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ABSTRACT: The electrochemical oxidation of small organic molecules (SOMs) such as methanol and glucose is a critical process
and has relevant applications in fuel cells and sensors. A key challenge in SOM oxidation is the poisoning of the surface by carbon
monoxide (CO) and other partially oxidized intermediates, which is attributed to the presence of Pt—Pt pair sites. A promising
pathway for overcoming this challenge is to develop catalysts that selectively oxidize SOMs via “direct” pathways that do not form
CO as a primary intermediate. In this report, we utilize an ambient, template-based approach to prepare PtAu alloy nanowires with
tunable compositions. X-ray photoelectron spectroscopy measurements reveal that the surface composition matches that of the bulk
composition after synthesis. Monte Carlo method simulations of the surface structure of PtAu alloys with varying coverage of oxygen
adsorbates and varying degrees of oxygen adsorption strength reveal that oxygen adsorption under electrochemical conditions
enriches the surface with Pt and a large fraction of Pt—Pt sites remain on the surface even with the Au content of up to 50%.
Electrochemical properties and the catalytic performance measurements of the PtAu nanowires for the oxidation of methanol and
glucose reveal that the mechanistic pathways that produce CO are suppressed by the addition of relatively small quantities of Au
(~10%), and CO formation can be completely suppressed by 50% Au. The suppression of CO formation with small quantities of Au
suggests that the presence of Pt—Au pair sites may be more important in determining the mechanism of SOM oxidation rather than
Pt—Pt pair site density.

KEYWORDS: methanol oxidation reaction, glucose oxidation reaction, formic acid oxidation, non-enzymatic glucose detection,
Monte Carlo simulations, fuel cells, sensors

B INTRODUCTION

catalyst activity, poisoning resistance, and long-term durability

Nanostructured Pt is widely used as a catalyst for the oxidation
of small organic molecules (SOMs) and has broad
technological applications in catalysis, fuel cells, and
sensors.'~° Platinum has several advantages in SOM oxidation
such as a high catalytic activity and the ability to oxidize a wide
range of functional groups including alcohols, carboxylic acids,
aldehydes, and ketones. Considerable work has been dedicated
to the oxidation of primary alcohols such as methanol and
ethanol for the anode of direct alcohol fuel cells. Accordingly,
the oxidation mechanism of methanol is well studied on Pt
catalysts.” "> This has allowed for significant advances in
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by tuning the morphology, size, composition, and, support
material of the catalyst. For example, promising results have
recently been achieved with thin-film catalysts based on
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atomically thin films of undercoordinated metal atoms.'*™"’

Despite these advances, the oxidation mechanism for more
complex SOMs containing a broader range of functional
groups and carbon—carbon bonds is currently underway.

The mechanism of methanol oxidation on pure Pt follows an
indirect pathway that leads to the production of adsorbed
carbon monoxide (CO) as the primary intermediate.””~>* The
preferential formation of CO is believed to arise from Pt—Pt
pair sites, which catalyze a rapid, multistep dehydrogenation of
methanol at low overpotentials. Pt—Pt pair sites also bind
strongly to the CO intermediate, leading to a high surface
coverage at low overpotentials. Thus, the selective formation of
the CO intermediate results in a poisoning effect because the
oxidation of CO requires adsorbed oxygen species, which
forms on the surface at relatively high overpotentials with
respect to the thermodynamic potential for methanol
oxidation. The poisoning effect of CO production in SOM
oxidation is a key challenge in the oxidation of a wide range of
SOMs including single and multicarbon substrates.

A common approach to overcoming the challenge of CO
poisoning is to incorporate more oxophilic metals such as Ru
into Pt alloys.”>~*” The oxophilic surface sites adsorb oxygen
species at lower potentials than Pt and facilitate CO oxidation.
This approach has been widely successful in increasing the
activity and poisoning tolerance of Pt-based catalysts for the
oxidation of methanol and formic acid. In addition, this
strategy has also been used in Pt-based catalysts alloyed with
Sn and Rh for ethanol oxidation, which not only increases CO
tolerance but also facilitates the activation of the carbon—
carbon bond.***’

Alternatively, a second approach to reducing the effects of
CO poisoning is to alloy Pt with other metals to reduce the
density of Pt—Pt pair sites.” The density of Pt atoms at the
surface and the density of Pt—Pt pair sites can be tuned by
adjusting the relative Pt content of the alloy. Lowering the
density of Pt—Pt pair sites decreases the binding strength of
CO and slows the dehydrogenation steps, and thus, oxidation
can proceed via a CO-free pathway.’”*" For example, a prior
work has shown that alloying Pt with first—row transition
metals favors a direct, CO-free pathway for the oxidation of
formic acid, which is a key intermediate in the oxidation of
methanol.”> Additionally, the density of Pt—Pt pair sites can
also be tuned by alloying Pt with other precious metals that are
less active toward SOM oxidation such as Au to promote a CO
free pathway.””’"*™*® For example, Xing and co-workers
found that PtAu alloys with Au occupying 60% of the surface
sites maintain higher overall methanol oxidation activity and
higher CO poisoning tolerance.”” The enhancements in CO
tolerance that arise from alloying Pt and Pd with less active
metals have also been shown to increase the tolerance of
precious metal-based catalysts toward the poisoning effects of
fuel crossover in the cathode of direct alcohol fuel cells.*”~**

Although the influence of pair site density on methanol
oxidation has been investigated previously, the effect of Pt—Pt
pair sites on the oxidation of more complex multicarbon
substrates has not yet been systematically investigated. In this
report, we investigate the influence of Pt—Pt pair site density
on the oxidation of D-glucose. Glucose oxidation is an
important electrochemical process for the detection of glucose
via amperometric methods, and glucose can be utilized as a
natural fuel source for implantable fuel cell devices in
biomedical applications.”~*" More importantly, the oxidation
of glucose is more complex and involves breaking C—C bonds

in addition to C—O and C—H bonds present in methanol.
Thus, important new insights into the oxidation of SOMs can
be gained by correlating the surface structure of Pt catalysts
and the density of Pt—Pt pair sites.

A wide range of catalysts have been studied for glucose
oxidation including precious metals such as Pt, Au, and Pd and
first—row transitions metals such as Co and Ni.**™>7 Under
acidic and neutral conditions, precious metal catalysts are more
stable and active for glucose oxidation in comparison with
first—row transition metals. The mechanism of D-glucose
oxidation on Pt has been studied previously.”*™®' In acidic
media, the oxidation of glucose on Pt-based catalysts occurs in
a step-wise process and results in three oxidation waves on
Pt(100) and on polycrystalline electrodes. The first oxidation
wave (0.2—0.4 V) is attributed to the oxidation of the
hemiacetal hydrogen on CI, leading to a gluconolactone
intermediate. The second peak (0.7—0.9 V) is attributed to the
oxidation of the carbon backbone of glucose and glucono-
lactone either adsorbed to the surface or present in the double
layer leading to the formation of a range of oxidized carbon
species including CO and CO,. Although gluconolactone
hydrolyzes to gluconic acid under acidic conditions, it is
believed that the hydrolysis is slow relative to the electro-
chemical oxidation on the timescale of voltammetry. The final
peak (1.0—1.2 V) occurs in the potential window where the
surface of Pt is oxidized and the Pt—O* and Pt—OH* species
may catalyze a further oxidation of the backbone to form CO
and CO,. However, the origin of the final peak remains a point
of debate in the literature.”” The oxidation mechanism has also
been examined in neutral (physiological) pH and in basic
conditions, which result in similar oxidation pathways on pure
Pt catalysts.”

Although the mechanism has been studied on pure Pt, there
are comparatively few reports devoted to bimetallic systems
such as alloys and core—shell architectures.”” In this report, we
examine the influence of composition in Pt;_ Au, alloy
nanowires on the mechanism of methanol and glucose
oxidation. Monodisperse PtAu alloy nanowires are prepared
via an ambient, template-based approach that allows for direct
control of composition by tuning the relative composition of
Pt and Au precursors used in the reaction. We employ X-ray
photoelectron spectroscopy (XPS) and Monte Carlo computa-
tional simulations to investigate the density of Pt sites on the
surface of the alloy in vacuum and in an oxidizing electrolyte,
respectively. Electrochemical measurements reveal that the
tuning of the Au content has a significant impact on the
catalytic properties of the catalyst and increasing the Au
content suppresses pathways that generate CO in both
methanol and glucose oxidation. Because CO is a poisoning
intermediate in SOM oxidation, the use of PtAu alloys
represents a promising approach to alleviating catalyst
poisoning in the oxidation of both single and multi-carbon
SOM substrates.

B RESULTS AND DISCUSSION

The Pt;,_.Au, nanowires were synthesized via the ambient,
template-based, double-diffusion method. Template-based
methods are advantageous for synthesizing metallic electro-
catalysts because they avoid the use of capping agents and
surfactants, which strongly bind to the surface of the catalyst
and block active sites. The U-tube (Figure S1) consists of two
glass half-cells that are separated by a polycarbonate filter
membrane. A precursor solution containing Pt and Au
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Figure 1. Characterization of the Pt,_ Au, alloy nanowires. Scanning electron microscopy images of nanowires consisting of 10% (A) and 90% (B)
gold. The inset is a high magnification image of the 90% Au nanowires highlighting the smooth surface texture of the wires. The composition of the
nanowires measured by EDX spectroscopy is shown as a function of the composition of the precursor solution (C). Powder XRD patterns (D)
collected from nanowire samples with compositions ranging from 0 to 100% gold. The vertical line denotes the position of the (200) peak of the

pure platinum nanowires.

precursors is loaded in one half-cell, and a reducing agent
solution is loaded in the other. The precursor and reducing
agent solutions diffuse into the tubular pores of the
polycarbonate membrane resulting in the reduction of the
precursor. The nucleation and growth of the metal is directed
by the size and shape of the tubular pore, which leads to the
formation of monodisperse nanowires. In this report, we
employ a mixture of Pt and Au precursors to produce alloy-
type nanowires with compositions that correspond to the
relative concentrations of the precursors used in the reaction.

The size and morphology of the nanowires were
characterized by scanning electron microscopy (SEM). Figure
1A,B shows representative images of the alloy nanowires
consisting of 10 and 90% Au, respectively. The SEM data
confirm that the as-synthesized samples consist of mono-
disperse nanowires with an average diameter of 80 + 15 nm
and aspect ratios of 50—100. SEM data collected from samples
with compositions ranging from 0 to 90% Au reveal that the
size and morphology of the resulting nanowires remain
consistent regardless of the composition. The ability of the
template-based method to produce nanowires of the same size
and morphology regardless of composition is important and
allows us to focus on the influence of composition on
electrocatalytic performance.

Energy-dispersive X-ray spectroscopy (EDX) was employed
to measure the relative Pt and Au content in the nanowires as a
function of the ratio of Pt and Au content in the precursor
solution (Figure 1C). Increasing the Au content in the
precursor solution results in a corresponding increase in the Au
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content within the resulting nanowire. Unlike in prior
reports,***> the co-reduction of Pt and Au results in a
nonlinear relationship between the composition of the
precursor solution and the composition of the resulting
nanowires. For example, a precursor solution containing 10%
Au results in nanowires with a composition of 40% Au. The
increased Au content in the nanowires is likely due to the
lower number of electrons required to reduce Au** in HAuCl,
relative to Pt** in H,PtClg and the higher reduction potential
of Au. Regardless, nanowires with compositions ranging from 5
to 90% Au can be predictably and reproducibly prepared
utilizing the data shown in Figure 1D and Table S1. To
demonstrate the reproducibility of the synthesis, each of the
data given in Figure 1C is shown as an average with an
accompanying standard deviation from multiple syntheses.
The composition of the nanowires and their crystalline
structure were examined by powder X-ray diffraction (XRD).
Representative XRD patterns are shown in Figure 1D for
nanowire compositions ranging from 0 to 100% Au. The XRD
pattern of the pure Pt and pure Au nanowires could be indexed
to the (111), (200), (220), and (311) reflections of face-
centered cubic Pt and Au, respectively. As the Au content is
increased in the alloy nanowires, the XRD peaks shift
uniformly toward the peak positions of pure Au, which is
expected for the Pt,_ Au, alloy. In addition, we do not observe
peaks that can be assigned to either pure Pt or Au in the alloy
nanowires, suggesting that the wires do not consist of a
physical mixture of the pure Pt and Au phases. Utilizing the
positions of the XRD peak, a plot of the lattice parameter as a
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Figure 2. TEM (A) images of a representative, individual Pt,_ Au, nanowire containing 35% Au. The inset displays a high-resolution TEM image
of edge of the nanowire. A selected area electron diffraction (B) pattern collected from the wire depicted in the TEM image. A HAADF scanning

TEM image is also shown (C) with EDX maps of Au (D) and Pt (E).

function of the EDX nanowire composition (Figure S2A)
yields a linear trend (R* = 0.996) consistent with an alloy-type
crystal structure. Nanowire compositions calculated using
Vegard’s law and the calculated lattice parameters (Figure
S2B) closely match the corresponding EDX measurements
with a mean absolute difference of 2.3% between these
measurements.

In order to characterize the crystallinity and uniformity of
the individual nanowires, we obtained high-resolution trans-
mission electron microscopy (HRTEM) and high angle
annular dark field (HAADF) images from an alloy nanowire
consisting of 35% gold. The HRTEM image shown in Figure
2A depicts a representative nanowire, and high magnification
images collected at the edge of the wire reveal that it consists
of interconnected crystallites. The lattice fringes observed in
the image have an interplanar spacing of 0.228 nm, which is
consistent with the lattice spacing of the FCC Pt,_ Au, alloy.
The selected area electron diffraction pattern (Figure 2B)
displays concentric diffraction rings that can be indexed to the
(111), (200), (220), and (311) reflections calculated for the
FCC structure of the alloy. The HAADF image (Figure 2C)
reveals that the nanowire has a uniform contrast along both
axes of the wire, suggesting that there is a homogenous
distribution of Pt and Au. We also obtained EDX maps of Au
and Pt shown in Figure 2D,E, respectively, and the uniformity
of the Pt and Au signals over the entire nanowire further
highlights that the nanowire maintains a uniform composition
over its entire structure.

XPS was employed to examine the electronic properties and
surface composition of the nanowires. High-resolution spectra
of the Pt and Au 4f regions are shown in Figure S3, and the
peaks can be assigned to the 4f;,, and 4f;, transitions for both
elements. The composition does not measurably affect the
position of the Au peaks, which is consistent with prior
results.”’ By contrast, increasing the Au content from 15 to

90% results in a 0.5 eV shift of the Pt 4f peaks to lower binding
energy (see Table S2). The shift to lower binding energies is
attributed to an upshift of the Pt d-band that arises from an
electronic effect of the Au atoms in the alloy.”’ Prior
theoretical work has shown that upshifts in the Pt d-band
strengthen interactions with adsorbates such as oxygen, CO,
and SOMs.°*~°® An increase in the binding strength of oxygen
can facilitate SOM oxidation because Pt—OH* and Pt—O*
species form at lower potentials and can facilitate CO
oxidation. However, an upshift in the Pt d-band can also
increase the binding strength of partially oxidized intermedi-
ates and CO thereby increasing poisoning effects.

In terms of composition, the XPS data reveal that, under
vacuum, the surface composition of the nanowires is consistent
with the nominal composition determined by EDX and XRD.
Thus, the synthetic method does not result in a significant
segregation of one element to the surface of the nanowire in air
or in vacuum. Although no significant surface segregation was
observed under vacuum, electrochemical measurements are
performed under acidic, aqueous conditions with an applied
potential. In addition, the adsorption of hydrogen and oxygen
species during cyclic voltammetry (CV) can selectively draw
electrochemically active atoms to the surface, leading to an
electrochemical segregation process.’”*®

To explore the possible surface distributions of a bimetallic
PtAu alloy nanowire of a given nominal composition,
Metropolis Monte Carlo simulations were performed using
900-atom nanoslabs of varying ratios of Pt and Au. The
nanoslab geometry allows us to study the relevant bulk and
surface partitioning of the species, while being more computa-
tionally tractable than the full 80 nm diameter nanowire.
Simulations were performed both in vacuum and in the
presence of oxygen adsorbates to reflect typical electrochemical
conditions employed in the oxidation of SOMs. The initial Pt
and Au locations were assigned randomly, and the equilibrium
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Figure 3. (A) Percentage of surface sites occupied by platinum atoms (% Pt on surface) as a function of the nominal Au composition with various
levels of oxygen adsorbate coverage calculated with the Pt—O binding energy for bulk platinum (415 kJ/mol). The gray dashed line denotes a 1:1
relationship between the surface Pt content and nominal Pt content. (B) Influence of Pt—O binding strength on % Pt on the surface as a function of
the nominal Au composition with 75% adsorbate coverage. Influence of Pt—O binding strength on the percentage of surface sites with at least (C)
one Pt—Pt pair and (D) one Pt—Au pair as a function of the nominal Au composition with 75% adsorbate coverage. High and low Pt—O binding
strengths represent either a 25% increase (515 kJ/mol) or a 25% decrease (315 kJ/mol) of the Pt—O binding strength relative to the Pt—O binding

strength on bulk Pt.

distribution was found by performing parallel tempering
Metropolis Monte Carlo calculations using the metal alloy
nanoparticle cohesive bond energy model of Yan et al,*” which
we extended to include surface adsorbates. This intentionally
minimalistic model relies solely on the bulk cohesive energy
and pairwise bond dissociation energies and neglects surface
reconstruction, strain effects, or collective interactions. Our
goal is to understand the qualitative physical underpinnings of
the system, without aiming for quantitative precision. Statistics
were collected on the equilibrium averages for energy, numbers
of atoms of each element in the bulk and on the surface, and
number of surface Pt atoms paired with other surface Pt and
Au atoms. A complete description of the computational
methods can be found in the Supporting Information, and the
Python 3.70 code is available on Github.”’

The average fraction of surface sites occupied by Pt atoms
for each nominal composition tested and each adsorbate
coverage level utilizing the Pt—O binding energy for bulk Pt
(415 kJ/mol) is shown in Figure 3A. The influence of the
oxidizing environment is modeled by varying the amount of
the oxygen adsorbate on the surface. We first consider 0%
adsorbate coverage levels to simulate the slabs in vacuum
(black line). The fraction of surface sites occupied by Pt atoms
is less than the nominal fraction of Pt atoms in the slab as a
whole, indicating that the surface is enriched in Au. This is
consistent with the more negative cohesive energy of Pt than
Ay, so in the absence of other factors, the total energy is
minimized when Pt is more coordinated, which thermody-
namically favors an Au-enriched surface under these
conditions. However, this is not observed in our XPS
measurements in vacuum. This is likely due to the synthetic
conditions and the use of the strong reducing agent sodium
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borohydride. Rapid reduction of the precursors is expected to
lead to a uniform distribution favored by kinetics rather than a
gold enriched surface favored by thermodynamics.

During the CV experiments, adsorption of oxygen species
causes electrochemically active atoms to segregate to the
surface. Our model allows us to study these trends by adjusting
the oxygen adsorbate coverage, depicted in Figure 3A. As the
oxygen adsorbate coverage level increases, the fraction of
surface sites occupied by Pt atoms becomes greater than the
nominal fraction of Pt atoms overall, and the surface becomes
increasingly enriched in Pt. This results from the strong Pt—O
binding affinity as compared with the Au—O binding affinity.
Because Pt binds more strongly to oxygen than does Au, the
overall structure is stabilized when Pt atoms are on the surface
and able to adsorb oxygen. Numerical values for these
parameters taken from published ab initio calculations are
included in Table S3. Visual depictions of nanoslabs generated
at different points throughout the simulations (Figure SS)
demonstrate that as the adsorbate coverage level increases, Pt
atoms on the surface preferentially occupy undercoordinated
edge and corner sites.

The experimental oxidizing environment is complicated and
involves many species that bind to the surface in different ways.
We explore the sensitivity to these variations by treating the
Pt—O binding energy as a tunable parameter describing the
typical adsorption event and investigated the influence of the
oxygen binding energy on the surface composition. In Figure
3B, we plot the average percentage of surface sites occupied by
Pt atoms as a function of the nominal Au content, with
different Pt—O binding energies. We also plot the percentage
of surface sites with at least one Pt—Pt pair (Figure 3C) and at
least one Pt—Au pair (Figure 3D) as a function of the nominal
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Au content with higher (515 kJ/mol) and lower oxygen (315
kJ/mol) binding strengths, relative to the oxygen binding
strength on pure Pt. For these calculations, we utilize an
oxygen coverage level of 75%, which approximates the relative
surface coverage of oxygen species observed in the CV results
discussed in the next paragraph. As expected, increasing the
binding energy of oxygen by 25% beyond that of the binding
energy of oxygen on bulk Pt leads to a higher degree of Pt
enrichment at the surface and a higher number of Pt—Pt pair
sites relative to the bulk distribution. Figure 3D depicts the
percentage of Pt—Au sites as a function of nanowire
composition, and we find that essentially 100% of the surface
gold atoms has a neighboring platinum atom until a nominal
gold composition of 75% is reached. These results suggest that
surface gold atoms do not tend to form clusters (i.e., forming
predominantly Au—Au sites) but rather disperse uniformly into
the platinum-enriched surface (i.e, forming predominantly
Pt—Au sites). Thus, relatively low levels of the gold content
(<50%) into the nanowire leads to a significant increase in Pt—
Au sites but has a comparatively small effect of reducing Pt—Pt
sites. In addition, the increased binding energy of oxygen that
results from the Au content in Pt,_ Au, alloys leads to several
effects that can influence SOM oxidation performance.
Increasing the oxygen binding strength leads to higher Pt—Pt
pair site density, which favors the indirect pathway rather than
the more efficient “CO-free” direct pathway. However,
increasing the oxygen binding energy also leads to higher
coverages of adsorbates such as oxygen and CO, which can
both influence the mechanism of SOM oxidation.

The electrochemical properties of the Pt;_.Au, nanowires
were examined by CV performed in aqueous 0.1 M perchloric
acid, and the results are shown in Figure 4. The pure Pt
nanowires display hydrogen adsorption (0—0.4 V) and the
oxide (0.6—1.0 V) regions that are characteristic of nano-
structured Pt catalysts.”' Elemental Au does not undergo either
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Figure 4. Cyclic voltammograms obtained in 0.1 M HCIO, at a scan
rate of 20 mV s~ of Pt,_,Au, nanowires with the gold content
ranging from 0 to 66%.

hydrogen adsorption or surface oxidation within the potential
window for Pt CV. Thus, increasing the Au content in the alloy
nanowires results in a proportional suppression of both the
hydrogen adsorption and oxide features, which is consistent
with Au atoms replacing Pt atoms on the catalyst surface. For
example, in a sample of nanowires consisting of 69% gold, the
hydrogen adsorption charge was suppressed by 73% in
comparison with a sample of pure platinum nanowires with
the same mass loading. In addition, the position of the oxide
reduction peak shifts from 827 to 789 mV, as the Au content is
increased from 0 to 50%. The 40 mV shift in the oxide peak
position to lower potentials suggests that the increase in the Au
content results in a stronger interaction with oxygen
adsorbates. This is consistent with the upshift of the Pt d-
band observed in the XPS results.

To examine the influence of composition and Pt—Pt pair site
density on the electrocatalytic properties of the Pt,_ Au,
nanowires, we evaluated their performance as methanol
oxidation catalysts. The methanol oxidation reaction (MOR)
activity was determined from linear sweep voltammograms
(LSVs) obtained in 0.1 M perchloric acid containing 0.1 M
methanol (Figure SA). The current density was normalized to
the Pt surface area determined from integration of the
hydrogen adsorption region to calculate the specific activity.
As Au is inactive toward methanol oxidation, the specific
activity enables us to examine the intrinsic performance of the
Pt active sites on the catalyst surface. The LSVs indicate that
increasing the Au content results in a significant enhancement
in MOR specific activity over the entire onset region relative to
the pure Pt nanowire. To compare performance as a function
of composition, the specific activities at 0.7 V were plotted as a
function of nanowire composition (Figure SB). Increasing the
Au content from 0 to 40% doubles the specific MOR activity.
However, increasing the Au content beyond 40% only
increases the activity by an additional 10% achieving a peak
activity of 0.50 mA cm ™2 in the 60% Au sample.

In order to confirm that the electrochemical measurements
did not significantly influence the structure of the nanowires,
we characterized the morphology and composition of the
nanowires before and after a durability test. We performed
chronoamperometry at 0.7 V (Figure S7B) to simulate 2 h of
catalytic operation. SEM images obtained before and after the
durability test (Figure S6) reveal that the size and morphology
of the nanowires are retained. EDX measurements also confirm
that the overall composition of the nanowires is essentially
identical before (37 + 1% Au) and after (34 + 2% Au) the
durability test. Cyclic voltammograms (Figure S7A) were
collected before and after the durability and were also
essentially identical in both the hydrogen adsorption and
oxide regions, suggesting that the surface structure of the
nanowires remains the same.

To investigate the origin of the enhanced MOR performance
in the Pt;_ Au, nanowire, we investigated their activity toward
the oxidation of formic acid and CO. CO is a key intermediate
that is formed in the indirect pathway. The indirect pathway is
expected for pure platinum and platinum-enriched alloy
catalysts because of the high density of Pt active sites on the
surface. In these catalysts, Pt—Pt pair sites facilitate the
dehydrogenation of methanol via a rapid multistep process
commonly referred to as a-dehydrogenation, resulting in the
formation of an adsorbed CO intermediate at low over-
potentials. The complete oxidation of CO to CO, is delayed to
higher potentials because CO oxidation requires the presence
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Figure 5. LSVs (A) of Pt;_,Au, nanowires in 0.1 M methanol/0.1 M HCIO, at a scan rate of 20 mV s™". A plot of the specific activities measured at
0.7 V as a function of the Pt;_ Au, nanowire composition (B). CO stripping voltammograms (C) and LSVs in 0.1 M formic acid (D) obtained at

20 mV s7! in the 0.1 M HCIO, electrolyte.

of adsorbed oxygen species, which do not form on Pt at
potentials below 0.5—0.6 V. CO is the primary intermediate in
the indirect oxidation pathway of methanol, and thus, the
performance of catalysts that operate via an indirect pathway
will strongly depend on CO oxidation performance.

To determine the relative onset for CO activation and
oxidation, CO stripping voltammograms (Figure SC) were
obtained after allowing the catalysts to fully adsorb CO from a
CO saturated solution. The addition of Au results in a large
positive shift of the CO stripping peak from 757 to 870 mV, as
the Au content is increased from 0 to 66%. An upshift in the
CO stripping peak suggests that the added Au content
decreases the effectiveness of the alloy nanowire toward CO
oxidation. Our experimental results are consistent with our
XPS results and with computational results,*” which indicate
that alloying platinum and gold results in a significant increase
in the binding strength of CO to the surface of the alloy. In this
case, the increase in the binding energy of CO leads to a
decrease of CO oxidation performance, even though the
binding strength of oxygen was also increased. Thus, these
results collectively indicate that the increase in MOR
performance cannot be explained by an increase in the CO
oxidation performance as a result of the gold’s electronic
effects.

Because Au does not increase CO oxidation performance, a
plausible explanation is that its presence on the surface favors a
direct pathway for the oxidation of methanol rather than the
indirect pathway. In the direct pathway, methanol rapidly
reacts with adsorbed oxygen species to form a formic acid
intermediate. In a subsequent step, the formic acid is then
deprotonated in the rate-limiting step to form CO,. Thus, the
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performance of catalysts that proceed via the direct pathway
will depend strongly on the ability of the catalyst to oxidize
formic acid to CO, at low overpotentials. Formic acid can
therefore be used as an electrochemical probe to determine if
methanol is oxidized via a direct or indirect pathway.’*”*
Catalysts that favor CO formation in SOM oxidation (indirect
pathway) will also favor the dehydrogenation of formic acid to
CO. The production of CO requires a higher overpotential to
achieve complete oxidation to CO,, and this produces a
distinct oxidation wave at 0.9 V in the formic acid LSV. On the
other hand, catalysts that favor non-CO pathways (direct
mechanism) oxidize formic acid at lower overpotentials
without producing a CO intermediate and produce a
characteristic oxidation wave at 0.6 V.

To investigate the influence of composition on the oxidation
of formic acid, we obtained LSVs in 0.1 M solution of formic
acid. The LSVs reveal that increasing the Au content
suppresses the peak associated with the indirect pathway and
the emergence of the peak associated with the direct pathway,
suggesting a uniform transition from the indirect to the direct
pathway. The MOR activities and formic acid data suggest that
the transition to a direct mechanism occurs within the first
40—50% of the added Au content, with concomitant increases
in MOR activity. However, our computational results shown in
Figure 3B,C suggest that the decrease in the density of Pt
atoms and Pt—Pt pair is relatively shallow, as the Au content is
increased to 50%. At 50% Au content and 75% adsorbate
coverage, our calculations predict that 65—80% of the surface
atoms are platinum and a large fraction (60—75%) of the Pt—
Pt pair sites remain at the surface. Thus, the transition to a CO
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Figure 6. CV data of Pt;_ Au, NWs in 0.1 M p-glucose/0.1 M perchloric acid in the anodic direction (A) and the cathodic direction (B). The
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voltammograms of Pt nanowires in 0.1 M p-glucose (D) and 0.1 M §-gluconolactone (E).

free pathway cannot be explained by the decrease in the
density of Pt—Pt pair sites alone.

Zhang and co-workers utilized density functional theory
(DFT) calculations to simulate the non-CO pathway of
methanol oxidation on stoichiometric PtAu(111) alloy
surfaces.’® In the non-CO pathway, methanol is adsorbed on
the surface of the alloy and rapidly reacts with adsorbed OH to
form an adsorbed HCOOH intermediate. A bridge bond
between the HCOOH and adjacent Pt and Au sites stabilizes
the HCOOH intermediate and facilitates its rate-limiting
deprotonation in this pathway. DFT calculations of methanol
oxidation on PtAu (111) and PtAu, (111) surfaces by
Gormley and Berger found that Pt—Au sites raise the transition
state for CO migration in the CO-pathway and lower the rate-
determining step of the non-CO pathway.”* This is consistent
with the electrochemical results, which demonstrate that the
transition to a non-CO pathway occurs within the first 50% of
the added Au content. The Monte Carlo results shown in
Figure 3D indicate that for 0—50% added gold, essentially all of
the surface atoms have at least one neighbor of the other
element. Thus, these results collectively suggest that the
presence of Pt—Au pair sites may be more significant in
defining the oxidation pathway than Pt—Pt pair site density.
The practical significance is that CO poisoning can be
mitigated by adding a relatively small fraction of Au atoms
(~25%) to the surface. Yet, the preference for Pt to sit on the
surface (Figure 3A) under operating conditions does not
drastically reduce the number of Pt—Pt pair sites on the surface
(Figure 3C), which are necessary for initial binding of formic
acid during the non-CO pathway.””
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Collectively, the MOR results indicate that alloying Pt with
Au can lead to a significant composition-dependent enhance-
ment in SOM oxidation performance and can shift the
oxidation toward a CO-free pathway. However, the oxidation
of methanol involves only a single carbon atom. On the other
hand, the oxidation of more complex SOM such as D-glucose
gives rise to multiple oxidations involving the formation of
partially oxidized intermediates including CO. The cyclic
voltammogram of the Pt nanowires in 0.1 D-glucose/0.1 M
perchloric acid shown in Figure 6D is consistent with prior
results obtained from Pt (100) single crystal and nanostructure
Pt electrodes.””*® The first oxidation wave (0.2—0.4 V, peak 1)
is assigned to the oxidation of the hemiacetal hydrogen on C1
leading to a gluconolactone intermediate. The second peak
(0.7—0.9 V, peak 2) is attributed to the oxidation of the carbon
backbone of glucose and gluconolactone present in the double
layer, leading to the formation of a range of oxidized carbon
species including CO and CO,. The final peak (1.0-1.2 V,
peak 3) is also attributed to the oxidation of the backbone,
leading to the formation of CO and CO,. Because this
oxidation occurs in the potential window where the surface of
Pt is oxidized, it is believed that this high potential oxidation
may be catalyzed by adsorbed oxygen species. The broad peak
in the cathodic sweep occurs within the same potential window
as peak 1 in the anodic wave and coincides with hydrogen
adsorption. Although this peak has not been widely
investigated in prior work, it is thought to be associated with
the oxidation of the hemiacetal hydrogen facilitated by the
onset of hydrogen adsorption.***’
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Based on our MOR results, the presence of Pt—Au sites and
the density of Pt—Pt pair sites play important roles in
determining the mechanism of SOM oxidation. The oxidation
of glucose gives rise to oxidation steps that do not involve CO
production (peak 1) and to oxidation steps that do involve CO
production (peaks 2 and 3). Thus, tuning the composition and
the Pt—Pt and Pt—Au pair site density may provide a pathway
for suppressing oxidation steps that lead to CO production.
Suppressing CO formation in glucose oxidation has important
implications for both fuel cell and sensor applications because
the buildup of partially oxidized intermediates reduces
oxidation activity and lowers glucose sensitivity. To investigate
the role of composition and Pt—Pt pair site density on glucose
oxidation, we collected CV data of our Pt,_,Au, nanowires in
solutions containing glucose, and the results are summarized in
Figure 6A,B.

In the anodic sweep (Figure 6A), the oxidation waves
change significantly with the increasing Au content. Notably,
the intensity of peak 3 decreases, as the Au content is
increased, and is completely suppressed, as the Au content
reaches 90%. The analysis of the oxidation waves at lower
potentials is more complex because peaks 1 and 2 overlap. As
the Au content increases from 0 to 50%, peak 1 shifts to higher
potentials. This is consistent with the CV data for pure Au,
which has a single oxidation peak assigned to the oxidation of
hemiacetal hydrogen located between 0.9 and 1.0 V. It is
therefore not surprising that the position of peak 1 shifts
toward higher potentials, as the Au content increases. The
position of this second peak remains relatively constant, and
intensity decreases as the Au content is increased to 50%.
However, above 50% Au content, peaks 1 and 2 merge into a
single peak, which shifts to higher potential, as the Au content
increases to 90%. Thus, it is difficult to determine if peak 2 is
completely suppressed above 50% or if the oxidation of the
backbone (peak 2) continues alongside the oxidation of
hemiacetal hydrogen, as peak 1 shifts to higher potential.

To elucidate the influence of composition on peak 2, we
obtained CV data in 0.1 M S-gluconolactone (Figure 6C). In
gluconolactone, the hemiacetal hydrogen at C1 in glucose is
oxidized and this is the major product associated with the
oxidation wave at peak 1. This isolates the influence of
composition on the oxidation of the gluconolactone backbone
(peak 2), as peak 1 will not be present in the CV. The CV of
gluconolactone oxidation on pure Pt (Figure 6E) displays a
single oxidation wave in the region of peak 2. A small oxidation
wave is observed in the region of peak 1 although it is
dramatically suppressed relative to glucose oxidation CV.
Figure 6C depicts the CVs of Pt;_,Au, nanowires in
gluconolactone. As the Au content is increased, the intensity
of peak 2 decreases and is entirely suppressed, as the Au
content reaches 50%. Thus, this confirms that increases in the
Au content result in a shift of peak 1 to higher potentials that is
accompanied by a complete suppression of peak 2.

Collectively, the data shown in Figure 6A,C suggest that the
peaks associated with CO formation (peaks 2 and 3) can be
selectively suppressed within the first 40—50% of the added Au
content in a similar fashion to the MOR results. This provides
further evidence that the presence of Pt—Au sites may be more
significant in determining the mechanism of SOM oxidation as
opposed to Pt—Pt pair site density with PtAu alloys. Although
additional work such as in situ infrared spectroscopy is
necessary, these results also provide evidence that Au sites
may play an important role in the adsorption and stabilization

of partially oxidized intermediates in the oxidation of glucose.
Further work is underway to characterize the adsorption of
glucose on PtAu alloys that is beyond the scope of this work.
Additional discussion of the electrochemical results including
the cathodic sweep shown in Figure 6B can be found in the
Supporting Information.

In addition to characterizing the influence of composition on
the mechanism of glucose oxidation, we also characterized the
performance of the PtAu nanowires for the electrochemical
detection of glucose. The sensitivity and limit of detection
results as a function of composition are summarized in Table 1,

Table 1. Glucose Sensitivity and Limit of Detection Data for
Pt,_,Au, Nanowires”

limit of
cgtalyst sensitivity_(zl—s r_nlM) sensitivity Eé—lS _1'{1M) detection
% Au HA cm™" mM HA cm™" mM UM
0 12.6 24.7 20
10 14.2 26.7 10
20 9.7 19 10
40 7.57 18.6 0.5
S0 5.97 14.8 <0.5
66 0.84 1.09 <0.5

“The sensitivity measurements were obtained at 0.5 V.

and typical results for the PtAu alloy nanowires are shown in
Figure S8. In terms of sensitivity, we observe two linear regions
in the physiological glucose concentration range spanning a
low concentration regime (1—7 mM) and a high concentration
regime (S—18 mM). The highest sensitivity of 26.7 yA cm™
mM ™! was achieved at 10% Au, which was approximately 10%
higher than the sensitivity of pure Pt. As the Au content is
increased from 10 to 50%, the sensitivity decreases by 45% to
14.8 uA cm™> mM™". Beyond 50%, the sensitivity decreases
rapidly to 1.09 A cm™ mM ™' representing a 95% reduction,
as the Au content is increased to 66%. The rapid decline in
sensitivity when the Au content is increased above 50%
suggests that a high Pt site density is necessary to achieve high
sensitivity in the physiological concentration range. In this
concentration range, the concentration of glucose is signifi-
cantly lower than the concentration utilized for LSV (0.1 M).
Thus, oxidation performance likely becomes dependent on the
catalysts’ ability to absorb glucose at low concentration, which
is facilitated by the strong adsorption on Pt sites. In contrast
with the sensitivity results, the limit of detection significantly
increases, as the Au content is increased. This is consistent
with prior results, which demonstrate that nanostructured Au
catalysts have lower limits of detection than Pt-based
catalysts."”

Bl CONCLUSIONS

The electrochemical oxidation of SOMs such as methanol and
glucose is a critical process and has relevant applications in fuel
cells and sensors. A key challenge in SOM oxidation is the
formation of CO and other partially oxidized intermediates,
which poison the catalyst surface and decrease long-term
performance and cost-effectiveness. A promising pathway for
overcoming this challenge is to tune the surface structure and
properties of catalysts to selectively oxidize SOMs via “direct”
pathways that do not form CO as a primary intermediate. CO
formation on Pt-based catalysts is attributed to the presence of
Pt—Pt pair sites, which facilitate rapid dehydrogenation and
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stabilize CO intermediates. Thus, the focus of prior work has
been to reduce or eliminate Pt—Pt pair sites by preparing a
wide range of alloy-type nanostructures.

In this report, we utilize an ambient, template-based
approach to prepare PtAu alloy nanowires with tunable
compositions. XPS measurements reveal that the surface
composition matches that of the bulk composition after
synthesis. Monte Carlo simulations of the surface structure of
PtAu alloys with varying coverage of oxygen adsorbates and
varying degrees of oxygen adsorption strength reveal that
oxygen adsorption under electrochemical conditions enriches
the surface with Pt and a large fraction of Pt—Pt sites remain
on the surface even with the Au content of up to 50%.
Electrochemical properties and the catalytic performance
measurements of the PtAu nanowires for the oxidation of
methanol and glucose reveal that the mechanistic pathways
that produce CO are suppressed by the addition of relatively
small quantities of Au (~10%) and CO formation can be
completely suppressed by 50% Au. The suppression of CO
formation with small quantities of Au suggests that the
presence of Pt—Au pair sites may be more important in
determining the mechanism of SOM oxidation rather than Pt—
Pt pair site density, in agreement with predictions from
previous DFT calculations.

B EXPERIMENTAL METHODS

The Pt,_,Au, alloy nanowires were synthesized using the U-tube
double diffusion technique.”””*"7® The U-tube double diffusion
device (Figure S1) consists of two glass half-cells that are separated by
a polycarbonate filter membrane, serving as a template for the growth
of nanowires. The precursor solution is prepared by dissolving
hexachloroplatinic acid (H,PtClg, Alfa Aesar, 99.9%) and tetrachlor-
oauric acid (HAuCl,, Alfa Aesar, 99.9%) in absolute ethanol to form a
solution with a combined metal concentration of 15 mM. The relative
concentration of Pt and Au in the precursor solution was optimized to
produce alloy nanowires with the Pt content ranging from 90 to 15%
(see Table S1). The reducing agent solution was prepared by
dissolving sodium borohydride (Alfa Aesar, 98%) in absolute ethanol
to form a S mM solution. Prior to use, the polycarbonate filter
membrane (Whatman, Nucleopore Track Etch, SO nm nominal pore
diameter) was sonicated in absolute ethanol to saturate the pores. In a
typical reaction, the U-tube device is assembled by clamping the filter
membrane between the two half-cells. The precursor and reducing
agent solutions are added simultaneously, and the reaction is allowed
to proceed for 30 min.

Upon completion of the reaction, the template is rinsed with
absolute ethanol to remove residual contaminants and is polished on
an Arkansas soft whetstone to remove any metallic material that was
formed on the surface of the template. The nanowires are isolated by
dissolving the polycarbonate membrane in dichloromethane (Acros
Organics, ACS grade), and the nanowires are separated by
centrifugation. The nanowires are subsequently washed several
times with dichloromethane followed by ethanol to yield the purified
alloy nanowires. Catalyst inks of the nanowires were prepared by
dispersing the nanowires into absolute ethanol (Fisher Scientific,
Optima grade) with a concentration of 2 mg-mL™".

N.S. and AR. contributed equally to this work. N.S., AR., W.B,,
KK, and R.T. synthesized and characterized the PtAu nanowires.
AR, WB, LS, and C.K. performed electrochemical measurements.
YW. and ].Z. collected and analyzed the high-resolution TEM data.
N.S. and J.S. performed the computational simulations.
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CO, carbon monoxide

XRD, X-ray powder diffraction

XPS, X-ray photoelectron spectroscopy

SEM, scanning electron microscopy

HRTEM, high-resolution transmission electron microscopy
HAADF, high angle annular dark field imaging

CV, cydlic voltammetry

LSV, linear sweep voltammetry

MOR, methanol oxidation reaction
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