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Abstract: The synthesis, characterization and kinetics of the oxygen reduction
reaction (ORR) of a Pt monolayer shell on Pd(hollow), or Pd—Au(hollow) core
electrocatalysts are reported. Comparisons between the ORR catalytic activity
of the electrocatalysts with hollow cores and those of Pt solid and Pt hollow
nanoparticles were obtained using the rotating disk electrode technique. Hol-
low nanoparticles were made using Ni or Cu nanoparticles as sacrificial tem-
plates. The Pt ORR specific and mass activities of the electrocatalysts with hol-
low cores were found to be considerably higher than those of the electro-
catalysts with solid cores. This enhanced Pt activity is attributed to the smooth
surface morphology and hollow-induced lattice contraction. In addition, the
hollow particles have a mass-saving geometry.
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INTRODUCTION

The rapidly increasing demand for fossil fuels used in transportation and
power generation, and their detrimental environmental effects, have resulted in a
wide-spread challenge for the development of renewable energy technologies.
Fuel cells are one of the most promising clean energy technologies, particularly
attractive for automobile applications, due to their high efficiency, high energy
density, and low or zero emissions. The most challenging problem of their appli-
cation is the slow kinetics of oxygen reduction reaction (ORR) at fuel cell
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cathodes, even on Pt - the best single element electrocatalyst, which causes a
large loss of the cell voltage, resulting in significant efficiency loss. In addition,
Pt dissolves under certain operating condition of fuel cells. To mitigate these two
drawbacks, catalysts containing large amounts of expensive Pt are required. This
is one of the main reasons for the slow commercialization of fuel cells.

The ORR is a complex multi-step reaction involving the exchange of four
electrons and four protons, the detailed mechanism of which still defies formul-
ation.12 Irrespective of the microscopic mechanism, a four electron process must
involve the breakage of O—O bonds and the formation of O—H bonds.!-2 Accord-
ing to the Sabatier principle,3 the optimal catalyst should have moderate binding
properties, such that both hydrogenation of O/OH and O-O scission are active.
Density functional theory (DFT) calculations showed®> that pure Pt is active for
O-0 scission, but hydrogenation of O/OH is slow. Therefore, weakening O and
OH binding will improve ORR activity of Pt.

To address these drawbacks, the use of Pt monolayer (Ptygp) electrocatalysts
was proposed to reduce the cost of Pt while attempting to enhance their ORR
activity and stability.7 Such catalysts, consisting of a monolayer of Pt on a
substrate of another material, minimize the amount of Pt while ensuring that all
Pt atoms are available at the surface for catalytic activity.%7 Additionally,
through geometric and electronic interactions with the substrate,8:9 a Pty can
change its electronic properties and be more active and durable than pure Pt
electrocatalysts.

The role of substrate (core) in determining the activity of a Pty (shell), as a
way to fine tune the balance between breaking of O—O bonds and the formation
of O—H bonds, was first demonstrated in studies of the ORR, in both acid and
alkaline media, on Pty deposited on five different single-crystal surfaces (Au,
Ir, Rh, Pd and Ru) and confirmed with nanoparticle supports.’-10-12 Variations in
ORR activity could be accounted for by the oxygen binding energy, which must
be tuned to intermediate strength. This leads to a classic catalysis ‘volcano plot’
of ORR activity vs. oxygen binding energy, with Pty;, on Pd(111) at the top of
the volcano plot, having a higher ORR activity than Pt(111).10 In addition, a fuel
cell test showed that Ptyr, on Pd electrocatalysts was more durable than a pure Pt
electrocatalyst.13 However, further improvements in activity and durability are
desirable.

Since oxygen binding energy appears to be the major descriptor of the ORR
kinetics, DFT calculations suggests that further enhancement in ORR activity of
Ptpmr on Pd could be accomplished by weakening the O and OH binding ener-
gies.10 This could be achieved by additional contraction of the Pty shell. A hol-
low core is an interesting structure to investigate geometric interaction between
the Ptypr. shell and the core because a hollow core may induce a desirable lattice
contraction of a Pty , leading to improved ORR activity by reducing the oxygen
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binding energy. In this paper, how the oxygen binding energy could be modified
using a Pd hollow core is explored. The results are compared with those obtained
with hollow Pt nanoparticles in order to elucidate the geometric and electronic
interactions between the Pty shell and the Pd core.

EXPERIMENTAL

Pt and Pd—Au hollow nanoparticles were obtained using Ni as a sacrificial template.
First, a thin-film carbon electrode was prepared by pipetting a 15-uL aliquot of a 1 mg mL!
aqueous suspension of carbon powder (Vulcan 72C) onto a polished glassy carbon surface of
a rotating disk electrode (5 mm diameter, 0.196 cm?2, Pine Instrument). Then, the as-prepared
thin-film electrode was immersed in a deaerated solution of 0.1 M NiSO,4 and 0.5 M H;BO;,
and Ni nanoparticles were created on the carbon support by application of a double potential
pulse, typically about 0.4 s at —1.4 V and 20 s at 0.8 V (vs. Ag/AgCl, 3 M NaCl). Once the
open-circuit potential of the electrode had stabilized, it was transferred into deaerated (0.05—1
mM) K,PtCly (for Pt hollow) or 0.5 mM Pd(NHj3)4Cl, + xHAuCl, (for Pd—Au hollow) solu-
tions without exposure to air, whereby the galvanic replacement of Ni by Pt or Pd and Au
occurred. After 3—30 min, electrode was rinsed with water, to eliminate residual metal ions,
and cycled (for about 20 cycles) from 0.05 to 1.2 V vs. the reversible hydrogen electrode
(RHE) in a deaerated 0.1 M HCIO,4 solution to facilitate the complete removal of the Ni
atoms. The hollow Pd—Au nanoparticles were prepared with Pd-to-Au concentration ratios of
20:1 and 10:1 in the precursor solutions. They are denoted as Pd,jAu(h)/C and Pd;qAu(h)/C,
respectively. The hollow Pt nanoparticles are denoted as Pt(h)/C. The Pty,; was placed on the
hollow Pd—Au nanoparticles using galvanic replacement of an underpotentially deposited Cu
monolayer, as previously reported.”!# The experimental set-up was described elsewhere.!’
These samples are designated as Pty /PdypAu(h)/C and Pty /Pd;pAu(h)/C respectively. The
solid Pt (Pt(s)/C) and Pd (Pd(s)/C) nanoparticle samples were carbon-supported Pt (45 wt. %)
and Pd (10 wt. %), respectively.

For large-scale synthesis, the carbon-supported hollow Pd nanoparticles (Pd(h)/C) were
prepared by a two-step synthesis method. In the first step, Cu nanoparticles were prepared by
slowly adding NaBH, into the mixture of carbon (Vulcan X72), CuCl,, and Na-citrate. In the
second step, Pd(NH;),Cl, was added, thus forming Pd hollow nanoparticles by galvanic dis-
placement of Cu with Pd. The procedure for one batch-synthesis of 650 mg of the Pty /
/Pd(h)/C catalyst was described elsewhere.!6

All the electrochemical treatments and measurements were performed with a Voltalab
PGZ402 potentiostat (Radiometer Analytical) at room temperature. The electrolyte was 0.1 M
HCI1Oy, solution. An Ag/AgCl (3 M NaCl) electrode was used as the reference electrode and a
Pt flag was used as the counter electrode. All the potentials are given with respect to a RHE.
The electrochemical surface area (ES4) was calculated using the integrated hydrogen desorp-
tion charges from cyclic voltammetry (CV) curves assuming 0.21 mC cm2.!7 Kinetic currents
at 0.9 V were calculated from the ORR polarization curves using j, = j/(1-j/j; ), where j is the
measured current at 0.9 V and j is the diffusion-limited current below 0.5 V. The obtained
kinetic current was further normalized to £S4 and Pt mass to calculate Pt specific (S4) and
mass activities (MA), respectively. The currents in the voltamograms were normalized to the
geometric electrode surface area.

Transmission electron microscope (TEM) imaging was realized using a JEOL 3000F
TEM operating at 300 kV equipped with Gatan image filter system. The mass contents of Pd
and Pt were determined using inductively coupled plasma mass spectrometry (ICP-MS)
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measurements. The very small amount of Au could not be reliably determined by ICP-MS
and was estimated using the measured Pd mass and the atomic ratio in the mixed Pd—Au
solutions. Scanning TEM (STEM) measurements were performed using a Hitachi HD2700C
microscope equipped with a cold field emission electron source and a probe aberration
corrector. X-Ray diffraction (XRD) experiments were performed on a Beamline X7B (1 =
= 0.3196 A) of the National Synchrotron Light Source at Brookhaven National Laboratory.
Two dimensional powder patterns were collected with a Perkin Elmer image plate detector,
and the diffraction rings were integrated using the FIT2D code. The fitted parameters (lattice
constant and particle size) were obtained through a Rietveld refinement. Lanthanum hexa-
boride (LaBg) was used as the instrumental reference.

RESULTS AND DISCUSSION

As discussed above, hollow Pt, Pd, and Pd—Au nanoparticles were prepared
by exposing Ni or Cu nanoparticles to Pt, Pd, or Pd—Au containing solutions. The
formation of voids in these nanoparticles was governed by both galvanic replace-
ment and the Kirkendall Effect (vacancy-mediated diffusion mechanism). While
galvanic replacement is responsible for displacing Ni (or Cu) with Pt, Pd or Pd—Au
and thus creating core—shell structure, due to Kirkendall effect, Ni (Cu) from the
core can diffuse through the shell to its surface where it will be replaced with Pt,
Pd, or Pd—Au. Due to the different diffusion rates of Ni (Cu) and Pt, Pd, or Pd—Au,
vacancies will be generated inside the core—shell nanostructures, and they may
coalesce into a single void (hollow) or multiple voids (porous).

Ni nanoparticles were found suitable as templates to facilitate the formation
of single-void particles with complete Pt shells.!8 Pt hollow nanoparticle in high-
resolution STEM images for the samples after electrochemical measurements are
displayed in Fig. 1a. The synthetic parameters were varied in order to optimize
the ORR activity and durability. The best catalytic activity was found with 3-9
nm hollow spheres with a 1-2 nm thick shell.

Fig. 1. a) High-resolution STEM image of a Pt(h)/C nanoparticle, b) TEM image of
Pty /Pd;ypAu(h)/C nanoparticle and ¢) TEM image of Pty /Pd(h)/C nanoparticle.

However, hollow structures were more difficult to form with Pd or Au ions
alone when using Ni nanoparticles as sacrificial templates. Lower melting tempe-
rature of Au compared to Ni suggests that Ni diffuses slower than Au. Conse-
quently, the voids generated by Ni atoms slowly diffusing out through the Au
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shell will be filled by inward faster-diffusing Au atoms before they coalesce into
a single void, thus resulting in solid Au particles. In Ni—Pd case, the difference in
diffusivity between Ni and Pd is not large enough (the small difference in melt-
ing temperatures) to create sufficient vacancies to form Pd hollow nanoparticles.

The addition of Au ions in Pd solutions may mediate the diffusion process
and promote the formation of hollow particles.!? In the Pd~Au mixed solution,
since the standard reduction potential of the AuCly/Au redox couple (1.002 V
vs. SHE) is higher than that of the Pd(NH3)4 2*/Pd couple (0.902 V vs. SHE),20
Au ions will be preferentially reduced instead of Pd ions and deposited on the
surface of the Ni templates as a thin shell. The imbalance between the outward
flux of faster-diffusing Ni-Au atoms and the inward flux of the slower-diffusing
Pd atoms will be compensated for by an inward flux of vacancies. The vacancies
will then supersaturate and coalesce into a single void. On the shell surface, the
Ni atoms that flowed out will spontaneously dissolve because of their lower
reduction potential, while the Au atoms will remain intact because of their higher
reduction potential. Typical TEM images of a Pty /PdygAu(h)/C sample with
hollow cores are shown in Fig. 1b. The adding of a small amount of Au to the Pd
core only improved the stability of Pd while its interaction with Pty was not
influenced.!3 Therefore, as long as only the core—Pty interaction is considered,
Pd—Au can be treated as Pd.

The TEM images confirmed the hollow structure of the Pd nanoparticles pre-
pared by the large-scale synthesis method. They had a narrow size distribution
with an average diameter of 5 nm and shell thickness of 1.5 nm (Fig. 1¢).

The effect of the voids in nanoparticles on the ORR activity of the top Pt
layer was investigated by recording the ORR polarization curves in oxygenated
0.1 M HClO4 using the rotating disk electrode technique. The ORR polarization
curves for Pt(h) and Pt(s) nanoparticles are shown in Fig. 2a, while the ORR
polarization curves for Pty /PdrgAu(h)/C and Pty /Pd(s)/C nanoparticles are
presented in Fig. 2b. In both cases, solid and hollow nanoparticles show similar
onset and kinetic part of the ORR polarization curve. However, the onset and
half-wave potentials are not true measures of ORR activity but only qualitative
indicators since they are sensitive to catalyst loading. This could be clearly seen
if the respective voltammetry curves of the samples in deaerated 0.1 M HClOy4
are examined, Fig. 3a and b. The H adsorption—desorption charge at low poten-
tials and the OH adsorption—desorption charge at high potentials are both smaller
on the hollow than on the solid samples because the catalyst loading of the hol-
low samples is lower than that of the solid ones. Additionally, the hollow samples
have smaller ESA values compared to those of the solid samples, due to their
larger average particle size (Table I).

The correct way to compare the ORR activity of these catalysts is to use the
Pt mass and specific activities, which compare the ORR activity of the catalysts
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to the same reference point, as shown in Table 1. The S4 and MA values of the
hollow samples were higher than those for the solid ones. The ESA per Pt mass
(ESApy) is similar for the solid and hollow samples. This means that the enhan-
cement in MA (where MA = SAxESApy) for hollow samples mainly results from
increased SA values.
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Fig. 2. ORR polarization curves in oxygen-saturated 0.1 M HCIOy, solutions, in the forward
potential sweep at 10 mV s! with a 1600 rpm rotation rate for a) Pt(s)/C and Pt(h)/C and
b) Pty /PdypAu(h)/C and Pty /Pd(s)/C nanoparticles.
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Fig. 3. Voltammetry curves in deareated 0.1 M HCIO, solutions for a) Pt(s)/C and Pt(h)/C and
b) Pty /PdyoAu(h)/C and Pty /Pd(s)/C nanoparticles.

The oxidation of hollow samples was shifted to more positive potentials
compared to those of the solid samples (Fig. 3). This indicates that the Pt—-OH
interaction became weaker for the hollow particles, causing an increase in their
SA. The reduction in the coverage of the oxygen-containing species could be
attributed to the smooth (Fig. 1) and void-induced contracted surface of the hol-
low samples. The binding energy of oxygen was decreased for the hollow samples
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because the smooth surface possessed high-coordination sites that are less reac-
tive than the low-coordination sites at the edges and defects while the hollow-
induced surface contraction down-shifted the d-band center of the Pt top layer,
thus making it less reactive.8.9

TABLE I. Particle diameter, loading, and Pt specific and mass activities for the ORR at 0.9 V
in oxygen-saturated 0.1 M HCIO,4 solutions for Pt(h)/C, Pt(s)/C, Ptyy/PdypAu(h)/C and
Pty /Pd(s)/C nanoparticles; h = hollow, s = solid, d = particle diameter, L = loading, Rgp =
enhancement in S4 between hollow and solid nanoparticles, cngeo, = geometric area, cm?, =
real area

. D L ESAp, SA MA
Nanoparticle am g cm—zgeO. e, ug! mA cm?, Rsa mA pg'!
Pt(h)/C 6.5 5 0.64 1.71 4275 1.1
Pt(s)/C 3.2 22 0.62 0.4 0.25

9 1.4 Pt 1.9 0.85 1.71 1.62
Ptan/PdzoAu(h)/C 3.9 total metal
Pty /Pd(s)/C 4 7 Pd 1.92 0.5 0.96

To examine the hollow-induced lattice contraction, X-ray diffraction measu-
rements on hollow and solid nanoparticles were performed. As shown in Fig. 4,
the diffraction peaks shifted to higher angles for the hollow samples compared to
those of the solid ones, indicating that a smaller lattice spacing was induced by
the hollow cores.
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Fig. 4. X-Ray powder diffraction intensity for a) Pt(s)/C and Pt(h)/C and
b) Pty /PdgAu(h)/C and Pty /Pd(s)/C nanoparticles.

As discussed above, in both systems, the enhancement in MA4 for hollow
samples mainly stems from their increased S4. However, the improvement of S4
for pure Pt samples is 2.5 times larger than for Pt—Pd samples (Table I). This
could be explained taking into account the mechanical stress state of the top Pt

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



1 990 VUKMIROVIC et al.

layer on Pt(s)/C and the Pty on Pd(s)/C, and that S4 enhancement, in these
cases, is only due to geometric effects. While top Pt layer on Pt(s) is neither com-
pressed nor expanded (neglecting the effect of the small particles), the Pty on
Pd(s) is compressed due to the difference in lattice constants between Pt and Pd.
Therefore, the top Pt layer on Pt(h) could be compressed more than Pty on
PdypAu(h)/C. As a result, a larger enhancement in SA for the pure Pt than for the
Pt-Pd samples was achieved.

The durability of the Pty1/Pd(h)/C catalyst was tested under half-cell con-
ditions. The potential was cycled from 0.6 to 1.0 V in naturally aerated 0.1 M
HCIO4. A comparison of the ORR polarization curves before and after 5,000
cycles is shown in Fig. 5. The small negative shift of ORR polarization curve
after 5,000 cycles indicates good stability.
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Fig. 5. ORR polarization curves in oxy-
03 04 05 06 07 08 09 1 1. gen-saturated 0.1 M HCIO, solutions for
Pty /Pd(h)/C before and after 5,000

E/V vs. RHE cycles.

CONCLUSIONS

Ptpmr on Pd(s) and Pd—Au(h) cores electrocatalysts were synthesized and
characterized. Their ORR activities were examined and compared with the ORR
activity of Pt(s) and Pt(h) nanoparticles. Hollow nanoparticles were made using
Ni or Cu as sacrificial templates. The hollow architecture of Pt and Pd—Au nano-
particles was achieved by the delicate balance between galvanic displacement
and the Kirkendall Effect in controlling the reaction kinetics. Since the ESA per
Pt mass was similar for the solid and hollow samples, the enhancement in M4 for
the hollow samples mainly resulted from increased S4 values. The increase in SA4
could be mainly attributed to the void-induced contracted surface of the hollow
samples and partially due to the smooth surface morphology of the hollow nano-
particles. The binding energy of oxygen was decreased for the hollow samples
because their smooth surface posses high-coordination sites, which are less reac-
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tive than the low-coordination sites at edges and defects. Additionally, the hol-
low-induced surface contraction downshifted the d-band center of the Pt top
layer, thus making it less reactive. The Pty /Pd(h)/C catalyst showed good dura-
bility after 5,000 potential cycles from 0.6 to 1.0 V. The hollow-induced lattice
contraction provides an alternative route to fine tune the oxygen binding charac-
teristics of surface of the catalysts toward better ORR activities.
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H3BOJ

EJTEKTPOKATAJIM3ATOPU CA MOHOCJIOJHOM Pt JbYCKOM HA IIYITJBEM JE3I'PY Pd:
CHUHTE3A, CTPYKTYPA U AKTUBHOCT 3A PEAKLIMJY PEOYKLIHWJE KHCEOHHUKA

MIOMIR B. VUKMIROVIC!, YU ZHANG', JIA X. WANG', DAVID BUCETA', LIJUN WU” 1 RADOSLAV R. ADZIC

1Chemist7y Department, Brookhaven National Laboratory, Upton, NY 11973, USA u 2Condensed Matter
Physics & Materials Science Department, Brookhaven National Laboratory,
Upton, NY 11973, USA

[TpukasaHa je cuHTe3a, kKapakTepusalyja U eleKTpoKaTaaUTHUKa aKTHBHOCT 33 Peaklujy
penykuuje kuceonuka (PPK) katanusaTopa Koju ce cacToju off MOHOCTIOjHE Pt jbycke Ha IIyTI-
meM jesrpy Pd unu Pd—Au. 3a ynopehemwe kaTaluTHuKe aKTHBHOCTH KaTajM3aTopa ca IIyI-
7bUM je3rpoM U Pt kartanusartopa (myHa Pt v mymse Pt HaHouectuue) 3a PPK, kopumrhena je
TexHuKka porupajyher nucka. Illynuse HaHoyecTuue nodujeHe cy kopuurhewem Ni wimn Cu
HaHOYeCTHLA Kkao ,KpTByjyhux" marpuua. HaheHo je ma je crenudryHa ¥ MaceHa akKTUBHOCT
Pt xaranusaropa ca wynauM jesrpom 3a PPK 3natHo Beha Hero 3a myHo jesrpo. Ysehana
aKTUBHOCT Pt mpumucaHa je INIaTKoj HMOBPLIMHCKOj MOD(OJIOTHjH M KOHTPAKLHjU PELIeTKe
K0ja je ©3a3BaHa IIYIJbOM CTPYKTYPOM je3rpa, IITO je JOAaTHH edeKaT y3 yITesy Mace MeTa-
Jla KOJ] YeCTHIa Ca UIYTJBUHOM.

(ITpumrbeHo 24. okrobpa 2013)
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