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c) Activity at 0.9 V

Fig. 3 iR-corrected electrochemical data collected in static, N2-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 Hupd (110) oxidation peak and the oxide reduction peak, the

oxophilicity of the PtPdNTs lies intermediate to the monometallic PtNTs and PdNTs as has been identified as optimum for alkaline ORR.

Electrochemical data collected at 1600 rpm in O2-saturated, 0.1M KOH at 10 mV/s (b) illustrates the oxygen reduction activity of the PtPdNTs. 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 7. 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/cm2
metal 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/mgPGM 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

wall42. 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. 3†.

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

Catalyst ECSA, m2/g im, A/mg is, mA/cm2

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% PtPdNT 25.3 0.332 1.31
13% PtPdNT 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

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. 4†). 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.7 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 analysis43 by applying Eq. 1

to ORR data collected at 400, 900, 1600, and 2500 rpm.
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Here, i is the current, ik is the kinetic current, n is the number

of electrons transferred, F is Faraday’s constant, D is the diffusion

coefficient of O
2

in 0.1M KOH, C* is the bulk concentration of O
2

in 0.1M KOH, ν is the kinematic viscosity of the electrolyte, and

ω is the rotation speed of the electrode.43

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-

servations7 and may indicate a two-step reduction process4. The

results for the PtPdNTs 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-

1–4 | 3

Page 3 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



ent ORR mechanisms.44 The challenge for the ORR is that the

interfacial reaction kinetics are closely coupled to the potential-

dependent coverage of spectator water, OHads, and ill-defined

surface oxides.10,44

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 PtPdNTs and PdNTs (see SI Fig. 5†). Such a shift would sug-

gest an increase in the potential dependent coverage of OHads at

low current density/overpotential.10,44 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 OHads on the surface. It is possible

that the increased coverage of OHads may preferentially form on

the more oxophilic Pd vs. the Pt surface atoms thus freeing the Pt

surface for oxygen reduction6. 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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