Ambient Surfactantless Synthesis,
Growth Mechanism, and
Size-Dependent Electrocatalytic
Behavior of High-Quality, Single
Crystalline Palladium Nanowires

Christopher Koenigsmann,’ Alexander C. Santulli," Eli Sutter,* and Stanislaus S. Wong™5*

‘LDepartment of Chemistry, State University of New York at Stony Brook, Stony Brook, New York 11794-3400, United States, ¥Center for Functional Nanomaterials,
Brookhaven National Laboratory, Building 735, Upton, New York 11973, United States, and SCondensed Matter Physics and Materials Sciences Department,
Brookhaven National Laboratory, Building 480, Upton, New York 11973, United States

ne-dimensional (1D) metallic na-
O nostructures, in particular, have gar-

nered significant attention in the
literature recently, owing to their unique
structure-dependent optical, electrical, and
thermal properties." More importantly, 1D
noble metal nanostructures, particularly
those composed of Pt and Pd, have been
highlighted by our group as well as others
as effective catalysts for both the oxygen
reduction reaction (ORR) and methanol oxi-
dation reaction (MOR).>~* Currently, the low
efficiency of contemporary polymer electro-
lyte fuel cells (PEMFCs) arises primarily from
the slow kinetics of oxygen reduction on
state-of-the-art carbon supported Pt nano-
particles (NP/C), resulting in an observed
cathodic overpotential.>~® Nanoparticulate
Pt catalysts possess relatively high numbers
of defect sites and low-coordination atoms
at their surface as a result of their zero-
dimensional (OD) structure, rendering them
less active toward ORR.°~'" This reality ne-
cessitates high precious metal loadings of
0.15t0 0.25 mg/cm? for practical efficiencies
to be achieved.'?

By contrast, 1D nanostructures are char-
acterized by their highly anisotropic struc-
ture and are expected to display highly active
low energy crystalline facets and relatively
few defect sites.'>' These structural ele-
ments can therefore impart improved ORR
kinetics by delaying surface passivation of
the catalyst with O and OH groups to higher
potentials as compared with Pt NPs. Accord-
ingly, there have been several reports in the
literature highlighting a distinctive structure-
dependent enhancement in ORR activity
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ABSTRACT |In this report, we utilize the U-tube double diffusion device as a reliable,
environmentally friendly method for the size-controlled synthesis of high-quality, single crystalline
Pd nanowires. The nanowires grown in 200 and 15 nm polycarbonate template pores maintain
diameters of 270 = 45 nm and 45 £ 9 nm, respectively, and could be isolated either as individual
nanowires or as ordered free-standing arrays. The growth mechanism of these nanowires has been
extensively explored, and we have carried out characterization of the isolated nanowires, free-
standing nanowire arrays, and cross sections of the filled template in order to determine that a
unique two-step growth process predominates within the template pores. Moreover, as-prepared
submicrometer and nanosized wires were studied by comparison with ultrathin 2 nm Pd nanowires
in order to elucidate the size-dependent trend in oxygen reduction reaction (ORR) electrocatalysis.
Subsequently, the desired platinum monolayer overcoating was reliably deposited onto the surface
of the Pd nanowires by Cu underpotential deposition (UPD) followed by galvanic displacement of the
Cu adatoms. The specific and platinum mass activity of the core—shell catalysts was found to
increase from 0.40 mA/cm” and 1.01 A/mg to 0.74 mA/cm? and 1.74 A/mg as the diameter was
decreased from the submicrometer size regime to the ultrathin nanometer range.

KEYWORDS: palladium - nanowire - growth mechanism - platinum monolayer -
electrocatalysis - oxygen reduction reaction

when 1D nanostructures are employed.'*'¢
For example, enhanced specific activity
was observed in a hierarchical membranous
structure composed of Pt nanowires (NWs).!”
However, the high degree of aggregation
contributed to a low mass activity in this
case. With respect to Pd, significant electro-
catalytic enhancements have been observed
by Abruna and co-workers in the case of Pd
nanorods prepared by the electrodeposi-
tion of Pd onto carbon supports, as com-
pared with analogously prepared Pd NPs.'®
Our group has obtained similar results for
ultrathin Pd NW/C composites, which show
a nearly 2-fold increase in specific activity
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when compared with their commercial Pd NP/C
counterparts.'® This distinctive structure-dependent
activity has also been generalized to alloyed 1D nanos-
tructures and enhancements have been observed for
both PtPd?® and PtFe?' composite structures. In related
work, we have further extended the concept of an
observed structure-dependent enhancement to include
highly active Pt monolayer shell-Pd core (Pt—Pd)
nanostructures. Specifically, we have prepared ultra-
thin Pt—Pd NWs with diameters of ~2 nm, which have
displayed outstanding surface area specific, platinum
mass, and platinum group metal (PGM) mass activities
of 0.77 mA/cm®, 1.83 A/mgp, and 0.55 A/mgpaw,
respectively, which represent significant enhancements
of approximately 2-fold in each category as compared
with their optimized Pt—Pd NP counterparts.'®

Although the structure-dependent enhancement
observed with 1D noble metal nanostructures has
been well documented, there have been very few
reports that systematically correlate trends in physical
structure and composition with electrocatalytic perfor-
mance in the case of 1D nanostructures. For example,
the rational exploration of size dependence in electro-
catalysis is of great importance, since the size of the
nanostructures determines the overall surface area-to-
volume ratio and inevitably, the PGM loading. Recently,
our group has studied size dependence in the case of
1D Pt nanostructures, wherein the activity of submic-
rometer nanotubes®? with diameters of 200 nm was
compared with that of the corresponding ultrathin
~1 nm Pt NWs.> A comparison of electrochemically
determined specific activities revealed a nearly 4-fold
increase in the specific activity from 0.38 to 1.45
mA/cm? as the 1D nanostructure diameter was de-
creased from the submicrometer range (i.e, 100 nm <
diameter <1 um) to ultrathin (i.e., < 5 nm) sizes. Sur-
prisingly, the observed trend in the case of 1D catalysts
starkly contrasts with that noted for analogous Pt NPs/
G; in the latter case, the activity was found to decrease
significantly as particle size was decreased from the
submicrometer to ultrathin sub-5 nm levels. The overall
enhancement observed in the Pt NW catalysts was
believed to arise from a characteristic contraction of
the ultrathin platinum NW surface, which had been
previously observed experimentally and predicted
theoretically.?* 2° Hence, the enhancement noted in
ultrathin Pt NWs reveals that decreasing their size
(i) minimizes the amount of wasted precious metal
in the interior of the structure and (ii) results in an in-
crease in observed activity.

Nevertheless, a continuing challenge in the explora-
tion of size-dependent trends with 1D nanostructures,
particularly those composed of Pd, has been the
development of environmentally friendly methods
for the generation of crystalline, high-quality nanos-
tructures with high aspect ratios and predictable
dimensions. For example, Xia and co-workers have
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developed effective solvothermal-based methods for
the preparation of anisotropic structures of Pd such as
rods, plates, cubes, and twinned particles, wherein the
rational control of the reaction kinetics in the presence
of certain additives results in predictable morphologies.”
The generation of high-quality nanowires and nano-
rods of Pd with diameters of 9.0 nm has been achieved
hydrothermally by employing poly(vinylpyrrolidone)
(PVP) as both a surfactant and an in situ reducing
agent.®® By contrast, several ambient solution-based
techniques have also been proposed for the predictive
preparation of ultrathin Pd NWs with diameters ran-
ging from 2 to 6 nm. These protocols generally utilize
surfactants as a means of directing the growth of Pd
into 1D structures.?* =2 Recently, metallic NWs com-
posed of Te** and Ag,?° for example, have been used as
sacrificial templates for the production of Pd NWs
through galvanic displacement reactions. Similarly,
templating of bimetallic PtRh and PtPd NWs can also
be accomplished by utilizing either Rh or Pd nano-
cubes as seeds for the subsequent generation of
Pt-forming NW networks.>*3*

Although all of these methods can generate high-
quality 1D Pd nanostructures, a key limitation of these
synthetic protocols is that they do not readily afford
rational control over the diameter and aspect ratio of
the resulting nanostructure. In addition, organic sur-
factant molecules that serve as capping agents in these
synthetic routes are typically strongly adsorbed onto
the surfaces of the resulting nanostructures. This ex-
perimental reality can be particularly challenging when
these as-prepared materials are employed as ORR
electrocatalysts, because exposure of the bare surface
is critical for high activity.'?3® In light of these real and
practical limitations, hard template-based techniques
have become ubiquitous in the development of 1D
nanostructures with appropriate size and shape con-
trol. Specifically, the size and morphology of the
resulting nanostructures can be controlled by the
physical geometry and dimensions of the originating
template pore channels themselves.!"'>37~41

In the case of nanostructured metals, a common
method for obtaining 1D structures is through electro-
deposition of precursors within the spatial confines of
either polycarbonate (PC) or anodic alumina (AAO)
membranes. For example, arrays of Pd NWs with highly
uniform diameters of 80 nm have been prepared by
electrodeposition within the confines of an AAO tem-
plate, possessing pore sizes of ~80 nm.** However, the
electrodeposition process necessarily requires addi-
tional electrochemical equipment, the use of caustic
reaction media, and in many cases, physical vapor
deposition techniques to deposit a conductive metallic
backing onto the template prior to deposition.>® With
growing concern over the potentially harmful envir-
onmental impacts of synthesizing nanostructures, a
key consideration in the rational development of
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nanostructured electrocatalysts is that synthetic pro-
tocols should be reasonably efficient, ambient, and
inexpensive, as well as minimize the use of harmful
precursors and processes.

In pursuing these generalized strategies, we have
employed the U-tube double diffusion device as an
ambient, surfactantless method for the reliable pre-
paration of high-quality, diameter-controlled Pd NWs.
Our U-tube device consists of two half-cells mutually
separated by a commercial membranous template,
which serves as the scaffold for the subsequent growth
of 1D NWs. Examples have included metal tungstates,
binary oxides, phosphates, sulfides, fluorides, and ele-
mental metals.?>*3~*° Recently, the U-tube device has
been highlighted for its versatility as both an effective
and green method for the production of high-quality
1D metallic nanostructures under ambient conditions.™
In the current report, we explore size-dependent elec-
trocatalytic relationships in both elemental Pd NWs
and Pt—Pd NWs possessing diameters that range from
submicrometer to ultrathin <5 nm dimensions with the
goal of further generalizing the size-dependent perfor-
mance trend already observed in 1D Pt nanostructures.

Specifically, for the first time, we have employed the
U-tube double diffusion device to prepare high-qual-
ity, single crystalline, submicrometer (270 nm) and
nanosized (45 nm) Pd NWs. On the basis of careful
analysis of partially formed NWs, we have gained
important insight into the growth mechanism of the
Pd NWs within the confines of PC templates. Subse-
quently, we have rationally explored the size-depen-
dent electrochemical performance of both submicro-
meter and nanosized Pd NWs by comparison with
ultrathin Pd NW/C composites obtained utilizing a
surfactant-based technique that has been previously
reported.'® Ultimately, the desired Pt—Pd NW catalysts
have been prepared by Pt monolayer deposition and
the size-dependent ORR activity has been studied in
these well-defined, diameter-controlled core—shell
electrocatalysts. In both cases, we have observed con-
sistently reproducible enhancements of 2-fold in terms
of electrocatalytic activity as the diameter decreased
from the submicrometer to ultrathin levels.

RESULTS AND DISCUSSION

Synthesis and Characterization of Pd NWs. The synthesis
of submicrometer and nanosized Pd NWs with highly
monodisperse dimensions has been readily achieved
by utilizing an ambient, surfactantless template-based
method. The crystallinity and purity of the as-prepared
NWs were characterized by powder X-ray diffraction
data, shown in Figures 1A and 2A for the nanosized and
submicrometer wires, respectively. Crystallographic
analysis confirms that all of the peaks for the
NWs prepared in templates composed of 200 nm
(submicrometer) and 15 nm (nanosized) pores could
be readily assigned to the (111), (200), (220), and (311)
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Figure 1. Arepresentative powder X-ray diffraction pattern
(A) of isolated 45 nm diameter Pd NWs. Representative SEM
images of the isolated NWs (B) and of the free-standing NW
array (C) after the PC template is removed. A low-resolution
TEM image (D) of a single isolated NW with a section of the
NW is shown as an inset. The red box denotes the area
where a high-resolution image (E) was obtained. A selected
area denoted by the black box highlighting the well-defined
111 lattice planes is shown as an inset to panel E. The
selected area electron diffraction pattern (F) corresponding
to the high resolution image is also highlighted.

reflections of face-centered cubic Pd (Fm3m, JCPDS No.
46-1043). The measured d-spacing for the (111) reflec-
tion of Pd of 2.243 A isolated from the various template
pores analyzed in these experiments is in excellent
agreement with the standard value of 2.245 A. In
addition, there were no detectable crystalline impu-
rities in the XRD pattern for either the submicrometer
or the nanosized Pd NW samples.

The morphology of as-prepared NW samples was
initially characterized by SEM. Overview scanning elec-
tron microscopy (SEM) images (Figures 1B and 2B)
reveal that the NWs maintain diameters of 45 + 9
and 270 + 45 nm with high aspect ratios of 73 4 22 and
13 + 4, for samples derived from the 15 and 200 nm
template pores, respectively. The apparent size discre-
pancy between the commercially reported pore dia-
meter and the experimentally measured diameter is
expected and has been previously reported by our
group as well as other groups.?*' This divergence has
been widely attributed to an expansion and inhomo-
geneity of the diameter of pore within the interior of
the membrane in combination with swelling of the
pores during the growth of the NWs. In addition to
obtaining individual isolated NWs, free-standing NW
arrays, shown in Figures 1Cand 2C, have also been readily
obtained by affixing the filled templates onto a Si
substrate and exposing the array to an oxygen plasma
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Figure 2. A representative powder X-ray diffraction pattern
(A) of isolated 270 nm diameter Pd NWs. Representative
SEM images of the isolated NWs (B) and of the free-standing
NW array (C) after the PC template is removed. A low-
resolution TEM image (D) of a single isolated NW with a
representative collection of 270 nm diameter NWs is shown
as an inset. The red box highlights the area where a high-
resolution image (E) was obtained. A selected area denoted
by the black box showing the well-defined 111 lattice
planes is presented as an inset to panel E. A selected area
electron diffraction pattern (F), corresponding to the high-
resolution electron microscopy image, is also displayed.

etch in order to suitably remove the PC template. The
highly uniform nature of the resulting arrays and the
ability to affix them onto a wide variety of substrates
have rendered these systems as excellent candidates
for applications in hydrogen sensing®>* and alcohol
electroxidation.>® The methods for obtaining both
isolated NWs and free-standing NW arrays are shown
schematically in Supporting Information, Figure S3.
Representative transmission electron microscopy
(TEM) images shown in Figures 1D and 2D not only
confirm the quality and high aspect ratio of the NWs but
also reveal that the NWs maintain uneven, roughened
surfaces, likely originating from the textured, imperfect
structure of the pore walls of the PC template itself.*
The high-resolution TEM images (HR-TEM) (Figures 1E
and 2E) show that the NWs are single-crystalline, with
the exception of a short polycrystalline segment at the
end of the NW. The presence of this short polycrystalline
segment can likely be attributed to the unique forma-
tion process of these NWs, which is discussed in greater
detail in the following section. The high-resolution TEM
images in Figures 1E and 2E indicate the presence of
well-resolved lattice planes that are straight and equi-
distant with a spacing of 225 + 0.03 A, in perfect
agreement with the bulk Pd (111) lattice spacing. To
assess the crystal structure over the entire length of the
NW, we have employed electron diffraction in TEM. The
diffraction patterns (DPs) taken along the length of the
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NWs demonstrate that these NWs are single crystalline
over the greater part of their length. Figures 1F and 2F
show diffraction patterns obtained with the electron
beam incident along the [112] axis of Pd. Diffraction
data in combination with HRTEM images suggest that
the long axis of the NWs formed in both the 200 and
15 nm pores is oriented along the [110] crystallographic
direction. This unique growth direction of the Pd NWs has
been observed previously when metallic NWs have
been electrodeposited within highly anisotropic na-
nostructured pores. However, it is unclear in the existing
literature as to which primary experimental influence
ultimately determines the observed growth direction.>
Given the lack of dependence on the pore size, we
believe that the growth direction of these NWs arises
from the relatively slow reduction kinetics observed in
this synthetic scheme. This hypothesis is discussed in
more detail in the following section.

Although there are many advantages of the U-tube
methodology, the use of nanostructured templates
may inherently prevent high product yields or even
the acquisition of ultralow diameters, as the smallest
commercially available PC template consists of ~15 nm
diameter pores. In light of these limitations, in parallel,
we have prepared ultrathin Pd NWs utilizing a scalable
wet-chemical technique wherein the reduction of a Pd
precursor and growth is directed by a surfactant.'®%’
The as-prepared NWs in this case can be reliably sup-
ported onto high surface area carbon, which prevents
aggregation of the NWs during treatment and imparts
significantly improved durability. Low resolution TEM
images of the ozone-treated ultrathin NWs shown in
Supporting Information, Figure S1A reveal that the
NWs maintain ultrathin diameters of 2.2 £+ 0.8 nm with
lengths of up to 100 nm. Not surprisingly, overview
field emission SEM (FESEM) images (Figure S1B) not
only confirm the presence of ultrathin Pd NWs ad-
sorbed onto the carbon but also highlight that the
catalyst is uniformly distributed over the carbon surface.
On the basis of the HRTEM images obtained before
ozone treatment (Figure S1D), the NWs are composed
of multiple single crystalline segments with lengths of
6 & 1 nm that extend along the entire length of the NWs.
These single crystalline segments likely represent the
electrochemically active structural unit of the NW since
they maintain highly uniform, relatively defect-free sur-
faces. Crystallographic analysis of the NWs (Figure S1C)
confirms that they are associated with the face-cen-
tered cubic phase of Pd. Moreover, there were no
detectable crystalline impurity peaks.

Insights into the Growth of Metallic Nanowires under Double
Diffusion Conditions. In addition to preparing optimized
nanostructures for use as size-dependent core—shell
electrocatalysts, we have also gained insight into the
formation process of metallic NWs within the spatial
boundaries and constraints associated with PC tem-
plates, under double diffusion conditions (Supporting
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Figure 3. A schematic representation of the proposed formation process in a representative 200 nm (left) and 15 nm (right)
diameter template pore. The left side of the graphic represents the precursor half-cell and the right side of the graphic
denotes the reducing agent half-cell. In the double diffusion step, we highlight the difference in the point of nucleation that is
observed in the case of the 200 and 15 nm template pores. In both cases, the growth is initiated by rapid nucleation of metallic
Pd as the diffusion fronts of the precursor and reducing agent intersect within the template pores. Once the formation of the
polycrystalline segments blocks the diffusion of the reducing agent into the pore, the growth of the primary single crystalline
segments proceeds by an electrodeposition process where electrons are transported through the growing wire (black arrow).
Observed metallic backing layers present on the external surfaces of the 200 and 15 nm templates are found on the reducing
agent and precursor half-cell sides, respectively, and are shown in red.

Information, Figure S2). Previously, our group has
achieved the reliable synthesis of metallic Au, Ag, and
Pt NWs within the structural confines of 200 nm PC
templates by utilizing relatively high concentrations of
0.1 and 0.5 M for the metal precursor and the sodium
borohydride, respectively.?” The Pt NWs prepared with
the analogous H,PtClg precursor in this previous report
were found to be polycrystalline and the growth was
determined to have followed a heterogeneous nuclea-
tion mechanism. Similarly, another group has prepared
Ag NWs by utilizing a double diffusion device wherein
a so-called “self propulsion mechanism” was proposed.®
By contrast, the synthesis of Pd NWs in this report was
accomplished with significantly lower concentrations
of 37 mM Na,PdClg and 5 mM NaBHj, as a result of the
inherently low solubility of the Pd precursor in ethanol.
Interestingly, we find that the synthesis of Pd NWs is
distinctive from that of other template-based synth-
eses conducted under similar double-diffusion condi-
tions. In this section, we rationally explore the growth
mechanism in the 200 and 15 nm template pores
utilizing complementary techniques that provide in-
sight into the structure and location of the NW within
the template pore as the reaction progresses.

Growth of Pd NWs within 200 nm Pores. On the basis
of the analysis of our data, we believe that the growth
of the NWs within the PC templates follows a two-step
process, which is shown schematically in Figure 3. In
the first step, the precursor and reducing agent diffuse
into the pore space and inevitably, the diffusion fronts
intersect, resulting in the reduction of the Pd precursor
and nucleation of the Pd metal. In the case of the
200 nm template pores, the nucleation of the Pd metal
is initiated near the interface of the template pore and
reducing agent half-cell. This initial rapid reduction
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followed by a nucleation process yields both a short
polycrystalline NW segment within the template pore
and a thin layer of metallic material on the outer
surfaces of template within the reducing agent half-
cell. In fact, the formation of the metallic layer on the
surface of the template facing toward and thereby
exposed to the reducing agent half-cell can be ob-
served visually within the first minute of the reaction.
As complementary evidence, TEM analysis of a represen-
tative cross-section of the template shown in Figure 4A
confirms the presence of a thin metallic layer localized
on the external surface of template that is exposed to
the reducing agent half-cell with NWs that are directly
affixed onto the metallic layer. Higher magnification
images reveal that the first 500 nm of the NW affixed
to the metallic layer is composed of highly intercon-
nected crystalline grains.

To explore the crystallinity of the NW near the inter-
face of the template pore, HRTEM images and SAED
patterns (Figure 4B) were obtained on a representative
isolated Pd NW at positions near the pore interface
where it is thought that nucleation first occurs. The
corresponding HRTEM images reveal that the poly-
crystalline segment is composed of multiple crystalline
domains that give rise to the distinctive diffraction
rings in the SAED pattern. Based upon the low-resolu-
tion and high-resolution TEM images, the polycrystal-
line component represents the first 200—500 nm of the
NW, which is directly affixed onto the metallic material,
coating the exterior of the template. The observation of
the initial polycrystalline segment is not surprising
since we have previously demonstrated that the direct
reduction of metallic precursors, including H,PtClg for
example, results in polycrystalline nanostructures.®?
The polycrystallinity arises from the rapid reaction
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Figure 4. Representative cross-section of as-prepared
templates containing ~270 nm (A) NWs after 16 min of
reaction time. The presence of wire-like fragments results
from the nonuniformity and irregular distribution of the
template pores, which results in portions of wires being
excised during the microtoming process. Cross-sectional
SEM images of free-standing NWs prepared in the 200 nm
(B) diameter pores of PC templates shown within a sche-
matic of the U-tube double-diffusion apparatus. The me-
tallic layers present on the surfaces of the 200 nm templates
are found on the reducing agent half-cell side. Inmediately
below are individual NWs within the template pore with
corresponding HRTEM and SAED patterns obtained from a
representative, isolated Pd NW in selected locations marked
by blue and green spots, where either nucleation or crys-
talline growth predominate.

kinetics when NaBH, directly interacts with and re-
duces the metal precursor, a process which favors the
formation of many discrete nuclei as opposed to simple
crystalline growth. Hence, we propose that the poly-
crystalline segment arises in the first growth step from
the rapid nucleation of Pd metal when there is direct
chemical interaction between the diffusing Pd precur-
sor and the NaBH, solution.

Interestingly, careful analysis of the cross-sectional
images reveals that the polycrystalline segment trans-
forms into a uniform homogeneous segment toward
the interior of the template pore. HR-TEM images and
SAED patterns obtained on a representative NW to-
ward the interior of the pore confirm that this segment
of the wire is single crystalline with highly resolved
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lattice planes that run uniformly across the entire
structure. This gives rise to the well-defined diffraction
spots present on the corresponding SAED. Hence, the
short polycrystalline segment segues into a second
single crystalline segment that comprises the remain-
ing 3—4 um of the NW. However, the extended single-
crystalline segment that is observed extending toward
the precursor half-cell is not necessarily consistent with
the idea of the direct reduction of Pd by NaBH,. By
contrast, these findings imply that a different growth
process likely predominates in creating this single
crystalline segment.

Hence, we believe that the single-crystalline growth
observed in the template pore arises from a second,
in situ electroless deposition process wherein the rate
of reduction is significantly slowed. We believe this
allows for crystalline growth to predominate as op-
posed to a series of rapid nucleation steps. Invariably,
the formation of the aforementioned polycrystalline
material and metallic layer prevent the direct diffusion
of precursor and borohydride ions into the template
pores, thereby preventing the direct reduction of Pd.
Subsequently, we believe the thin metallic layer and
polycrystalline segment serve as a conductive layer
through which electrons are transported from the
reducing agent half-cell toward the interior portion
of the pore, thereby reducing the Pd precursor. This in
turn results in the lengthening of a distinctive single
crystalline segment toward the precursor half-cell.

As a matter of note, we believe that electrochemical
neutrality is maintained during the electroless deposi-
tion process by the corresponding diffusion of positive
Na™ ions from the reducing agent half-cell into the
precursor half-cell. Previously, it was proposed by
Sharabani et al. in their study of the electroless deposi-
tion of Ag NWs under double diffusion conditions that
the diffusion of Na™ ions occurs through the physical
spaces present between the growing NW and the
surrounding pore walls.>® Moreover, it has been
demonstrated that the pore spaces of the PC templates
are nonuniform and that pore branches exist through-
out the template. These dispersed spaces may repre-
sent possible channels and physical pathways for the
diffusion of counterions.®’ Although all of these sce-
narios exist as plausible routes for Na™ ion diffusion, it
is critical to highlight that the determination of the
precise mode of counterion diffusion is beyond the
scope of this report and will be addressed in the future.

Recently, single-crystalline Pd NWs have been grown
within nanostructured templates using a potentiostatic
electrodeposition process involving careful control over
the pore size and the reduction overpotential.>® It was
found in that experiment that reducing the pore size
from 65 to 35 nm and utilizing a low reduction over-
potential (0.3 V vs Ag/AgCl) favored the growth of
single crystalline NWs as opposed to polycrystalline
NWs. The smaller pore sizes in combination with a
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slower reaction rate were thought to limit the diffusion
in the system, thereby lowering the reaction rate and
promoting single crystalline growth. On the basis of
these prior results, as well as the HR-TEM and SAED
results, we believe that the growth of the single-crystal-
line NW segment herein arises from an ambient, elec-
troless deposition process that is primarily diffusion-
limited. This assertion is consistent with the proposed
mechanism due to inherent coupling between the
reaction rate and the diffusion rate of both the pre-
cursor into the pores and the Na™ ions into the
precursor half-cell.

As experimental evidence of the proposed second
electrodeposition step, we isolated free-standing NW
arrays after various reaction times (4—16 min) to con-
firm that the NW elongates toward the precursor half-
cell over the course of the reaction. In this case, the
free-standing arrays were prepared by supporting the
templates onto Si substrates, and the residual PC is
removed by a reactive oxygen plasma etching process
leaving behind the NWs directly affixed to the thin
metallic layer (Supporting Information, Figure S3). On
the basis of the proposed growth mechanism, the
length of the NWs is expected to increase at longer
reaction times, owing to prolonged electrodeposition
periods. SEM images of the arrays grown in the 200 nm
templates after 4, 8, and 12 min of reaction time are
shown in Figure S4A—S4C, and not surprisingly, these
as-prepared 1D nanostructures increase in length from
approximately 2 to over 3 um as the reaction time is
increased from 4 to 16 min. To gain a more quantitative
insight, these as-prepared 1D nanostructures were
isolated as individual NWs (Figure S3) from reactions
conducted in 2 min increments and the length was
found to increase from 0.92 £+ 0.35 to 4.0 £ 1.8 um
(Figure S5A) as the reaction time was correspondingly
increased from 2 to 12 min, thereby representing
almost the entire thickness of the template (~6 um).
Hence, it is clear that the growth of the NWs continues
even after the initial polycrystalline segment effectively
prevents direct interaction between reducing agent
and precursor molecules. These observations are col-
lectively suggestive of a second, continuous electro-
deposition step.

Growth of Pd NWs within 15 nm Pores. The growth
of the NWs in the 15 nm template pores follows a
similar two-step process that is observed within the
200 nm template. However, a key distinction in the
formation of the NWs in the 15 nm pores is that the
initial nucleation of the Pd likely occurs within the interior
of the pore (near the center of the pore channel), as
opposed to at the interface of the pore with the reducing
agent half-cell. TEM images of cross sections of the
template (Figure 5A) in addition to HRTEM analysis
(Figure 5B) of a representative isolated NW confirm the
presence of a polycrystalline segment located toward
the center of the template pore. The shift in the location
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Figure 5. Representative cross-section of as-prepared
templates containing ~15 nm (A) NWs after 16 min of
reaction time. The presence of wire-like fragments arises
from the nonuniformity and irregular distribution of the
template pores, which results in portions of wires being
excised during the microtoming process. Cross-sectional
SEM images of free-standing NWs prepared in the 15 nm
(B) diameter pores of PC templates shown within a sche-
matic of the U-tube double-diffusion apparatus. The me-
tallic layers present on the surfaces of the 15 nm pore-sized
templates are found on the precursor half-cell side. Imme-
diately below are individual NWs within the template pore
with corresponding HRTEM and SAED patterns obtained
from a representative, isolated Pd NW in selected locations
marked by blue, red, and green spots, where either the
nucleation or the crystalline growth predominate.

of the nucleation process likely arises from the smaller
pore size, which is expected to significantly limit the
diffusion of the precursor into the pore space.>”® On
the basis of the cylindrical pore geometry, the point of
contact between advancing diffusion fronts of the
precursor and reducing agent is thereby expected to
shift toward the interior of the pore and give rise to a
primary nucleation process occurring closer toward the
precursor half-cell. To explore this issue more rationally,
we performed a series of reactions (cf. Supporting
Information and Figures S5B — S5C) wherein the pre-
cursor and reducing agent concentrations were altered
systematically to explore the influence of diffusion rate
upon the corresponding length of the wire. Not sur-
prisingly, the length of the resulting wires can be
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rationally increased when the precursor concentration
is increased. This confirms that the position where
primary nucleation likely occurs is highly dependent
upon the nature of the diffusion of the precursor in this
case.

Subsequently, HR-TEM analysis of the NWs at points
closer toward the precursor half-cell confirms that the
polycrystalline segment transitions into an extended
single-crystalline segment. As in the case of the 200 nm
NWs, we believe that the single-crystalline segment
arises from a second electrodeposition step, occurring
once the pore space is spatially blocked by the forma-
tion of the initial polycrystalline segment. However, an
interesting distinction in this case is that the crystalline
growth of the NW proceeds beyond the pore, forming
ametallic layer that coats the surface of the template in
the precursor half-cell. This scenario is readily apparent
in Figure 5A, which highlights the presence of metallic
material on the surface of the precursor side of the
template that is directly affixed onto the NWs within
the template. The morphology of this film is apparent
in Supporting Information, Figure S4D—F and it is
evident that the film is composed of interconnected
Pd material that extends beyond the template pores. In
fact, visual observation of the template during the
course of the reaction reveals that the template dar-
kens from a transparent coloration to a black coloration
over the first 2—4 min of the reaction and then a
metallic layer becomes apparent on the surface of
the template in the precursor half cell after 4—6 min.

As further support for the proposed growth me-
chanism, we have isolated free-standing NW arrays
after various reaction times (4—16 min) to confirm that
the NW growth direction proceeds from the point of
nucleation toward the precursor half-cell. In this case,
the templates were affixed onto a Si substrate with the
metal-coated precursor side facing downward, and the
residual PC was removed by reactive ion etching in an
oxygen plasma, utilizing the same etching conditions
as those for the 200 nm pores. SEM images of arrays
obtained after 4, 8, and 12 min of reaction time are
highlighted in Figure S4D—F. Analysis of the NW arrays
reveals that the length of the NWs does not change
significantly from 4 min (2.9 4 0.6 um) to 16 min (2.8 &
0.6 um). In this case, the growth of the NWs from the
point of nucleation to the pore opening appears to
have been completed within the first 4 min of the
reaction, which is consistent with the empirical obser-
vation of the formation of the metallic material within a
4—6 min interval on the surface of the template in the
precursor half-cell. Interestingly, the filling of the pore
proceeds at a much faster rate in the 15 nm pores as
compared with the 200 nm pores, which is not surpris-
ing given that the reaction rate is the same in both the
15 and 200 nm pores, although less Pd is obviously
required to fill in the smaller pores. Hence, all of these
observations complement the analysis of the template
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cross-section and confirm that the growth is likely
initiated within the interior of the pore space and then
proceeds toward the precursor half-cell, inevitably
producing a metallic layer on the surface of the template
exposed to the precursor half-cell.

Size-Dependent ORR Activity of Pd NWs. Prior to systema-
tic electrochemical characterization of the various Pd
NW samples, the surfaces of the NWs were activated in
order to remove undesirable organic residues. In the
case of the submicrometer-sized and nanosized
wires prepared in the U-tube assembly, the residual
organic material left from remnants of the PC mem-
brane could be readily removed from the NWs on
the electrode by briefly cycling to high potentials
(~1.3 V). This experimental capability highlights the
highly advantageous nature of U-tube synthetic meth-
ods since NWs with high aspect ratios can be prepared
rapidly without the need for surfactant, which can
significantly hinder electrochemical performance. By
contrast, the ultrathin Pd NW/C sample required a
more complex two-step cleaning process that involved
the combination of pretreatment and electrochemical
protocols in order to remove strongly adsorbed octa-
decylamine (ODA) surfactant.'®

Once the surfaces of the NWs were suitably acti-
vated, the electrochemical performance of the NWs
was initially explored by cyclic voltammetry. Specifi-
cally, cyclic voltammograms (CVs) obtained in a 0.1 M
HCIO, solution (Figure 6A) evinced the distinctive hydro-
gen adsorption/desorption (H,gs) peaks in the region of
0—0.2 V and the onset of surface oxide formation at
approximately 0.7 V, which are consistent with that of
nanostructured Pd catalysts. Not surprisingly, the CV
profile of the Pd NWs was in excellent agreement with
that of commercial Pd NPs (Figure S6). The electro-
chemical surface area (ESA) of the various NW catalysts
was determined in this case by integration of the CO
stripping peak (Figure 6B). The CO stripping charge is
used (cf. Supporting Information) to estimate surface
area because in the case of Pd, the absorption of
hydrogen into the lattice of Pd can contribute signifi-
cantly to the measured H,q4s charge, thereby making it
unreliable for the accurate determination of surface area.

To explore the ORR activity of the submicrometer
and nanosized Pd NWs, polarization curves shown in
Figure 6C for the submicrometer and nanosized wires
and Supporting Information, Figure S7 for the ultrathin
NWs were obtained in oxygen-saturated 0.1 M HCIO,
solutions. These polarization curves revealed that the
NW samples maintained an ORR onset in the region of
0.85—0.95 V, which is consistent with that found for
other nanostructured Pd catalysts. More importantly,
the kinetic currents were extracted at 0.8 V and normal-
ized to the ESA in order to probe the specific activity
(shown in the inset of Figure 6C) of the catalysts. In this
case, we have elected to utilize the kinetic currents at
0.8 V, since the catalysts show insignificant activity

VOL.5 = NO.9 = 7471-7487 = 2011 ACS

N TANKA
NANO

WWww.acsnhano.org

J1O1LdV

7478



>

—— 270 nm —— 270 nm
— 45 nNm — 45 nm R
— 2 nm — 2nm
E g ’
@ o i
5 5 5
I T T | I T I I I : !
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0 1.2
E (V) vs. RHE E (V) vs. RHE
C o+
4 m Pd NP/C
B 270 nm
-1+ B 45 nm
“%34 | m 2nm
o
=
N‘g = E
& E 21
<-34 3
£ E
e 4- —i‘ 14
0-
-5
— 270 nm
—— 45 nm
-6 - T T T T T
0.2 0.4 0.6 0.8 1.0
E (V) vs. RHE

Figure 6. Cyclic voltammograms (A) and CO stripping voltammograms (B) of the submicrometer and nanosized Pd NWs by
comparison with the ultrathin Pd NW/C composites obtained in deoxygenated 0.1 M HCIO,4 at 20 mV/s. Polarization curves
(C) obtained from the submicrometer and nanosized Pd NWs immobilized on a Vulcan XC-72 modified GCE. Curves (anodic
sweep direction) were obtained in an oxygen-saturated 0.1 M HCIO, solution at 1600 rpm and 20 °C with a scan rate of 10 mV/s.
The electrochemical surface area activities (specific activities) of the submicrometer and nanosized Pd NWs at 0.8 V are shown
as an inset by comparison with the ultrathin Pd NW/C catalysts and commercial Pd NP/C catalysts.

above 0.85 V. On the basis of this protocol, we have
found that the measured specific activity doubles from
1.84 to 3.62 mA/cm? as the catalyst size is decreased
from 270 to 2 nm. It is also important to highlight that
all of our NW catalysts, particularly the 45 and 2 nm Pd
NWs, consistently and reproducibly out-perform a
commercial Pd NP/C catalyst, which showed a specific
activity of 1.80 mA/cm?.

The observed electrochemical enhancement in the
Pd NW samples when compared with the commercial
Pd NP samples is not surprising since our group and
others have previously shown in the case of both Pt
and Pd, that 1D catalysts maintain significantly more
active surfaces as compared with analogous NPs.%'81923
Although there is some debate in the literature,'®
analysis of ORR activity on Pd single crystals®® and
well-defined Pd nanocubes® has shown that the Pd
(100) facet is significantly more active than the Pd (111)
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facet. Consistent with this assertion, we have pre-
viously demonstrated by HRTEM that our ultrathin
NWs primarily display Pd (100) facets as a result of
the selective adsorption of octadecylamine onto this
surface during NW growth.' Hence, the significantly
enhanced activity of our ultrathin Pd NWs is under-
standable, since commercial Pd NPs display predomi-
nantly Pd (111) facets.®
Although the structure-dependent enhancement
in ORR activity has been previously explored, the
distinctive size-dependent enhancement specifically
observed in this report is of critical interest, since
activity tends to be enhanced with decreasing NW
diameter. This trend starkly contrasts with analogous
behavior observed in OD NP catalysts, wherein de-
creases in size tend to result in lower activity as a result
of anincreased defect density as well as changes to the
electronic structure of the catalysts.®’ Previously, we
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have observed a similar size-dependent enhancement
in analogous Pt NW catalysts wherein the specific
activity increased from 0.38 to 1.45 mA/cm? in progres-
sing from 200 nm Pt NTs to ultrathin ~1 nm Pt NWs.?
Hence, the size-dependent performance enhance-
ment appears to be quite generalized in the case of
elemental metal 1D ORR catalysts.

We believe that this size-dependent enhancement in
activity arises from a contraction of the Pd surface with
decreasing size. There have been several previous
theoretical®®*%* and experimental®®® reports that have
shown that noble metal NWs such as Pt and Pd can
undergo a contraction of the surface as the diameter is
decreased into the nanoscale region, particularly when
the diameter approaches that of approximately 2 nm.
Contractions of the NW surface are expected to resultin a
down-shift in the d-band center of the material to lower
energies. Such a situation is expected to weaken the
binding of oxygen and to increase the rate of oxygen
reduction.>®>~% Recently, X-ray photoelectron spectra
(XPS) data collected on ultrathin 2 nm Pt NW catalysts
have revealed that the Pt NWs maintained lower electron
binding energies for the Pt 4f,/, signal as compared with
commercial Pt NP catalysts, thereby providing further
experimental evidence for a down-shift in the d-band
energy of nanoscale 1D materials.”

As support for the proposed contraction in the case of
Pd, we have obtained CO stripping voltammograms
(Figure 6B) for the various Pd NW catalysts tested. In
effect, the proposed down-shift of the d-band center due
to surface contracting strain is expected to weaken the
CO binding strength and to improve its surface diffusion
rate, which may lead to an improvement in CO mono-
layer oxidation kinetics.”"”? As expected, the CO strip-
ping peak did shift negatively from 0.925 t0 0.906 V as the
size of the NWs was decreased from 270 to 2 nm, which
suggests that there is improved CO oxidation kinetics as
the size of the NWs decreases. Hence, we believe that the
trend in the CO stripping peak potential coupled with the
recent XPS analysis of ultrathin Pt NWs provides strong
evidence for a surface reconstruction process and a
corresponding down-shift in the d-band energy as the
size of the NWs is decreased. Separately, the improved
CO oxidation kinetics observed also highlights the fact
that ultrathin Pd NW/C composites are potentially
effective catalysts for alcohol electro-oxidation.

We should emphasize that variations in the crystalline
facets likely do not play a significant role in the size-
dependent electrocatalytic enhancement of the as-pre-
pared NWs observed in this report. It has been previously
shown that Pd NWs and NPs that preferentially display
different surface facets (e.g., either primarily (110) or a
combination of (111) and (100) facets, respectively)
maintain significantly different Cu UPD and CO stripping
profiles, an observation that could be readily ascribed to
the CO stripping profiles obtained with the correspond-
ing Pd single crystals.'® By contrast, the structure of the
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Cu UPD and CO stripping profiles of our as-prepared NWs
of various diameters remain largely identical with the
exception of the shift in peak potential, suggesting that
these NWs possess similar surface facets. Hence, the shift
in the CO stripping peak potential in combination with
the recent XPS data point toward surface contraction as
the main origin of the observed electrocatalytic en-
hancementin NW activity herein. Although it is beyond
the scope of this work, further exploration of the
surface structure will be useful in fully ascertaining
the origin of the observed size-dependent electroca-
talytic activity in these 1D nanoscale materials.

Size-Dependent ORR Activity of Core—Shell Pt—Pd NWs.
Although the size-dependent ORR activity of elemental
catalysts has been previously studied in the case of Pt,
there have been no reports, to the best of our knowl-
edge, exploring the size-dependent activity in 1D
nanostructured core—shell Pt monolayer-based cata-
lysts. However, determination of the size and structure
dependent properties of these highly active, hierarch-
ical structures is a critical step toward optimizing their
performance for applications in working fuel cells. In
this case, we utilized the well-defined Pd NWs from the
previous section as substrates for Pt monolayer deposi-
tion in order to develop size-controlled 1D Pt mono-
layer—Pd nanowire core—shell (Pt—Pd NW) catalysts
for the purpose of studying the size-dependence
electrocatalytic activity in these structures.

In the current report, the deposition of a Pt monolayer
onto the surface of the various Pd NWs was achieved by
first depositing a monolayer of Cu onto the surface by Cu
UPD followed by galvanic displacement of the Cu ada-
toms with P*™. Cyclic voltammograms obtained after the
Pt monolayer deposition process (Figure 7A) confirmed
that a nearly complete monolayer of Pt was deposited
onto the surface. Specifically, the CVs of the Pt—Pd
NWs showed a shift in the oxide region toward higher
potentials as compared with the CVs of the Pd NWs.
Moreover, the H,ys region of the Pt—Pd NWs re-
sembled that of the bulk Pt (111). The observed
changes in the CV highlight the presence of a nearly
contiguous monolayer of Pt at the Pd surface since the
features closely resemble that of bulk Pt (111).56689
More importantly, we also observed that the potential
of the surface oxide reduction peak shifts from 0.788 to
0.803 V, as the diameter of the NWs is decreased from
270 to 2 nm. A shift in the surface oxide feature to
higher potentials is consistent with a weakening of the
interaction between the metal surface and the oxygen
adsorbate. Based upon the density functional theory
(DFT) results of Nerskov and co-workers,>”* the ob-
served weakening of the interaction with the oxygen
adsorbate is consistent with a down-shift in the Pd d-
band toward lower energies, a scenario which is likely
expected to improve oxygen reduction kinetics.

The ORR activities of the submicrometer and nano-
sized Pt—Pd NWs were measured electrochemically by
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Figure 7. Cyclic voltammograms (A) obtained after Pt monolayer deposition of the submicrometer and nanosized Pt—Pd

NWs by comparison with ultrathin Pt—Pd NW/C composites. The CVs were obtained in a deoxygenated 0.1 M HCIO, solution
at 20 mV/s. Polarization curves (B) of the submicrometer and nanosized Pt—Pd NWs obtained on the NWs immobilized on a
Vulcan XC-72 modified GCE. Curves (anodic sweep direction) were obtained in an oxygen saturated 0.1 M HCIO, solution at
1600 rpm and 20 °C with a scan rate of 10 mV/s. A potential vs specific activity plot (Jx) is shown as an inset, corresponding to
ultrathin Pt—Pd NW/C, noted as a comparison. The electrochemical surface area activity (ECSA, mA/cm?) and the mass activity
(A/mgpy) at 0.9 V for the Pt—Pd NW samples are shown (C) by comparison with the ultrathin Pt—Pd NW/C composites and

commercial Pt NPs/C.

obtaining polarization curves in an oxygen-saturated
0.1 M HCIO, solution shown in Figure 7B. As expected,
the core—shell NWs maintain significantly enhanced
activity as compared with the Pd NWs before mono-
layer deposition, which further confirms the near
monolayer deposition of Pt. In this case, the specific
activity of the Pt—Pd NW was determined by normal-
izing the measured kinetic currents obtained at 0.9 V to
the measured ESA of the core—shell NWs, which can be
directly deduced from integration of the H,4s peaks of
the composite structure. Similarly, the Pt mass activity
can be readily obtained by normalizing the measured
kinetic current at 0.9 V to the mass of Pt deposited,
which can itself be determined from the Cu UPD
profiles.

In this report, we are concerned with elucidating
the size-dependent catalytic properties in 1D nanos-
tructures and thus, the specific activity and the Pt mass
activity are highlighted, because these are directly
related to the number and density of active sites
present on the catalysts tested. In accordance, we have
summarized the average specific activity and platinum
mass specific activity of the submicrometer, nanosized,
and ultrathin Pt—Pd NWs obtained from three sepa-
rately prepared electrodes in Figure 7C, with commer-
cial Pt NPs/C serving as a comparison. The measured
area specific and mass specific activities were found
to increase from 0.40 mA/cm? and 1.01 A/mg to
0.74 mA/cm? and 1.74 A/mg, respectively, as the
measured NW diameter was decreased from 270 to
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2 nm. A potential versus kinetic current plot presented
as aninset to Figure 7B reveals that the size-dependent
enhancement in activity is observed over the entire
range of plausible operating potentials for a fuel cell
cathode.

In a recent report by Adzic and co-workers, the ORR
activity was studied as a function of particle size in 0D
nanoparticulate core—shell catalysts, and it was found
that the measured activity decreases as the particle size
is decreased below 10 nm, a finding consistent with
those of elemental metal nanoparticles.5® By contrast,
the activity data in the case of 1D core—shell nanos-
tructures are again in direct contrast with the trend
observed for 0D catalysts. Specifically, the size-depen-
dent phenomenon observed for 1D catalysts is extre-
mely advantageous since greatly enhanced activities
can be achieved by decreasing the diameter of the
catalyst. Hence, coupling the increased activity of ultra-
thin NW catalysts with their high surface area-to-volume
ratio maximizes the precious metal loading and de-
creases the amount of inactive precious metal present in
the core of the nanostructure. In fact, the ultrathin 2 nm
Pt—Pd NW composites have been shown to maintain a
high total PGM mass activity of 0.55 A/mg.

In addition, we have demonstrated that the size-
dependent electrocatalytic enhancement observed in
elemental Pt and Pd can be generalized further to that
of core—shell 1D nanostructures. Specifically, as with
Pd NWs, we believe that the performance enhance-
ment in the case of the Pt—Pd NWs arises from a
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Figure 8. Durability results for the submicrometer (A) and nanosized (B) Pd NW samples, shown as the percentage of
remaining ESA (black) and specific activity (red) over the course of 20 000 cycles. Also shown as insets are representative TEM
images of the nanostructures collected after 20 000 cycles of processing.

diameter-dependent contraction of the Pd NW surface.
Moreover, the enhancement in the ORR activity of the
Pt monolayer supported on both Pd NP and single
crystal surfaces is believed to arise from a strain-
induced compression of the Pt monolayer in combina-
tion with a so-called electronic “ligand effect”.”* On the
basis of the results presented in the previous section,
the use of 1D catalysts possessing a diameter-depen-
dent surface contraction as substrates for Pt monolayer
deposition is expected to increase the strain-induced
effect upon the Pt monolayer and yield a correspond-
ing increase in the ORR activity. This effect is also
apparent in the CV results presented in Figure 7A,
wherein the potential of the surface oxide reduction
peak shifts to higher potentials as the size is decreased.
That s, an increase in the strain-induced contraction of
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the Pt monolayer is expected to result in a shift of the Pt
d-band to lower energies and thereby weaken the
interaction with surface adsorbates, such as oxygen.
Durability Testing of Submicrometer and Nanosized Pt—Pd
NWs. The electrochemical durability of the submicrom-
eter and nanosized Pt—Pd NWs was explored under
half-cell conditions designed to simulate a catalyst life-
time. The primary motive for studying the stability of
these model catalysts is to verify that they maintain their
structural integrity and function during electrochemical
testing. In this report, we utilize an electrochemical
protocol, with some minor modifications, as outlined
by the U.S. DOE for testing catalyst durability under
membrane electrode assembly (MEA) conditions.”® In
particular, the potential is swept from 0.6 to 1.0 V for a
total of 20 000 cycles, with the nanostructures supported
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on a GCE immersed in 0.1 M HCIO, so as to bracket the
relevant potentials for ORR in a working fuel cell. How-
ever, care must be taken when comparing these values to
those obtained under MEA conditions, since half-cell
conditions, although very similar, are not exactly identical
to MEA conditions. On the basis of this protocol, the ESA
and activity of our nanostructures could be indepen-
dently monitored by obtaining CVs and polarization
curves after 5 000 cycles of operation. We have previously
discussed the stability of ultrathin 2 nm Pt—Pd NW/C
composites in detail."® In this section, results are shown
for the submicrometer (Figure 8A) and the nanosized
(Figure 8B) Pt—Pd NW samples, respectively, as a
function of the percentage of ESA and specific activity
over the course of these 20 000 cycles of operation.
As expected, the durability testing results show a
decline in both the surface area and activity of the
nanostructures over the course of the simulated life-
time. In the case of the surface area, the submicrometer
and nanosized Pt—Pd NWs retained 60.2% and 89.7%
of their ESA, respectively, after 20000 cycles. The
observed trends in ESA decline can be attributed to a
restructuring of the catalysts during the durability test.
Based upon representative TEM images of the struc-
tures collected after 20 000 cycles, the submicrometer
and nanosized structures largely maintain their 1D
morphology. However, it is apparent that the nano-
sized wires evolve a textured and roughened high
surface area porous structure, wherein the overall wire
is composed of interconnected crystallites with nanopor-
ous voids. The evolution of porosity in the submicrometer
nanostructures is also apparent. However, analysis of
many examples of these wires reveals that the effect is
less substantial. Presumably, the formation of porous
structures results from the preferential dissolution of
the less noble Pd from the core of the nanostructures,
which has been demonstrated to be the primary
mechanism for ESA loss in analogous Pt—Pd NPs.®
Not withstanding, the evolution of a highly porous
structure in combination with significant nanoparticle
formation in the case of the nanosized wires resultsin a
higher proportional ESA after cycling, as compared
with the submicrometer structures. In the case of the
specific activity, the submicrometer and nanosized
Pt—Pd NWs retained ~80.5% and 60.3% of their spe-
cific activity, respectively, after 20000 cycles. The
proportionally higher loss of specific activity associated
with nanosized wires is not surprising given the sig-
nificant morphological restructuring of the catalyst,

MATERIALS AND METHODS

Synthesis of Palladium Nanowires. The synthesis of submicrom-
eter (270 nm) and nanosized (45 nm) palladium nanowires
(Pd NWs) was accomplished by utilizing a U-tube double dif-
fusion device. Specifically, sodium hexachloropalladate hydrate
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during the cycling process. Specifically, the evolution
of a porous particulate structure in combination with
the formation of NPs is expected to increase the
number of defect sites significantly, thereby decreas-
ing the catalyst's activity toward the ORR process.

CONCLUSIONS

In this report, we have prepared submicrometer
(270 nm) and nanosized (45 nm) Pd NWs utilizing a
template-based approach that is not only sustainable
but also allows for the preparation of high-quality
nanostructures with predictable dimensions. The
NWs in this case are largely single-crystalline and have
been found to grow uniformly along the [110] crystal-
lographic direction. We observe that the growth of
the NWs proceeds by two steps, wherein initially a
polycrystalline segment is formed by rapid reduction
and nucleation. Subsequently, we believe that the NW
growth continues through an electrodeposition pro-
cess in a second step, resulting in the formation of a
single-crystalline segment.

The ORR activity of optimized submicrometer and
nanosized Pd NWs was determined electrochemically
and compared with the activity of ultrathin 2 nm Pd
NW/C samples, which revealed a distinctive size-de-
pendent electrocatalytic enhancement of nearly 2-fold
as the wire diameter was decreased. After the deposi-
tion of a Pt monolayer onto the Pd NW substrates, the
core—shell Pt—Pd NWs displayed a similar size-depen-
dent enhancement of nearly 2-fold in both specific
activity and platinum mass activity. Thus, this current
report demonstrates that the diameter-dependent
enhancement in ORR activity can be generalized from
not only Pt but also, for the first time, to Pd and Pt—Pd
core—shell structures. We believe that the observed
size-dependent trend results from a diameter-depen-
dent contraction of the Pd NW surface as the diameter
is decreased, an observation which is expected to
increase the inherent ORR activity.

Hence, the observed size-dependent trend reported
herein is of great interest, since it starkly contrasts with
the trend observed in analogous 0D NP catalysts. Hence,
the activity in 1D structures can be optimized by decreas-
ing the diameter, which has the added benefit of max-
imizing the precious metal loading of these catalysts.
More importantly, we expect that this size-depen-
dent property can be further generalized to include
alloyed, segmented, and hierarchical metallic NWs,
which will allow for further optimization of activity.

(87.5 mg Na,PdCls-xH,0, Alfa Aesar 99.9%) was dissolved in
5 mL of absolute ethanol in order to create a saturated precursor
solution. Separately, a 5 mM sodium borohydride (NaBH,, Alfa
Aesar 98%) solution was prepared by dissolving the solid
powder into 5 mL of ethanol with a brief period of sonication
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in order to create a reducing agent solution. Immediately prior
to performing the reaction, commercially available polycarbo-
nate membranes (Whatman, Nucleopore track etched) with
pore sizes of either 200 or 15 nm were sonicated in ethanol to
presaturate the pores with solvent.

The ethanol saturated membranous template was clamped
between the two half-cells of the U-tube device and the half-
cells were separately filled with precursor and reducing agent
solutions, respectively, as shown in Supporting Information,
Figure S2. After 16 min of reaction time, the reaction completion
was signaled by the visible formation of metallic material on the
exterior surfaces of the template; the filled template membrane
was then removed from the U-tube and gently rinsed with
ethanol. Residual metal present on the external surfaces of the
template was physically removed by polishing the template on
a commercially available, soft Arkansas Wet-Stone (Tools for
Working Wood Company, Brooklyn, NY) with mineral oil serving
as a lubricant. The PC template itself was dissolved away by
immersing the membrane in methylene chloride fora minimum
of 15 min and isolated by centrifugation. These washing and
isolating steps were repeated several times to ensure complete
removal of residual PC. Subsequently, purified isolated NWs
could be obtained by washing the gray-black powder in ethanol. A
final catalyst ink was prepared by dispersing the powder into
25% isopropyl alcohol (IPA) in water. Free standing arrays of the
NWs could be obtained by affixing the template onto a Si wafer
with double-sided Cu tape and exposing the wafer to an oxygen
plasma for a total of 20 min in a reactive ion etcher (March
Plasma).

The synthesis of carbon-supported ultrathin (2 nm) palla-
dium nanowires (Pd NW/C) has been described in detail in a
previous report.'® To summarize, a mixture of palladium nitrate
(Alfa Aesar, 99.9%), octadecylamine (Acros Organics, 90%), and
dodecyltrimethylammonium bromide (TCl, >99%) in toluene
was reduced by a solution of NaBH, under an inert atmosphere.
The resulting NWs were subsequently isolated and supported
onto conductive carbon (Vulcan XC-72, Cabot) by sonicating the
mixture of NWs and carbon mutually dispersed into chloroform.
The composites were subsequently removed from the chloro-
form, washed with hexanes, and finally transferred onto ultraclean
silicon wafers for a gas-phase UV-generated ozone treatment.
As-treated NWs were removed from the wafers by sonication
in a 25% IPA solution in order to create the corresponding
catalyst ink.

Characterization. The morphology and structural quality of as-
prepared Pd NWs were initially characterized by scanning
electron microscopy (SEM). SEM samples were prepared by
dispersing the relevant Pd NW powder into ethanol by a brief
period of sonication and drop-casting the resulting dispersion
onto cleaned Si wafers. Images were obtained by utilizing field
emission electron microscopes (Leo 1550 and Hitachi $S4800) at
an operating voltage of 15 and 5 kV, respectively. Subsequently,
low-magnification transmission electron microscopy (TEM)
images were obtained at 80 kV on a Technai12 BioTwinG? instr-
ument (FEI), equipped with an AMT XR-60 CCD camera system.
Cross sections of the template were prepared by embedding
the as-prepared membranes in either Spurr or Epon resin, and
ultrathin sections of 80 nm in thickness were cut with a Reichert-
Jung UltracutE ultramicrotome and placed onto Formvar
coated slot copper grids. High-resolution TEM (HRTEM) images,
selected area electron diffraction (SAED) patterns, and energy
dispersive analysis (EDAX) spectra were acquired using a FEI
Titan 80-300 TEM equipped with a Cs-corrector, operated at
300 kV. TEM samples of individual NWs were prepared by
dispersing the Pd NWs in ethanol and evaporating a
single drop onto a 300 mesh Cu grid, coated with a lacey
carbon film.

Powder X-ray diffraction (XRD) patterns were obtained using
Cu Ko radiation (4 = 1.5 A) at a scan rate of 0.4° in 26 per minute
intervals, utilizing a Scintag diffractometer operating in the Brag-
g—Brentano configuration. XRD samples were prepared by ren-
dering the Pd NWs into a slurry with a minimal amount of ethanol
and allowing to air-dry.

Electrochemistry and Platinum Monolayer Deposition. Electroche-
mical measurements and Pt monolayer deposition were
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performed with the submicrometer-sized and nanometer-sized
Pd NW samples supported onto a thin layer of conductive
carbon in order to maximize the distribution of the catalyst on
the electrode surface. Specifically, a 5 uL aliquot of a 1 mg/mL
solution of Vulcan XC-72 dispersed in 25% IPA solution was
placed onto a polished glassy carbon electrode (GCE) (RDE, Pine
Instruments, 5 mm active area) and dried under vacuum in
order to create a uniform layer of carbon. Later, a 5 uL drop of
the appropriate catalyst ink was subsequently placed onto the
carbon-modified electrode and allowed to dry under vacuum.
Electrochemical measurements were obtained in a 0.1 M per-
chloric acid solution (HCIO,, Fisher Scientific, Optima grade),
prepared with ultrapure water. Unless otherwise mentioned, an
Ag/AgCl electrode (3 M CI7) isolated in a double junction
chamber (Cypress) and a platinum foil served as the reference
electrode and counter-electrode, respectively. All potentials
recorded in this paper have been measured with respect to
the reversible hydrogen electrode (RHE), unless otherwise
noted.

The deposition of a Pt monolayer onto the Pd NW surface
was accomplished by initially electrodepositing a monolayer of
Cu through Cu underpotential deposition (UPD) followed by
galvanic displacement of the Cu adatoms by Pt.°®”” The deposi-
tion of a Cu monolayer (Cu UPD) was achieved in a solution of
50 mM CuSO, in a 0.10 M H,S0, electrolyte.®® The Cu modified
electrode was then transferred to a solution of 1.0 mM K,PtCl,
dissolved in 50 mM H,SO, and immersed for a minimum of 5
min. All of these steps were performed in a custom-made two-
chamber glass housing, allowing for the transfer of the Cu
modified electrode under an inert N, atmosphere so as to
prevent the oxidation of the Cu adatoms. After deposition of
the Pt monolayer, the electrode is removed from the glass
housing, washed thoroughly with ultrapure water to remove
sulfate impurities, and covered with a 5 uL drop of Nafion
solution (0.025% in ethanol), prepared from a commercially
available stock solution (5%, Aldrich).

A similar procedure has been utilized for the preparation of
ultrathin Pd NW/C and commercial catalysts with only minor
modifications. For example, in the case of the ultrathin Pd NW/C
catalyst, a 5 uL drop of the catalyst ink was placed directly onto a
polished GCE without prior addition of a carbon layer. The
residual surfactant presentin this case could be readily removed
by utilizing a selective CO adsorption process, that has
been described in detail elsewhere.'® After cleaning, a Pt
monolayer was deposited utilizing the aforementioned proce-
dure for the Pd NW samples. The commercial carbon-supported
Pt and Pd catalysts (20% loading, Etek) were rendered
into 2 mg/mL catalyst inks in 25% IPA, and subsequently a
5 uL drop of the catalyst ink was placed directly onto a
polished GCE.

Measurement of ORR Activity and Catalyst Durability. Studies of the
submicrometer and nanosized Pd NW samples and ultrathin Pd
NW/C composites were performed utilizing the thin-layer rotat-
ing disk electrode (RDE) method.”® Initially, cyclic voltammetry
(CV) was performed in a deoxygenated 0.1 M HCIO, solution
with a scan rate of 20 mV/s so as to determine the electro-
chemically addressable surface area (ESA). Polarization curves
were then obtained in an oxygen-saturated 0.1 M HCIO, solu-
tion, maintained at 20 °C with a scan rate of 10 mV/s and a
rotation speed of 1600 rpm. The measured ORR activity of the
various Pd NW and Pt—Pd NW samples was compared with that
of commercial Pd/C and Pt/C, respectively. The longevity of the
various catalysts was studied under half-cell conditions in
perchloric acid by utilizing a durability test described by the
US. DOE for simulating a catalyst lifetime under MEA
conditions.” Specifically, the electrode was cycled from 0.6 to
1.0 Vat 50 mV/s in a 0.1 M HCIO, solution. During the course of
the durability test, the cell was left open to the atmosphere in
order to allow for replenishment of the dissolved oxygen in the
electrolyte. The ESA and specific activity (electrochemical
surface area activity, ECSA) were obtained after every 5000
cycles for a total of 20000 cycles. By means of comparison,
identical durability measurements were obtained on com-
mercial high performance Pt NP/C (20%, ETek).
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