsPt;5/C and HiSPEC Pt/C catalysts were calculated based on
ORR steady state currents and surface Pt ratio according to a
previously reported literature'>. The FOM of nanoporous
AugsPt;s/C catalyst was 7.2%10% A per surface Pt atom which
is higher than that for HISPEC Pt/C catalyst (3.8%10* A per
surface Pt atom) due to enhanced surface bound Pt islands in
AugsPt;s/C as mentioned above. However, the FOM in the
presence of methanol for nanoporous AugsPt;s/C did not suffer
drastically (6.8%10% A per surface Pt atom), whereas for
HiSPEC Pt/C catalyst the FOM dropped by nearly one order
(4.2¥10% A per surface Pt atom). The retention of FOM in
nanoporous AugsPt;s/C catalyst not only reveals the efficacy of
Pt utilization in nanoporous AugsPt;s/C catalyst but also
ascertains its methanol tolerant ORR characteristics superior to
HiSPEC Pt/C catalyst. The CVs of nanoporous AugsPt;s/C and
HiSPEC Pt/C catalysts in the presence and absence of 0.2 M
methanol are presented in Fig. 9. The lack of methanol
oxidation peak at around 0.93 V (Fig. 9A) in nanoporous
AugsPt;s/C catalyst indicates its inertness to MOR. But,
HiSPEC Pt/C catalyst oxidizes methanol and prominent
oxidation and reverse peaks were observed at around 0.9 V and
0.55 V vs. RHE (Fig. 9B). This is further manifested in the
ORR studies. In the case of AugsPt;s/C catalyst (Fig. 9C) there
was no major change in the ORR current profile and half-wave
potential, whereas in HiSPEC Pt/C catalyst (Fig. 9D)
significant changes have been observed.

Single cell studies

Membrane electrode assembly MEA was fabricated using
Pt-Ru/C (0.5 mg/cm®) as anode material and nanoporous
AugsPt;s/C (1.0 mg/cmz) as cathode material with Nafion 117
membrane as the electrolyte (ESI, ) to assess the performance.
The polarization curves of the above mentioned MEA assembly
are presented in Fig. 10, by feeding methanol (2M at 2 ml/min)
at anode side and Oxygen (300 ml/min) at the cathode side at
40 °C, 50 °C and 60 °C. It is clearly seen from the Fig. 10 that
there is no monotonous decrement in the potential as in the case

This journal is © The Royal Society of Chemistry 2012
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(C) Mass normalized Tafel plot of nanoporous AugsPt;s/C and HiSPEC Pt/C
catalysts.

of HiSPEC Pt/C catalysts, indicating the methanol tolerance
ORR behaviour of nanoporous AugsPt;s/C as predicted from
CV and RDE studies. With the increase in the temperature there
is increment in the power density. It is noteworthy to mention
that at 60 °C the power density was 38 mW cm™ but for
HiSPEC Pt/C cathode catalyst the value is 16 mW cm™
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In a recent literature, Antonino and his co-workers has reported

an output of 34 mW/cm?® employing Pt-Pd;Co as the cathode
material at 60 °C.°! In addition, the same cell fed with air

8 | J. Name., 2012, 00, 1-3

instead of oxygen gave the power density of 22 mW cm™ (ESI,
S9+). Optimisation of cell parameters and studies on the
stability of the nanoporous Au-Pt catalysts are in the offing.

Conclusions

To sum up, among the Au;o.Pt, nanoporous materials,
AugsPt;s/C material was found to be an efficient electro-catalyst
for ORR, with excellent attributes in terms of onset potential,
half wave potential, mass activity, mass-specific activity and
FOM with very good methanol tolerance, when compared to
HiSPEC Pt/C commercial catalyst. The higher mass activity
and specific activity of nanoporous AugsPt;s/C essentially arise
due to the Pt islands that bound on nanoporous Au surface,
leading to more Pt (IV) for enhanced ORR activity. CV studies
clearly show that this material does not oxidize methanol,
which may be due to the underlying porous Au structure that
may not facilitate MOR. Furthermore, RDE experiments on
ORR in the presence of methanol clearly indicate that the onset
potential did not change significantly and the E,/, value also did
not suffer any shift. These properties result in minimizing the
mixed cathode potential and fulfil the requisites of a suitable
ORR catalyst as evidenced from full cell studies. Preliminary
studies reveal that the performance of nanoporous AugsPt;s/C is

This journal is © The Royal Society of Chemistry 2012
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better than commercial Pt/C material. Further, the one pot
synthetic strategy for nanoporous materials will not only help in
reducing the amount of scarce and expensive Pt, but also paves
a robust way out for preparing efficient ORR catalysts with
other suitable nanoporous metal structures for DMFCs.
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Table 1: Spectral and electrochemical data on AujgoxAgx and Auigo«Ptx nano-materials

AliooxAgx Auio0xPtx
X SPR SPR Onset Ein Relative ECSA Mass activity Mass-specific activity
(nm) am) | (V) V) o B (Amg of PY) (MA/mgp@0.9 V)
5 507 516 0.85 0.54 0.73 0.27 0.493 24
10 501 510 1.03 0.70 0.49 0.51 0.523 5.8
15 491 501 1.06 0.78 0.43 0.57 0.491 7.8
20 482 492 1.05 0.71 0.41 0.59 0.083 1.8
AUSsAggg 476 - - - -- - -
AugsPt;s” - 489 - - 0.36 0.64 - -
- -- 1.05 0.79 - 1.00 0.032 2.1
HiSPEC Pt/C

Potentials are with reference to RHE

"Prepared from AugsAgg nanoalloy using Pt** as the galvanic replacing species
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