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ABSTRACT: In this article, we address two key challenges in

the development of electrocatalysts for direct methanol fuel Napowires

cells by rationally tailoring the morphology and chemical
composition of Pd-based nanowires (NWs) for enhanced
performance. First, we have examined the morphology and
composition-dependent performance of Pt;_ Pd, NWs toward
the methanol oxidation reaction (MOR). Elemental Pt NWs
were found to possess a significant morphology-dependent

enhancement of nearly 3-fold in terms of peak MOR-specific Nanowires

activity over that of commercial Pt NP/C. In addition, tailoring
the chemical composition in Pt,_ ,Pd, NWs can lead to
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measurable increases in MOR kinetics, which can be attributed to improved oxidation of formic acid and, potentially, increased
selectivity for a direct, CO-free pathway. Second, we have explored the stability of ORR performance in the presence of
measurable concentrations of methanol as a function of chemical composition in Pt, ,Pd, NWs and Pt-free PdyAu NWs. In the
context of the Pt,_,Pd, NWs, a distinctive volcano-type dependence has been noted with respect to chemical composition, and
on the basis of the MOR activities and methanol tolerant ORR behavior, Pt;Pd; NWs have been highlighted as an optimal
catalyst architecture. We have also analyzed the methanol tolerance in PdyAu NWs, which represents a highly active, durable Pt-
free alternative to traditional Pt-based nanostructured catalysts. Herein, we have demonstrated that PdyAu NWs (0.42 mA/cm?)
with no effective Pt content can outperform Pt-based nanostructures, such as Pt NWs (0.32 mA/cm?) and nanoparticulate Pt
NP/C (0.24 mA/cm?) in the presence of 4 mM methanol/0.1 M HCIO,.
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1. INTRODUCTION

One-dimensional (1D) nanostructures remain the focus of
considerable interest as a new and promising structural
paradigm for electrocatalysis in polymer electrolyte membrane
fuel cells (PEMFCs).'™ The distinctive structural and
electronic properties associated with 1D nanostructures, such
as nanowires (NWs) and nanotubes (NTs), has led to
considerable morphology-dependent enhancements in catalytic
performance when 1D nanostructures are employed as
catalysts.>*”® For example, respective enhancements of 7-fold
and 2-fold in specific activity toward the oxygen reduction
reaction (ORR)” and the ethanol oxidation reaction (EOR)'°
have been observed in high-quality, carefully tailored, ultrathin
Pt NWs, as compared with state-of-the-art, commercial carbon-
supported Pt nanoparticles (Pt NP/C). Similar results have also
been noted in the context of the methanol oxidation reaction
(MOR) in analogous ultrathin Pt NWs.""

Collective experimental results, including electrochemi-
cal®”™™" and spectroscopic'’ data as well as theoretical first-
principles calculations,'” have suggested that this distinctive
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structural and morphology-dependent enhancement emerges
from the patently unique anisotropic structure of these

. 13-1
materials. Recently, our group,”*™'®

along with several
others,"” ™" has initiated a systematic investigation of the
electrocatalytic properties of 1D nanostructures by correlating
catalytic performance toward ORR with corresponding trends
in the physicochemical properties of the nanowires themselves
under study. For instance, significant size-dependent”'*"> and
composition-dependent’¥>*7>*
has been noted in the performance of noble metal nanowires,
including Pt, Pd, and Pd,_,Au, NWs. In coupling all of these

design principles, we have developed a fully optimized, carbon-

electrocatalytic enhancement

supported electrocatalyst architecture, consisting of a platinum
monolayer shell supported onto an ultrathin PdyAu NW core
(Pt~PdyAu NW), which maintains outstanding specific and Pt-
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mass normalized activity values of 0.98 mA/cm? and 2.54 A/
mgp, respectively.”"®

In addition to the problem of producing highly effective
ORR electrocatalysts, two additional, critical challenges have
hindered the development of electrocatalysts for practical
PEMFECs, employing small organic molecules (SOMs) as
fuels.*>>*® First, the catalytic oxidation of SOMs, such as
methanol and ethanol on noble metals, maintains slow kinetics
and often requires high overpotentials as a result of the
poisoning effects of carbon monoxide.”””® This issue has
necessitated the need for high precious metal loadings within
the anode of direct methanol fuel cells (DMFCs), for example,
thereby limiting their practical commercialization. Considerable
work has been expended toward creating 1D nanostructured
materials with elemental, bimetallic, and even ternary structures
that maintain high activity toward SOM oxidation.***~3°
However, despite the breadth of systems investigated, only a
few reports have systematically investigated the correlation
between chemical composition and the corresponding electro-
catalytic performance.”> > Second, the problem of methanol
crossover from the anode to the cathode in DMEFCs is
significant and can result in considerable loss of ORR
performance due to parasitic oxidation and catalyst poisoning
effects.>”*® In a similar light, the chemical composition of
palladium-based nanoparticles has been tailored to achieve
considerable improvements in the ORR activity in the presence
of SOMs.*®* The incorporation of palladium is uniquely
advantageous, since it evinces a relatively high activity toward
ORR among the noble metals but is largely inert to the
oxidation of MeOH at potentials relevant for ORR.**~*
Moreover, Pd is more plentiful and significantly less costly than
pt.

Although promising results have been demonstrated in 0D
systems, to the best of our knowledge, there have been no
systematic reports clearly correlating morphology and
composition with the tolerance of ORR activity in the presence
of SOMs especially in 1D systems, even though this is an
important and practical catalysis issue. This represents a
significant endeavor, since many of the intrinsic properties of
1D structures may render them as more active and stable
toward catalytic processes in the presence of SOM impurities,
which are normally prevalent in actual fuel systems.* For
example, a consistent increase in the CO tolerance of both Pt
and Pd NWs has been observed as their diameters are
decreased into the ultrathin size regime.'*

Therefore, in this report, we undertake for the first time a
systematic and rational examination of the MOR performance
and methanol-tolerant ORR behavior in high-quality Pd-based
nanostructures as a function of both catalyst morphology and
NW composition. We have employed a simple, ambient,
template-based technique that generates crystalline nanowires
with predictable and reproducible control over composition,
surface texture, crystallinity, and homogeneity without the need
for additional reagents, such as surfactants or other shape-
directing agents. In essence, our efforts have focused on the
notion of creating a “multifunctional” architecture wherein
rationally tuning the physicochemical properties (e.g., morphol-
ogy, size, and chemical composition) can lead to a single,
discrete, and appropriately tailored nanostructured catalyst
system that is capable of efficiently and effectively catalyzing
multiple types of reactions.'®

To work toward this goal, we have initially examined the
morphology-dependent MOR performance in Pt NWs and
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demonstrated a significant enhancement of more than 2-fold in
the specific MOR activity as compared with state-of-the-art,
commercial Pt NP/C. In addition, we have also synthesized a
systematic series of alloyed Pt,_,Pd, NWs with chemical
compositions ranging from 1 > x > 0, including Pt, Pt,Pd,
Pt,Pd;, PtPd, and Pd NWs, and the corresponding peak MOR
current density has been found to measurably increase as the
Pd content is systematically increased toward 50%. Hence, on
the basis of CO stripping voltammetry and formic acid
oxidation performance in these nanowires, the enhanced
activity in the bimetallic nanowires can be ascribed to the
addition of Pd, which may facilitate the direct oxidation of
methanol through a non-CO pathway.

In the context of methanol tolerance, we have systematically
examined the influence of SOMs (in this case, methanol) on
the ORR behavior of Pt;,_,Pd, NWs as a function of chemical
composition. Interestingly, a volcano-type dependence has
been noted with an optimum tolerance to methanol observed
in Pt,Pd; NWs, and this trend is clearly distinctive from that
found for analogous nanoparticulate catalysts. More impor-
tantly, we have also studied the methanol tolerance in highly
active PdgAu NWs, which were able to retain 88% of their
activity in the presence of 4 mM methanol. By contrast,
elemental Pt NWs and Pt NP/C possess only 43% and 79% of
their initial activity, respectively, in the presence of 4 mM
methanol. More importantly, the PdyAu NWs sustain an
activity of 0.42 mA/cm® in the presence of 4 mM methanol,
which is measurably enhanced beyond that of the elemental Pt
NW (0.32 mA/cm?) and commercial Pt NP/C (0.236 mA/
cm?) systems, respectively. This interesting and promising
result represents a significant advance over our previously
reported data'® and suggests that the Pd,Au NWs in particular
can potentially be employed as highly active and methanol-
tolerant ORR electrocatalysts with an activity that exceeds
analogous Pt-based catalysts, yet maintains no Pt content
whatsoever.

2. MATERIALS AND METHODS

2.1. Synthesis and Characterization of Pt,_,Pd, and
Pd,_,Au, NWs. The synthesis of high-quality Pt,_ Pd, and
Pd,;_,Au, NWs was accomplished utilizing the so-called U-tube
double diffusion technique under completely ambient, seedless,
and surfactantless conditions. The experimental details of the
synthesis and isolation of elemental and bimetallic NWs are
described in great detail elsewhere,'*'®"” and our discussion
herein is necessarily more concise. Specifically, in this synthetic
scheme, the NWs are prepared within the spatial confines of a
commercial polycarbonate filter membrane. The characteristic
tubular pore channels provide for excellent nanosized templates
for the subsequent growth of uniform, vertically aligned NWs.
A precursor solution and a reducing agent solution held in
separate half cells are introduced into the template pores by
means of double diftusion, thereby resulting in the nucleation
and growth of crystalline nanowires. Chemical composition
control is readily achieved by manipulating the relative fraction
of the desired precious metal salts (e.g, HAuCl,, H,PtCl,, or
Na,PdCly) in the presence of a precursor feed solution, which
generates a corresponding nanowire of identical composition.
Either individual NWs or free-standing, vertically aligned NW
arrays can be isolated by either dissolving the template
membrane in dichloromethane or decomposing the template
matrix in an argon plasma environment.
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The characterization of the growth mechanism, purity,
crystallinity, composition, homogeneity, and structure of the
NWs has been described in detail in prior reports.”'*'® In
short, the as-prepared NWs consist of the pure face-centered
cubic phase of either elemental Pd or Pt or the bimetallic
Pt,_,Pd, or Pd,_,Au, alloy phases. This chemical composition
has been characterized in detail by energy-dispersive X-ray
spectroscopy (EDAX) and X-ray diffraction analyses, which
confirm that the chemical composition of the NW is essentially
determined by the contents of the precursor solution and that
all samples maintain the desired homogeneous alloy-type
structure. In addition, we have demonstrated by high-resolution
TEM (HRTEM) that these as-synthesized Pd NWs and Pd,Au
NWs are not only essentially single-crystalline but also highly
textured, whereas their Pt,_,Pd, counterparts maintain oriented
polycrystalline structures. The surfaces of the nanowires are
highly faceted, and the sizes and shapes of the facets are
determined by the roughened interiors of the template pores.
All NWs within this report possess a diameter of 50 + 9 nm.
Hence, the chemical composition of the NWs has been
highlighted as the key parameter in determining their
electrochemical properties.

2.2. Electrochemical Experiments. The electrochemical
measurements were conducted with the as-prepared catalysts,
supported onto a 5 mm glassy carbon rotating disk electrode
(GCE) polished to a mirror finish. The deposition of a desired
NW sample was accomplished by first pre-modifying the
surface of the electrode with a thin layer of carbon by drop-
casting two 5 uL drops of 1 mg/mL solution of Vulcan XC-72R
carbon, dispersed into 25% isopropyl alcohol in water, onto the
surface of the electrode, followed by rapid drying under
vacuum. The modified electrode was then loaded with the
respective NW sample by placing one 5 yL drop of a ~1 mg/
mL solution of the NWs onto the surface and allowing the
solvent to dry under ambient conditions. In the case of the Pt
NP/C, the commercial powder, consisting of 20% Pt NPs
supported on Vulcan XC-72R (BASF), was dispersed into 25%
isopropyl alcohol in water at a concentration of 2 mg/mL. The
electrode was modified with the Pt NP/C by drop-casting one
S pL drop of the dispersion onto the surface of the bare GCE,
which was then dried rapidly under vacuum. The dispersion of
the catalyst was examined by optical microscopy to ensure a
homogeneous distribution of the catalyst onto the GCE surface.
Subsequently, all electrodes were sealed with 1 drop of 0.025%
solution of Nafion dissolved in ethanol, prepared from a 5%
stock solution (Aldrich).

The pre-modification of the GCE surface has been previously
demonstrated to be useful in approximating the textured carbon
surfaces within practical functional devices and can also
contribute to an improved distribution of nanowires over the
geometric area of the electrode;'*'® however, the addition of
carbon to the electrode is not really necessary to promote a
uniform distribution of the individual isolated NWs, as
homogeneous dispersions of nanowires can be achieved directly
on the GCE surface itself'* Since the carbon maintains
essentially no catalytic activity toward either MOR or ORR by
comparison with the noble metal catalysts themselves, the
comparison of the performance of Pt,_ Pd, and Pd,_ Au, NWs
supported on a porous carbon substrate with that of Pt NP/C
has been widely employed in the existing literature."~*°

Prior to electrochemical experiments, our as-prepared
electrodes were immersed in ultrapure water (R = 18.2 MQ-
cm) to remove residual impurities and salt residues. Electro-
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chemical experiments were conducted utilizing a three-
electrode setup within a custom-made glass electrochemical
cell. A silver/silver chloride (Ag/AgCl) electrode housed in a
double junction chamber (BASi) and a platinum foil served as
the reference and counter electrodes, respectively. These
experiments were performed in a 0.1 M HCIO, electrolyte,
prepared by diluting a concentrated solution (Fisher Scientific,
Optima grade) in ultrapure deionized water. All potentials are
reported with respect to the reversible hydrogen electrode
(RHE) unless otherwise specified.

Cyclic voltammetry (CVs) and CO stripping voltammetry
data were collected in argon-saturated 0.1 M HCIO, at a scan
rate of 20 mV/s. Prior to CO stripping, the electrode was
immersed in a CO-saturated 0.1 M HCIO, solution for a period
of 30 min to ensure complete adsorption. The electrode was
then transferred directly to the argon-saturated electrolyte for
CO stripping experiments. The catalytic MOR and formic acid
oxidation reaction (FAOR) performances were measured by
obtaining linear sweep voltammograms (LSVs) in the anodic
sweep direction in a solution consisting of either 0.1 M
methanol (Fisher Scientific, Optima grade) or 0.1 M formic
acid (Fisher Scientific, Optima grade), respectively, supported
in a 0.1 M HCIO, electrolyte at 20 mV/s. The electrochemi-
cally accessible surface area (ESA) was calculated from the
integrated hydrogen adsorption, determined in the cyclic
voltammetry analysis, utilizing 0.21 mC/cm? as the conversion
factor. Although the use of the hydrogen adsorption charge may
result in a slight overestimation of the ESA due to the
additional effect of hydrogen absorption in Pd, we have
previously demonstrated by means of CO stripping and Cu
underpotential deposition that the ESA determined by
hydrogen absorption is consistent with these methods and
that any deviations are within experimental variation.'* In
addition, we have selectively employed the hydrogen
adsorption process so as to obtain an ESA that is related
only to the number of Pd active sites in the PdyAu NWs, since
the Au atoms do not undergo underpotential deposition of
hydrogen. Essentially, we have selected this method so that
useful comparisons can be made between the Pd active sites of
elemental Pd NWs and those of bimetallic PdyAu NWs without
the contribution of the Au atoms, which are essentially
catalytically inert. Additional details can be found in prior
reports.ls’lé’18

The ORR activity was measured, utilizing the thin-layer
rotating disk method described in detail by Kocha and co-
workers.** Specifically, polarization curves were obtained in the
anodic sweep direction in oxygen-saturated 0.1 M HCIO, at a
rate of 10 mV/s with the electrode rotating at 1600 rpm. The
kinetic current was measured at 0.9 V using the Koutecky—
Levich equation and was normalized to the ESA to yield an
area-normalized kinetic current density or so-called specific
activity. The methanol tolerance was examined by obtaining a
series of polarization curves in electrolytes with increasing
methanol concentrations. In the case of the commercial Pt NP/
C and Pt;_,Pd, NWs, separate polarization curves were
obtained in 0.1 M HCIO, electrolytes containing methanol
concentrations of 0, 1, 2, 3, and 4 mM, respectively. In the case
of the highly methanol-tolerant Pd and PdyAu NWs, polar-
ization curves were obtained in 0.1 M HCIO, solutions
containing methanol concentrations of 0, 1, 2, 3, 4, 25, 50, 75,
and 100 mM, respectively. The relative methanol tolerance was
estimated by normalizing the measured specific activity in the
presence of methanol (Jx [MeOH]) to the measured specific
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Figure 1. Representative CO stripping voltammograms obtained from Pt NWs (A) and commercial Pt NP/C (B). The dashed line highlights the
potential of the CO stripping peak in the Pt NWs. The morphology-dependent methanol oxidation performance is characterized by LSVs obtained
in 0.1 M methanol (C) with the onset region of the LSV, highlighted in the inset.

activity in a pure solution containing no methanol (Ji). The
measurement of the fraction of specific activity in the presence
of methanol with respect to the activity in a pure electrolyte
(ie, Jx [MeOH]/Ji) provides for a useful metric of the level of
methanol tolerance as a function of NW composition.

3. RESULTS AND DISCUSSION

3.1. Morphology-Dependent Enhancement of MOR
Activity in Anisotropic Pt NWs. To demonstrate the
inherent advantages of our as-prepared NWs, we systematically
examined the morphology-dependent electrocatalytic perform-
ance toward MOR in elemental Pt NWs. The measured MOR
currents obtained from LSVs in the presence of 0.1 M
methanol for Pt NWs and Pt NP/C were normalized to the
ESA of the respective catalysts so as to provide for area-
normalized LSVs, shown in Figure 1C. Interestingly, the Pt
NWs displayed a nearly 3-fold higher MOR peak current
density, as compared with the Pt NP/C. In addition, a careful
inspection of the MOR onset region, shown as an inset to
Figure 1C, reveals that the Pt NWs and Pt NP/C maintain
comparable onset potentials of ~675 mV; however, the Pt
NWs possess higher overall MOR kinetics after onset by
comparison with the Pt NP/C. Collectively, all of these results
demonstrate a significant and measurable morphology-depend-
ent enhancement behavior in MOR performance, which likely
can be attributed to the 1D Pt NWs themselves.

The mechanism of MOR on Pt, although it is highly
complex, is believed to occur in two primary steps, with CO
representing a key intermediate.** First, adsorbed methanol on
the surface of Pt is thought to undergo a rapid dehydrogenation
process leading to the adsorbed CO intermediate. The
subsequent oxidation of the CO intermediate proceeds
relatively slowly at potentials close to the thermodynamic
potential as a result of a lack of adsorbed oxygen species, such
as Pt—OH¥*, which are believed to facilitate the oxidation
process.*® In essence, the high coverage of CO at low potentials
results in a poisoning effect and blocks effective MOR catalysis
at the Pt active sites. The issue of CO poisoning on Pt
nanostructures has been addressed by introducing small
quantities of more oxophilic metal species, such as Ru and
Sn, which would facilitate a bifunctional mechanism.?’
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In this case, however, we have demonstrated that it is feasible
to increase the MOR kinetics by simply tailoring the
morphology of the Pt catalyst itself. Specifically, CO stripping
voltammograms obtained from the Pt NWs and Pt NP/C
highlight a significant shift in the CO stripping peak potential of
nearly 80 mV to lower potentials in the Pt NWs (Figure 1A),
especially as compared with analogous Pt NP/C (Figure 1B).
The improvement in CO stripping kinetics in the Pt NWs
suggests that the 1D morphology facilitates CO oxidation at
lower potentials. This phenomenon has been observed
previously in ultrathin Pt NWs, and is believed to arise from
the unique electronic properties associated with the 1D
morphology.'®"" Specifically, Guo and co-workers'' have
demonstrated that the significantly improved CO kinetics
may arise from a shift in the weighted center of the d-band as a
result of the observed anisotropic structure and nanosized
diameter, which may lead to weaker interactions between the Pt
surface sites and the CO adsorbate.

3.2. Composition-Dependent Performance in Pt,_,Pd,
NWs with Homogeneous Alloy-Type Structures toward
the Methanol Oxidation Reaction and the Formic Acid
Oxidation Reaction. Recently, several reports have focused
on the homogeneous Pt;  Pd, alloy as a promising bimetallic
system with direct and practical application as both highly
active MOR electrocatalysts and as methanol-tolerant ORR
electrocatalysts. For example, in our prior work, we tailored the
chemical composition of Pt,_,Pd, NWs and examined the
composition-dependent performance toward ORR. Herein, we
move beyond our previous study by rationally examining the
potential for these 1D bimetallic catalysts to serve as
multifunctional catalysts with high performance toward MOR
and ORR. In this section, we have systematically investigated
the electrocatalytic MOR and FAOR performance as a function
of chemical composition.

Toward this goal, LSVs were obtained in 0.1 M methanol,
supported in 0.1 M HCIO, from Pt, Pt,Pd, Pt,Pd;, and PtPd
NWs. These curves are shown in Figure 2A. First, the Pt and
Pt,Pd NWs maintained an onset potential that is ~25 mV
lower than that of the corresponding Pt,Pd; and PtPd NWs.
The lower onset potential in the Pt-rich NWs is likely a result
of the larger number of Pt sites at the catalytic interface, which
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Figure 2. Representative LSVs obtained from various Pt,_ Pd, NWs, including elemental Pt and Pd NWs, in 0.1 M methanol (A) with the onset
region of the LSVs highlighted in the inset. The MOR kinetic current densities measured in the onset region at 0.73 V (B) and at the peak of the

LSV (C) as a function of NW composition.

are expected to initiate methanol adsorption and oxidation at
lower potentials, as compared with Pd active sites alone.**®
Although the Pt and Pt,Pd NWs gave rise to comparable
performances near the onset potential of ~0.63 V, a careful
inspection of the onset region of the LSV (inset to Figure 2A)
showed that the activity of the Pt,Pd NWs exceeded that of the
Pt NWs beyond ~0.72 V. To quantitatively explore their
behavior in the onset region, the specific MOR activity of the
various Pt;_ .Pd, NWs at 0.73 V was plotted with respect to
NW composition in Figure 2B. On this basis, a volcano-type
dependence in the specific MOR activity was noted in the onset
region as a function of chemical composition with Pt,Pd,
yielding an optimum activity of 0.42 mA/cm?.

Interestingly, the Pd-rich PtPd NWs and Pt,Pd;NWs
displayed enhanced behavior in the peak region of the LSV
and maintained peak potentials of 833 mV and 836 mV,
respectively. These values are considerably lower than the
corresponding peak potentials for the Pt,Pd NWs and the Pt
NWs, which were measured at 850 and 871 mV, respectively. In
addition, the PtPd and Pt,Pd; NWs possessed specific activities
at the peak of the LSV (Figure 2C) of 1.24 and 1.25 mA/cm?,
respectively, which maintain a small but measurable enhance-
ment with respect to those of the corresponding Pt,Pd (1.19
mA/cm?) and Pt NWs (1.15 mA/cm?). Collectively, it is
important to highlight that the performance of the
composition-controlled Pt;  Pd, NW samples are all signifi-
cantly enhanced beyond the activity measured for commercial
Pt NP/C, thereby further reinforcing the intrinsic advantages of
the 1D structural motif. We also note that the elemental Pd
NWs evinced minimal MOR activity, which demonstrates that
the enhanced performance emerges only with the bimetallic
NW compositions. Thus, the observed composition-dependent
behavior demonstrates that the addition of Pd content in
Pt,_,Pd, NWs within a finite composition regime can
significantly and measurably improve the catalytic performance
in both the onset region and the peak region of the LSV.

In the recent literature, the origin of the enhanced
performance in nanostructured Pt;_ M, (M = Pd or Au) alloys
has been attributed to the incorporation of either Pd or Au into
the bimetallic alloy. However, there has been a considerable
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debate regarding the origin of enhancement.***’~5* Specifically,
it has been suggested by some in the community that the
promoting effect of the Pd is a result of a surface-mediated
bifunctional effect in a manner analogous to what has been
found with Pt;_,Ru, alloys. In the case of a bifunctional effect,
the oxophilic Pd sites are expected to increase the coverage of
adsorbed oxygen species at low potentials, thereby contributing
to increased CO tolerance.>

To examine the likelihood of this reasonable scenario, we
have methodically probed the relative interaction of the NW
surface with adsorbed oxygen and CO species as a function of
NW  composition, utilizing both CV and CO stripping
experiments. In a previous report, the relative onset of the
characteristic surface oxide formation (e.g, adsorbed O and
OH) feature was examined in the CV as a function of NW
composition.'® Although a shift in the onset of that oxide
feature has been noted with increased Pd content, the onset of
oxide formation in the PtPd NWs remains above 0.6 V.'® The
high onset of surface oxidation in these bimetallic NWs, despite
the incorporation of Pd, provides strong evidence that the Pd
itself does not contribute significantly to CO oxidation at
potentials relevant to the onset of the MOR process, namely
0.5—-0.6 V.

Using Pt,_ Ru, alloys as a ubiquitous example of a catalyst
that follows a bifunctional process, the addition of Ru to the
Pt,_.Ru, alloy promotes better CO oxidation kinetics, and
there is an observed shift in the CO stripping peak to lower
potentials as Ru content is increased to 30%. In this case,
however, the CO stripping voltammograms obtained from our
Pt,_Pd, NWs (Figure 3A) highlight a contrasting trend,
wherein the stripping peak potential increased from 744 mV in
Pt NWs to 819 mV as the Pd content was correspondingly
increased to 50% in the Pt,_ Pd, NWs. In fact, a plot of the CO
stripping peak potential with respect to NW composition,
shown in Supporting Information Figure S1, clearly illustrates
that the CO stripping peak potential increases with increasing
Pd content. Thus, the collective CV and CO stripping results
yield strong evidence that the origin of the enhancement does
not arise from a bifunctional effect, since the addition of the Pd
active sites does not appear to contribute either to increased
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Figure 3. The composition-dependent electrocatalytic behavior
toward CO stripping (A) and formic acid oxidation (B) in Pt;_.Pd,
NWs.

coverage of adsorbed oxygen species or to lower CO stripping
peak potentials.

By contrast with the proposed bifunctional mechanism, other
experimental®>>® and first-principles®*** results have suggested
that the enhancement in bimetallic surface alloys can be
attributed to a change in the mechanism of MOR. Specifically,
it is believed that in elemental Pt, the formation of the CO
intermediate occurs readily via a so-called “indirect pathway”
because of the presence of an abundance of Pt—Pt pair sites
that catalyze the formation of CO. However, both bimetallic
PtPd and PtAu alloys are believed to favor a direct oxidation or
“CO-free pathway,” since there are fewer Pt atoms and fewer
Pt-pair sites present at the catalytic interface.”> Moreover, a
rational examination of the electronic properties associated with
the bimetallic alloys of PtAu and PtPd by means of first-
principles calculations has shown that the incorporation of Pd
and Au in these structures can promote the selective formation
of a formate (HCOO~) intermediate, as opposed to CO.>***

To purposely investigate this possibility, we have probed the
formic acid oxidation performance so as to analyze the
composition-dependent reactivity toward this intermediate.
The study of formic acid oxidation is uniquely advantageous,
since it represents a key intermediate in the MOR pathway and,
more importantly, the oxidation of formic acid can serve as a
useful probe for determining if either an indirect or direct CO-
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free oxidation pathway is favored.”® Examination of the formic
acid oxidation LSV (Figure 3B) for the elemental Pt NWs has
led to an onset at ~300 mV with a characteristic peak at ~900
mV, which is consistent with prior reports for elemental Pt.>>
The peak at ~900 mV is believed to be associated with the
indirect oxidation of formic acid, thereby leading to a CO
intermediate.*® Interestingly, as the Pd content is increased in
the Pt,_,Pd, NWs to 50%, the onset for formic acid oxidation is
shifted to ~100 mV, and this process is accompanied by a
considerable increase in the oxidation current in the 0.1-0.6 V
range. On the basis of prior reports,®>’ the increased formic
acid oxidation at potentials below 0.6 V is consistent with the
oxidation of formic acid via a direct CO-free pathway. Thus, it
is apparent that the enhancement in the bimetallic Pt;, Pd,
NWs may come about as a result of a modification of the
traditionally expected oxidation pathway, due to the presence of
fewer Pt—Pt pair sites at the catalytic interface, particularly
when the Pd composition has been increased to 50%.
Notwithstanding, the significant and clearly measurable
improvements in both the methanol and formic acid oxidation
performance have conclusively demonstrated the importance of
tailoring chemical composition to provide for enhanced
electrocatalytic activity in 1D nanostructures.

3.3. Stability of ORR Performance in Pt,_,Pd, NWs in
the Presence of Methanol. In addition to studying the
performance of Pt,_ Pd, alloy NWs toward MOR, we examined
the stability of ORR performance in the presence of methanol.
The goal in this case was to gain fundamental insights into the
potential application of Pt;_,Pd, alloy NWs as effective
methanol-tolerant cathode electrocatalysts. In a functional
DMEC, the rate of methanol crossover is dependent upon a
variety of operating conditions, such as the concentration of the
methanol in the anode, the fuel feed pressure, the relative
humidity, and the chemistry of the PEM.*” Thus, it is difficult
to characterize the concentration of methanol within the
cathode half-cell during operation in practical DMFC devices.
Herein, we simulated the methanol crossover effect by
purposefully adding in methanol into the 0.1 M HCIO,
electrolyte at concentrations ranging from 1 to 4 mM and
measuring the corresponding ORR activity. This concentration
regime is uniquely advantageous, since it is potentially higher
than the actual methanol concentration within a practical
DMEC, thereby representing a possible, realistic worst-case
scenario while at the same time also enabling the accurate
determination of specific ORR activity.

The polarization curves obtained in 0, 1, 2, 3, and 4 mM
methanol are shown in Figure 4A—D for the Pt, Pt,Pd, Pt,Pd;,
and PtPd NWs, respectively. In all cases, the addition of
methanol into the electrolyte medium results in a measurable
positive deflection of the current in the polarization curves
between 0.6 and 0.9 V, especially when compared with the
polarization curve obtained in pure 0.1 M HCIO, This
deflection in the polarization curve increases with increasing
methanol concentration and is consistent with the overlapping
oxygen reduction and methanol oxidation processes occurring
in this potential window. Careful inspection of the onset region
for each set of polarization curves (insets to Figure 4A—D) also
highlights a measurable decline in the current density in the
region of the curve that follows the onset of ORR kinetics.

The ratio of the calculated specific ORR activity (e.g, Jx
[MeOH]) in the presence of methanol was normalized to the
specific ORR activity measured in pure electrolyte (Ji) so as to
provide a quantitative insight into the relative decline in specific
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Pt,Pd, (C), and PtPd (D) NWs are shown with methanol concentrations ranging from 0 to 4 mM. The onset regions of the polarization curves for

each Pt;_ Pd, NW are also shown as the corresponding insets.

activity as a function of methanol concentration. The resulting
methanol tolerance curves are shown in Figure 5 for the
Pt,_.Pd, NWs. The elemental Pd NWs maintained the highest
stability in the presence of methanol with a loss of only ~6% of
the activity in 4 mM methanol. This result was important, since

1.0- o
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= Pt Pd,
g 0.8
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=3
— 0.6
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0.5 P
t
0.4

I I I I I

0 1 2 3 4
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Figure 5. A plot of the ratio of the specific activity, measured in the
presence of methanol (Jx [MeOH], 0—4 mM), with respect to the
specific activity, measured in pure 0.1 M HCIO, electrolyte (Ji), as a
function of methanol concentration for the Pt,_ ,Pd, NWs.
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the Pd NWs maintained essentially no activity toward methanol
oxidation (Figures 2A and S2A) by comparison with the Pt
NWs. In terms of the Pt;_ ,Pd, NWs, the increased Pt content
in the alloy nanowires led to a lower overall methanol tolerance
as compared with the elemental Pd NWs themselves. It is
worth noting that the elemental Pt NWs maintained the lowest
stability and retained only 43% of their initial activity in the
presence of 4 mM methanol.

Interestingly, the performance of the Pt;_ Pd, NWs did not
trend linearly with respect to increasing Pt content, and in fact,
a volcano-type dependence was observed with the Pt,Pd; NWs
found to maintain the best ORR stability in the presence of
methanol. Specifically, the Pt,Pd; NWs preserved 80% of their
initial activity, which was noticeably and measurably enhanced
with respect to both PtPd (74%) and, especially, Pt,Pd (49%).
Recently, analogous studies of nanoparticulate Pt;_ Pd,
catalysts have demonstrated a strong inverse correlation
between MOR activity and the stability of ORR performance
in the presence of methanol.**~* The observed trend in NP
analogues is not surprising, since highly active MOR catalysts
are expected to be more sensitive to the presence of methanol
when operating as ORR catalysts. However, we have
demonstrated herein that simultaneously and carefully tailoring
both morphology and chemical composition in Pt Pd, NWs
can lead to an optimal chemical composition (e.g, Pt;Pd;),
which is not only highly active toward MOR but also practically
stable as an ORR catalyst in the presence of methanol. This
observation is consistent with the notion that the added Pd
content likely contributes to a different reaction pathway in the
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case of the MOR, as opposed to merely increasing the CO
tolerance.

3.4. Toward a Pt-Free Methanol Tolerant Electro-
catalyst: Stability of ORR Performance in Highly-Active
PdyAu NWs in the Presence of Methanol. Although the
Pt;_ Pd, NWs represent a key system with respect to insights
into the composition-dependent behavior in the presence of
methanol, we have recently developed PdjAu NWs as a novel
Pt-free electrocatalyst that maintains outstanding performance
toward ORR.'® In a prior study, we have demonstrated this
system to be uniquely advantageous, since the addition of 10%
gold, forming a bimetallic alloy, results in a specific activity of
0.45 mA/cm?® that is nearly 2-fold higher than that of
commercial Pt NP/C (0.2 mA/cm?) and of elemental Pd
NW analogues (0.21 mA/cm?). However, there have been no
reports, to the best of our knowledge, investigating the stability
of ORR activity in the presence of methanol. In this section, we
have performed a concise investigation of the stability of ORR
performance in the presence of methanol for Pt-free Pd and
PdyAu NWs by comparison with elemental Pt NWs.

The methanol oxidation performance of the PdyAu NWs was
characterized by obtaining a LSV in 0.1 M methanol supported
in 0.1 M HCIO,. The measured LSV (Supporting Information
Figure S2B) shows a minimal MOR peak activity of 0.08 mA/
cm® by comparison with that of the Pt NWs (1.16 mA/cm?)
and is analogous to the LSV, obtained for elemental Pd NWs.
This encouraging result suggests that the Pt-free, PdyAu NWs
maintained a high degree of electrochemical stability, even in
the presence of up to 100 mM methanol. To quantitatively
probe the ORR stability in the presence of methanol,
polarization curves were obtained from the PdjAu NWs in
0—4 mM methanol. Interestingly, the presence of methanol
yields minimal effect on the measured polarization curves
shown in Figure 6A, which starkly contrasts with the results
obtained with the bimetallic Pt;_ ,Pd, NWs and elemental Pt
NWs (Figure 4). Given the high methanol tolerance of the
PdyAu NWs, the stability of ORR performance in methanol
(Figure 6B) has been compared with commercial Pt NP/C, Pt
NWs, and Pd NWs, respectively. Of special interest, the PdyAu
NWs retained 88% of their initial activity in the presence of 4
mM methanol, a result demonstrating considerable enhance-
ment with respect to both conventional Pt NP/C (79%) and
elemental Pt NWs (43%).

From a practical perspective, the measured specific activity of
the PdyAu NWs, Pt NWs, commercial Pt NP/C, and Pd NWs
is shown before and after the addition of 4 mM methanol in
Figure 6C. In pure 0.1 M HCIO,, the Pt NWs maintained a
demonstrably higher specific activity (0.76 mA/cm?) as
compared with PdyAu NWs (0.48 mA/cm?), Pd NWs (0.32
mA/cm?), and commercial Pt NP/C (0.30 mA/cm?). In the
presence of 4 mM methanol, the high methanol tolerance of
the PdyAu NWs was highlighted, and these nanowires yielded a
specific activity of 0.42 mA/cm? a value that is considerably
enhanced beyond that of the elemental Pt NWs (0.32 mA/
cm?). Collectively, these results have demonstrated the intrinsic
advantages of as-synthesized PdyAu and Pd NWs, since they are
both highly active and also tolerant to methanol as ORR
electrocatalysts.

At methanol concentrations below 4 mM, we find that Pd
and PdyAu NWs maintain essentially similar trends in ORR
stability and mutually outperform Pt analogues (Figure 6B);
however, an interesting trend emerges in Pd and PdyAu NWs
when the performance is studied in methanol concentrations of
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Figure 6. The stability of ORR performance in highly active, Pt-free,
PdyAu NWs. Polarization curves obtained from PdyAu NWs are shown
with the methanol concentration, ranging from 0 to 4 mM. A plot of
the ratio of the specific activity measured in the presence of methanol
(Jx [MeOH]) with respect to the specific activity measured in pure
electrolyte (Jx) as a function of methanol concentration (B) for the
PdyAu NWs, Pt NWs, Pd NWs, and commercial Pt NP/C. In C, a bar
graph is shown that depicts the measured specific activity of the
various catalysts in pure 0.1 M HCIO, as well as in 4 mM methanol
supported in 0.1 M HCIO,,.

up to 100 mM. Polarization curves obtained from PdyAu and
Pd NWs in 25—100 mM methanol in 0.1 M HCIO, (Figure 7)
reveal that the measured half-wave potential decreased by
approximately 35 mV and 15 mV, respectively. In the context of
the specific activity (Supporting Information Figure S3), the Pd
NWs retained 87% of their initial activity, which was a
noteworthy improvement over that of Pd,Au NWs (57%). The
lower methanol tolerance of the PdyAu NWs, by comparison
with the elemental Pd NWs, may be attributed to the effects of
the gold dopant in the homogeneous Pd,_,Au, alloy.

According to the relevant literature regarding Pd,  Au,
alloys, the addition of Au into the face-centered cubic Pd
framework (i) results in a slight expansion of the Pd lattice
(3.89 A), thereby rendering the lattice parameter of PdyAu
(3.91 A) closer to that of Pt (3.92 A), and (ii) increases the
relative number of electrons in the Pd d-band.*®*° These
mutually advantageous effects cause the PdyAu alloys to be
more active toward ORR, since their structural and electronic
properties are closer to those of more active Pt nanostruc-
tures.'>¢ However, on the basis of Nerskov and Hammer
theory,**%*¢! the increased number of electrons in the d-band
is also expected to strengthen the d-band-to-7* overlap of the
Pd,_,Au, NWs with adsorbed CO, by comparison with an
elemental analogue. This increase in the surface adsorption
strength of the CO is expected to render the PdyAu NW more
susceptible to CO poisoning by comparison with elemental Pd
NWs when operating as an ORR catalyst in the presence of
methanol. Collectively, we believe that these data support the
observed trend in the activity loss in the PdyAu and Pd NWs at
methanol concentrations above 25 mM.
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NWs (B) in 0.1 M HCIO, with increasing methanol concentration of
25, 50, 75, and 100 mM, respectively.

4. CONCLUSIONS

Recently, work associated with developing electrocatalysts for
direct alcohol fuel cells have focused on resolving two key and
significant challenges: (i) improving the electrocatalytic
performance of anode catalysts toward the oxidation of
SOMs and (ii) developing cathode catalysts with high ORR
activity in the presence of measurable concentrations of SOMs.
In this report, we have explored these two important concerns
in the context of a new class of 1D palladium-based nanowires,
wherein the physicochemical properties of the nanowires, such
as morphology and chemical composition, have been rationally
tailored for enhanced performance.

In the context of addressing the first technical challenge, we
have examined the morphology and composition-dependent
performance of Pt;_ Pd, NWs toward MOR. Elemental Pt
NWs were found to possess a significant morphology-
dependent enhancement of nearly 3-fold in terms of peak
MOR specific activity over commercial Pt NP/C. Drawing
upon the intrinsic advantages associated with 1D nanowires, we
have tailored the chemical composition of Pt,_.Pd, to
measurably increase the MOR kinetics in both the onset and
peak regions of the LSV. In the context of the second technical
challenge, we have explored the stability of ORR performance
in the presence of measurable concentrations of methanol so as
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to simulate the effects of methanol crossover in a DMFC and to
examine the corresponding influence of the NW morphology
upon stability. A distinctive volcano-type dependence has been
noted with respect to chemical composition in the Pt;,  Pd,
NWs, and on the basis of the MOR activities and methanol
tolerant ORR behavior, Pt,Pd; NWs have been highlighted as a
particularly intriguing catalyst system with optimized chemical
composition and morphology.

From the perspective of dealing with real-world limitations
associated with practical fuel cells, we have also analyzed the
methanol tolerance in PdyAu NWs, which represent a highly
active, durable Pt-free alternative to traditional Pt-based
nanostructured catalysts. In effect, the PdyAu NWs maintained
88% of their intrinsic activity in the presence of 4 mM
methanol, thereby giving rise to a significantly higher stability as
compared with Pt NWs (43%) and Pt NP/C (79%),
respectively. In fact, we have demonstrated in this report that
completely Pd-based, Pt-free NW architectures can outperform
analogous Pt-based nanostructures in the presence of methanol,
which is a very promising result in the context of developing
novel multifunctional catalyst architectures.
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Additional electrochemical characterization data of the NWs,
including MOR catalysis results and ORR stability in the
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