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Nanoscaled Pt domains were integrated with Pd nanotubes
via vapor deposition to yield a highly active electrocata-
lyst for the oxygen reduction reaction (ORR) in alkaline
media. The surface-area-normalized ORR activity of these
bi-metallic Pt-on-Pd nanotubes (PtPdNTs) was nearly
6x the corresponding carbon-supported Pt nanoparticle
(Pt/C) activity at 0.9 V vs. RHE (1.5 vs. 0.24 mA/cm?etars
respectively). Furthermore, the high specific activity of the
PtPdNTs was achieved without sacrificing mass-normalized
activity, which is more than twice that of Pt/C (0.333
A/mgpipgnt VS- 0.141 A/mgpyc) and also greater than that
of Pd/C (0.221 A/mgpq/c). We attribute the enhancements
in specific and mass activity to modifications of the seg-
regated Pt electronic structure and to nanoscale porosity,
respectively.

Alkaline anion-exchange membrane fuel cells (AAEMFCs) po-
tentially offer significant advantages over proton-exchange mem-
brane fuel cells, including a less corrosive environment, mem-
branes resistant to fouling by dissolved cations, and the availabil-
ity of highly active metal catalysts outside the platinum group. 1:2
Alkaline cells also promise entirely metal-free cathode catalysts, >
but the production of peroxide on these carbon-based materials
may be problematic?%°. Metallic catalysts remain the material of
choice for the near future of AAEMFCs. Of these, Pd is exception-
ally active®7 and is resistant to corrosion in the alkaline environ-
ment.® The departure from the unsatisfactory performance of Pd
in acid is owed to subtle changes with respect to reactant/product
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binding energy,? pH-dependent coverage of oxides and spectator
species, %1011 and the role of water as catalytic promoter 12,

Research into the ORR in both acidic and alkaline electrolyte
has yielded a blueprint for tuning the reactant/product bind-
ing strength for the development of highly active catalysts. ®%:13
Overlayers atop well-defined bulk crystals 427 have been used
to enhance the activity of catalysts in comparison to their
monometallic constituents for many important reactions using
many different synthesis techniques28-3>. Notably in the alkaline
case, Lima et al. demonstrated a volcano-like dependence of ORR
specific activity upon the calculated metal d-band center of bulk
single-crystal electrodes in alkaline electrolyte, © finding optimum
activity for Pt monolayers atop Pd(111).

In this contribution, we use an accessible and scalable tech-
nique to synthesize segregated Pt domains adorning nanotubes of
bulk-like, polycrystalline Pd (PtPdNTs). The nanotube form fac-
tor, demonstrated by our group previously for several important
electrochemical reactions, has several advantages with respect to
previous demonstrations. These advantages include high surface-
normalized activity coupled with high mass-normalized activity
attributed to the nanoscale porosity within the tube wall. 36:37

PtPANT morphology is consistent with the shapes of the pore
interiors of the AAO templates in which they were grown, as il-
lustrated using the low magnification HR-TEM in Fig. 1. The nan-
otubes are approximately 250 nm in diameter, matching the av-
erage diameter of the AAO templates, with variable lengths ~10
um. At higher magnification (Fig. 1b-e) fine nanoscale porosity
is observed. Wall thicknesses in these samples are approximately
25-30 nm. Larger variations in grain size have been achieved
with different heat treatment temperatures®® and can be opti-
mized depending upon the catalytic application. Heat treatment
in a reducing atmosphere removes interstitial carbon from the Pd
lattice absorbed during synthesis®® and promotes sintering and
relaxation of the aggregated nanoparticles formed during vapor
deposition into durable, highly coordinated structures.

PtPdANTs display an fece crystal structure. There is evidence of
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alloy formation observable in the x-ray diffraction spectra, SI Fig.
1;1 however, the shifts in the peak position do not match what
would be expected if the nanotubes were completely alloyed. A
Vegard’s law calculation of alloying degree in the PtPANT sam-
ples based on respective shifts of the (111) lattice peaks suggest
~20% alloying. We interpret this to mean that there is interfacial
alloying of the separate Pt and Pd phases that occurred after the
sequential depositions of the two metals at low temperatures.

Fig. 1 HR-TEM images of the 10% PiPdNTSs (left) and the 13%
PtPdNTSs (right). The low magnification images (a, d) show the high
aspect ratio of the nanotubes, while the nanoscale porosity is most
clearly demonstrated in the medium magnification (b, e) and the
individual grains/pores in the high magnification images (c, f). Images
were obtained following heat treatments in 4% H, for 1 hr at 250°C.

Detailed analysis of the EXAFS obtained at the Pt Lz and Pd
K edges (Fig. 2a-b, respectively) also indicates segregation of Pt
and Pd within the nanotube wall. X-ray absorption fine struc-
ture (XAFS) measurements were performed at room tempera-
ture using beamline 20-BM-B of Advanced Photon Source (APS).
Bond lengths determined from the Pd-Pd first shell scattering path
match those of Pd foil and monometallic Pd nanotubes, sugges-
tive of a highly segregated Pd phase. Pt Ly EXAFS resolve a dis-
tinct Pt-Pd interaction observed in the destructive interference at
~2.5 A. Analysis of the Pt-Pt, and Pt-Pd first-shell scattering path
amplitudes suggest approximately 20% of the Pt is alloyed with
Pd (see the atomic coordination, N, in SI Table 1}), in agreement
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with the XRD data, while bond lengths in a distinct, Pt-only phase
match those of Pt foil. Bond lengths in the mixing zone between
the segregated Pt- and Pd-only phases are consistent with a com-
pressed Pt lattice. The EXAFS thus illustrate an isolated Pt phase,
a region with Pt-Pd mixing, and an isolated Pd phase where the
mixed Pt-Pd zone is a small contributor to the overall structure.
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Fig. 2 Forward Fourier transforms of the EXAFS at the Pt Lz (a) and Pd
K (b) edges. Data for the reference foil, the respective pure metal
nanotubes, and nanoparticles are included in each figure for
comparison. The radial position of the metal-oxygen (M-O) bond is
indicated. A distinct destructive interference feature at ~2.5 A in the Pt
L3 edge EXAFS characterizes Pi-Pd interactions and is definitive in the
PtPANTSs.

The EXAFS can also be used to illustrate a decrease in the
surface oxide content compared to similarly sized nanoparticle
grains with a corresponding increase in metal coordination. The
metal-oxygen (M-O) interaction, demarcated on Fig. 2, shows a
reduction in the M-O interaction for the nanotubes. These results
suggest that the PtPdNTs are more highly coordinated than their
isolated nanoparticle analogs. Higher degrees of coordination
have been correlated to improved catalyst durability and surface-
normalized activity. 637-39 This is an advantage of the nanotube
form factor in comparison to nanoparticle catalysts.

Additional structural information was obtained by analysis of
the x-ray absorption near edge spectra (XANES) at the Pt L3 edge
illustrated in SI Fig. 2.7 There is a < 0.4 €V shift of the step-
edge to lower energies suggestive of electron transfer from the Pd
to the Pt as is predicted from d-band calculations for Pt overlay-
ers atop Pd bulk polycrystals®40. The shift observed here corre-
sponds closely to the expected shift*° and suggests that we have
synthesized a segregated, polycrystalline catalyst homeomorph of
the bulk polycrystals previously investigated®.

Changes in electron filling manifest also as subtle changes in
the charging current obtained in N,-saturated electrolyte, see Fig.
3a. Relative to monometallic Pt NTs, the charging currents of the
PtPdNTs illustrate an oxophilic shift of ~0.1 €V in the H-binding
energy. This was quantified by observing the rightward shift of the
(110) Pt-H oxidation peak at ~0.3 V vs. RHE in Fig. 3a and as-
suming a Brgnsted-Evans-Polanyi relationship for H adsorption 4!,
This shift in the H-binding energy to more oxophilic values is also
consistent with shifts of the metal oxide reduction region as indi-
cated on Fig. 3a. Because the shift in the oxide reduction region
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Fig. 3 iR-corrected electrochemical data collected in static, N,-saturated, 0.1M KOH at 50 mV/s (a) illustrate how the oxophilicity and hydrophilicity of
the surface is modulated by composition. As evidenced by changes in both the Hy,q (110) oxidation peak and the oxide reduction peak, the
oxophilicity of the PtPdNTSs lies intermediate to the monometallic PtNTs and PdNTs as has been identified as optimum for alkaline ORR.
Electrochemical data collected at 1600 rpm in O,-saturated, 0.1M KOH at 10 mV/s (b) illustrates the oxygen reduction activity of the PtPdNTSs. In the
transition from low to high current density, the number of electrons transferred is less than 4 for the nanotubes, suggestive of peroxide formation at low
overpotential similar to previous observations?”. The specific and mass activities at 0.9 V vs. RHE have been illustrated (c) for reference

carbon-supported catalysts and the nanotubes considered here.

is small, we cannot preclude the possibility that both Pt and Pd
surface atoms contribute to the charging current. Consequently,
we believe that we will observe combined bi-functional and lig-
and effects in the oxygen reduction data for segregated Pt clusters
on an underlying, exposed Pd support.

The oxygen reduction activity collected from the rotating disk
electrode data, given in Fig. 3b-c, illustrate a nearly 6x improve-
ment in surface-area-normalized activity and improvements in
mass activity vs. the carbon-supported nanoparticle catalysts. By
optimizing the structure of the nanotubes, we have synthesized
practical high-surface-area catalysts with comparable surface-
normalized activity to bulk single-crystal electrodes. These cat-
alysts have a specific activity of 1.5 mA/cm? oy at 0.9 V vs. RHE
while demonstrating dramatically increased noble metal utiliza-
tion efficiency: 0.332 A/mgpgm for the optimized nanotube vs.
0.141 A/mgpgy for carbon-supported Pt nanoparticles.

This was achieved for the PtPdNTs despite having a lower sur-
face area (larger grain size) than typical nanoparticles, which we
believe is closely related to the nanoporous structure of the tube
wall*2. Activity results, composition, and electrochemically ac-
tive surface area (ECSA) are summarized in Table 1. Data analy-
sis procedures and the polarization response during Cu stripping
are given in the Supplementary Information and in SI Fig. 3f.

Table 1 Catalyst composition, active area, and activity at 0.9 V vs. RHE.

Catalyst ECSA, m?/g im, A/mg is, mA/cm?
Pt NP (ETEK) 58.5 0.141 0.241

Pd NP (Alfa Aesar) 63.7 0.221 0.347

Pd NP 61.0 0.274 0.449

Pt NT 11.5 0.105 0.914

Pd NT 27.1 0.233 0.860

10% PtPANT 25.3 0.332 1.31

13% PtPANT 22.5 0.333 1.48

In addition to the increase in activity of the PtPdNTs, there is
a mass activity enhancement for the nanoparticles synthesized

This journal is © The Royal Society of Chemistry [year]

using our chemical vapor deposition technique in comparison to
both the commercial, carbon-supported Pt NP (ETEK) and Pd NP
(Alfa Aesar) catalysts. Such an improvement could be related
to the reduced oxophilicity of our Pd NP catalysts as evidenced
by the rightward shift in the surface oxide reduction region (see
SI Fig. 41). Such a shift for nanoparticle catalysts is related to
changes in the relative distribution of surface active sites, namely
(111) vs. (100) vs. stepped (110)-like sites.” The Pd NPs that we
synthesize also demonstrate a more highly coordinated structure
in the EXAFS data in comparison to the commercial catalyst. Such
behavior could suggest a higher proportion of close-packed sur-
face sites, thus corroborating the electrochemical charging data.

Kinetic currents and the number of electrons transferred were
determined using a Levich-Koutecky analysis*3 by applying Eq. 1
to ORR data collected at 400, 900, 1600, and 2500 rpm.

1 1 1
i e ol & W
3 vTsC* 32
0.62nFADq v Co

Here, i is the current, i;, is the kinetic current, n is the number
of electrons transferred, F is Faraday’s constant, D is the diffusion
coefficient of O, in 0.1M KOH, C* is the bulk concentration of O,
in 0.1M KOH, v is the kinematic viscosity of the electrolyte, and
o is the rotation speed of the electrode.*3

The number of electrons transferred drops from four in the
high current density region of the oxygen reduction wave indi-
cating that there is peroxide generation similar to previous ob-
servations’ and may indicate a two-step reduction process®. The
results for the PtPANTSs in this regard match those for the PtNT.

A Tafel analysis was conducted to investigate changes to the
rate-determining step (rds) among the nanotube electrocatalysts.
The Tafel slope describes how the current changes with respect
to potential and is characteristic of the interfacial reaction kinet-
ics.43 Consequently, it has been used to hypothesize the rds by
comparing it to the results from microkinetic models for differ-
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ent ORR mechanisms.** The challenge for the ORR is that the
interfacial reaction kinetics are closely coupled to the potential-
dependent coverage of spectator water, OH,g4,, and ill-defined
surface oxides. 1044

The Tafel slope in this regard changes from the oft-observed
~60 mV/dec. on Pt at low current densities to ~45 mV/dec. on
the PtPANTs and PANTs (see SI Fig. 51). Such a shift would sug-
gest an increase in the potential dependent coverage of OH,4 at
low current density/overpotential. 1944 The increased oxophilic-
ity of the surface achieved to optimize the rds (concerted pro-
ton/electron transfer) would then have the added effect here of
increasing the coverage of OH,4; on the surface. It is possible
that the increased coverage of OH,4; may preferentially form on
the more oxophilic Pd vs. the Pt surface atoms thus freeing the Pt
surface for oxygen reduction®. Optimizing the electronic struc-
ture of the noble-metal electrocatalysts for the ORR involves the
practical limitation of high surface coverage of spectator species
at low overpotential. 10 Future work must focus on reducing the
coverage of these spectator species.

In summary, Pd nanotubes were used as homeomorphs of bulk
polycrystals to support segregated Pt, resulting in an optimized
electronic configuration for alkaline ORR catalysts. Improve-
ments are attributed to electronic effects on the segregated Pt
from the underlying Pd support that was assessed by x-ray ab-
sorption spectroscopy. Additionally, changes in the M-H binding
energy observed in the electrochemical charging currents corre-
sponded to small shifts in the electronic structure consistent with
the anticipated change of d-band filling for Pt overlayers on Pd
surfaces. Analysis of the electrochemical kinetic currents suggest
changes in surface coverage of spectator species that are consis-
tent with changes in the electron structure of the PtPdNTs. The
vapor-grown, bi-metallic nanotubes used here have successfully
translated the gains typically seen for well-defined overlayers on
bulk polycrystals to realizable electrocatalysts.
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