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Abstract: Pd has been the focus of recent research for Pt-alternative catalysts for the oxygen reduction
reaction (ORR). It has been found that upon appropriate modification of its electronic structure, the catalytic
activity of Pd can become comparable to that of Pt. However, the structure—activity relationships of Pd
catalysts have hitherto not been well studied or understood. In the present work, we report a new finding
that there is a strong dependence of the activity of Pd toward the ORR on its morphology. By simply adjusting
the precursor concentration in the electrochemical deposition of Pd, we are able to tailor the morphology
of the deposited Pd from nanoparticles to nanorods. Surprisingly, the surface-specific activity of Pd nanorods
(Pd-NRs) toward the ORR was found to be not only 10-fold higher than that of Pd nanoparticles (Pd-NPs),
the conventional shape of electrocatalysts, but also comparable to that of Pt at operating potentials of fuel
cell cathodes. The morphology—activity relationships of Pd-NRs were further studied through a combination
of electrochemical experiments and density functional theory (DFT) calculations. As revealed by its
characteristic profile for CO stripping, the morphology of Pd-NRs features the exposure of Pd(110) facets,
which exhibit superior ORR activity. The underlying mechanism, indicated by DFT calculations, could be
ascribed to the exceptionally weak interaction between an O adatom and a Pd(110) facet. This finding
furthers our understanding of Pd catalysis and casts a new light on the relevant catalyst design criteria.

Introduction

Fuel cells, as a key technology for the future hydrogen-based
economy, have seen great advances in recent decades.'”®
Despite these efforts, there are still scientific and technological
difficulties hampering the widespread commercialization of fuel
cells. For instance, the sluggish kinetics of the oxygen reduction
reaction (ORR) (cathode reaction) has been a major bottleneck
in the performance of polymer electrolyte membrane fuel cells
(PEMECs), thus requiring intensive use of Pt catalysts. Such a
heavy dependence on Pt, an expensive and scarce resource,
would preclude the extensive application and widespread
deployment of PEMFCs. To address this issue, approaches for
maximizing the Pt utilization and searching for Pt-alternative
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catalysts must be pursued. On the one hand, great attention has
been paid to increasing the dispersion and stability of Pt
nanoparticles,” ' as well as to developing advanced Pt catalysts
with specific shapes,'* 2 bimetallic/intermetallic composi-
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of the elementary steps of the ORR. Others emphasized the
modulation effects in the electronic structure of Pd,>>%”7” which,
to a great extent, influences the surface reactivity. In previous
work,”®> we found that the contraction in the Pd lattice, caused
by the incorporation of foreign atoms of smaller diameter and
leading to a decrease in the bonding strength of O,4, could be
an important reason for the improvement in the catalytic activity
toward the ORR.

In fact, the number of studies of Pd-catalyzed ORR is well
below that of the extensively studied Pt. Most investigations of
Pd have been conducted using nanosized materials, which, albeit
closely related to applications, bring complicated effects, such
as uncertainty of surface structure and dependence on prepara-
tion methods, particle size and distribution, in addition to the
electronic effects one would anticipate. In an effort to capture
the catalytic essence, we carried out our studies of the
Pd-catalyzed ORR on the basis of extended surfaces. Specifi-
cally, the intent was to electrochemically deposit Pd and Pd
alloys onto a rotating disk electrode (RDE) and then study the
ORR electrocatalysis using the methods that have been widely
used for the Pt-catalyzed ORR.

In this work, we employed an RDE with an interchangeable
Au substrate, which could be removed after Pd deposition for
characterization using X-ray diffraction (XRD) and scanning
electron microscopy (SEM). This enabled us to relate the
electrochemical characteristics of the Pd electrode with structural
features including surface morphology. The obvious advantage
of this method was made evident by the main finding reported
in the present paper: an unexpectedly strong dependence of the
activity of Pd toward the ORR on its morphology. We have
found that the morphology of Pd electrodes can be tailored by
simply adjusting the precursor concentration and two typical
morphologies, nanoparticles and nanorods, could be controllably,
deliberately, and reproducibly obtained, which exhibited distinct
activities toward the ORR. We also discuss the possible origin
of the high activity of Pd nanorods toward the ORR based on
a combination of electrochemical experiments and density
functional theory (DFT) calculations.

Experimental and Computational Section

Electrochemical Deposition. Electrochemical deposition of Pd
onto a Au RDE (5 mm in diameter) (Pine Research Instruments)
was performed at a rotation rate of 1600 rpm in a deaerated 0.1 M
NaCl solution containing PdCl, (Aldrich), the concentration of
which was varied as described below. A Pd sheet was used as the
counter electrode, and a Ag/AgCl (0.1 M NaCl) served as the
reference electrode. The deposition potential was fixed at —0.2 V.
The potentiostat was a CHI660 electrochemical station. The RDE
system consisted of a PINE rotator and an interchangeable electrode
(E6 Series). All chemicals were of at least analytical grade, and
solutions were prepared using deionized water (Millipore, 18
MQ-cm). All experiments were conducted at room temperature.

Cyclic Voltammetry (CV). The as-prepared Pd electrode was
cleaned repeatedly via rotating in deionized water prior to the
following tests. Cyclic voltammetry was carried out in deaerated
0.1 M HCIOy (Aldrich, 99.999%) solution. A sheet of graphite paper
(Toray), rather than metals such as Pt, was used as the counter
electrode so as to exclude any possibility of metal contamination
of the Pd electrode during experiments. The reference electrode
was a reversible hydrogen electrode (RHE) in the same solution.

CO Stripping. CO stripping experiments were conducted under
the same conditions as CV measurements except that the Pd
electrode surface was preadsorbed with CO. The CO adsorption
procedure was accomplished by polarizing the electrode at +0.4
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V and bubbling the solution with CO for 10 min and subsequently
with Ar for another 10 min.

ORR Evaluation. ORR evaluation was carried out under the
same conditions as CV measurements in an O, saturated solution.
The rotation rate was 900 rpm, and the ORR curves were recorded
by scanning the potential from +0.4 V to +1.0 V at 10 mV/s.

Grazing-Incidence X-ray Diffraction (GID) Measurements.
GID experiments were performed on a homemade six-circle kappa
diffractometer'® at the G2 Station of the Cornell High Energy
Synchrotron Source (CHESS). The X-ray beam energy was 9.4 keV.
The beam size was 2 mm horizontal by 200 um vertical. The flux
at the center of rotation was ~10'' photons/sec*mm?. The scanning
range of the 26 angle was from 30° to 40°, covering the Pd(111)
and Pd(200) diffraction peaks.

SEM Observation. The Pd-deposited Au disk was taken out
from the RDE and subjected to SEM observations using a field
emission scanning electron microscope (KECK FE-SEM LEO-
1550). To better image surface details, a low accelerating voltage
of 3 kV was applied.

Transmission Electron Microscopy (TEM) Observation. For
TEM observation, the Au RDE surface was covered with carbon
powder (Vulcan XC-72, Carbot) prior to Pd deposition. The thus-
obtained carbon-supported Pd deposits were peeled off from the
Au substrate via sonication and dispersed in ethanol. TEM
observations were conducted using a 200 kV field emission
transmission electron microscope with a monochromator (FEI
Tecnai F20).

DFT Calculations. DFT calculations were performed using the
DACAPO code'® with calculating parameters chosen for both the
convergence in energy and relatively less computational effort. A
2 x 2 unit cell was used to construct a four-layer metal slab,
corresponding to a 1/4 ML coverage of the adsorbate, and repeated
in super cell geometry with successive slabs separated by a vacuum
region equivalent to 6 metal layers. Adsorption was allowed on
only one of the two exposed surfaces. The adsorbate layer and the
top two layers of the slab were allowed to relax. The surface
Brillouin zone was sampled at 6 x 6 special Chadi—Cohen k-points.
The Kohn—Sham one-electron valence states were expanded in a
basis of plane waves with kinetic energies up to 25 Ry, and ionic
cores were described by ultrasoft pseudopotentials. The exchange-
correlation potential and energy were described self-consistently
using the GGA-PW91 functional.

Results and Discussion

Pd Nanorods (Pd-NRs) and Pd Nanoparticles (Pd-NPs). The
electrochemical deposition of Pd was conducted in a 0.1 M
NaCl solution containing PdCl, as the precursor with the
concentration varied over the range 107 to 107> M. Surpris-
ingly, the morphology of the Pd electrodes thus obtained was
strongly dependent on the precursor concentration as evi-
denced by SEM investigation. Figure 1 shows the two typical
morphologies, Pd nanorods (Pd-NRs) and Pd nanoparticles
(Pd-NPs), obtained in 3 x 107 M PdCl, and 107> M PdCl,,
respectively. The deposition times were adjusted to achieve
the same coulometric charge and thus the same amount of
Pd deposited.

The diameter of the Pd-NP in Figure 1B ranges from 5 to
10 nm, while the Pd-NRs in Figure 1A are rather uniform in
shape with a diameter of ~5 nm and an aspect ratio of ~8.
Upon increasing the precursor concentration from 107> to
107* M, one can observe a gradual transition in the
morphology from nanoparticles to nanorods (Figure S1).

(105) Norwak, D. E.; Blasini, D. R.; Vodnick, A. M.; Blank, B.; Tate,
M. W_; Deyhim, A.; Smilgies, D. M.; Abruiia, H. D.; Gruner, S. M.;
Baker, S. P. Rev. Sci. Instrum. 2006, 77, 113301.

(106) Open source software at http://www.camd.dtu.dk/software.aspx.
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Figure 1. SEM images of two typical morphologies of Pd obtained by
adjusting the precursor concentration and deposition time: (A) Pd nanorods
(Pd-NRs), 3 x 107 M PdCl,, 100 s; (B) Pd nanoparticles (Pd-NPs), 1 x
1073 M PdCl,, 3000 s.

Figure 2. A TEM image of Pd-NR deposited on carbon powder using the
same conditions of Figure 1A. Refer to Figure S2 for overviews.

Whereas nanoparticles represent the usual form of synthetic
catalysts, nanorods are not generally obtained, especially by
a simple electrochemical deposition process, without surfac-
tants. To have a closer look at the Pd-NR crystals, we have
deposited Pd-NRs on carbon powders (Figure S2A) so as to
be able to peel them off from the electrode and examine them
under a TEM (Figure S2B). Figure 2 is a high resolution

TEM image of a Pd-NR, in which two or three overlapping
single-crystal Pd-NRs with a clear rod shape can be resolved.

In the course of this work, Xia and co-workers'?’ reported a
chemical synthesis of Pd-NRs using Br™ as the morphology
controlling agent, poly(vinyl pyrrolidone) (PVP) as the capping
agent, and ethylene glycol (EG) as the reductant. In their
approach, Br~ was found to be the best choice, relative to C1™
and I, for obtaining high aspect-ratio nanorods. While the
motivation of the present work was not to mimic their approach
in an electrochemical fashion, we did try to replace the NaCl
electrolyte with KBr. However no Pd deposition occurred under
the applied potential, which could be due to a negative shift in
the deposition potential caused by the stronger coordinating
effect of bromide. We also found that the deposition potential
was critical for obtaining Pd-NRs; outside the potential range
—0.2 £ 0.1 V (vs Ag/AgCl in 0.1 M NaCl solution), the well-
defined rod-shape morphology could not be produced even when
using a high concentration of PdCl,.

The mechanism of the electrochemical formation of Pd-NRs
in the present work likely shares some similarities to that in
Xia’s report,'®” including the use of a morphology controlling
agent and the control of reduction kinetics. In both cases, a
halide, C1™ or Br™, was found to be necessary for morphology
control. Interestingly, F~ was recently found to be the key in
the synthesis of special crystallographic TiO,.'%® This kind of
unusual crystallography is caused, in essence, by selective
interactions between the halide and particular facets, which leads
to an anisotropic growth of the crystal. We will further discuss
this, in detail, on the basis of experimental and computational
results in the following sections. In addition to the morphology
controlling agent, the reduction kinetics turned out to be another
determining factor for obtaining Pd-NRs; a fast reduction rate
was found to be crucial for the anisotropic growth of Pd crystals.

Distinct Activities toward ORR. As mentioned in the Intro-
duction, the motivation of the present work was to study the
Pd-catalyzed ORR. We found that whereas Pd-NP exhibited
“normal” activity as reported for nanosized Pd catalysts obtained
from ordinary syntheses, Pd-NRs exhibited, unexpectedly, a
much higher activity toward the ORR. Figure 3A presents a
comparison of the normalized ORR profiles of Pd-NRs and Pd-
NPs with typical data for Pt presented for comparison. To
compare the intrinsic activity, the current densities in Figure
3A have been normalized to the geometric surface area (GSA)
as well as the electrochemical surface area (ESA) corresponding
to a roughness factor (RF), defined as the ratio of ESA over
GSA, of 10.

The procedure for normalizing these ORR profiles involves
three steps. First, extracting the kinetic current (/i) from the
measured overall current (/) via the following equation:

1_1 .1
S=— 1
A M

where [ is the diffusion limited current which should be
normalized to the GSA of the electrode to produce the diffusion
limited current density (ji):

. I
L= Gsa

2

(107) Xiong, Y.; Cai, H.; Wiley, B. J.; Wang, J.; Kim, M. J.; Xia, Y. J. Am.
Chem. Soc. 2007, 129, 3665.

(108) Yang, H. G.; Sun, C. H.; Qiao, S. Z.; Zou, J.; Liu, G.; Smith, S. C.;
Cheng, H. M.; Lu, G. Q. Nature 2008, 453, 638.
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Figure 3. ORR data for Pd-NR, Pd-NP, and bulk Pt, obtained in an O,
saturated 0.1 M HCIO; solution at a rotation rate of 900 rpm and a scanning
rate of 10 mV/s. (A) Normalized ORR profiles. The diffusion limited current
(jr) has been normalized to the geometric surface area (GSA), while the
kinetic current density (j*) has been normalized to an electrochemical
surface area (ESA) corresponding to a roughness factor (RF) of 10. (B)
Tafel plots. The kinetic current density (ji) is normalized to the ESA of the
corresponding electrode.

Second, normalizing /i to the ESA of the corresponding electrode
to produce the kinetic current density (jy):

. I 3
= Esa 3

Whereas the GSA can be simply measured, being 0.164 cm?

for all the electrodes; ESA requires a detailed process to be

described in the next section. Third, reconstructing the normal-

ized overall current density (j*) with an RF of 10:
1_1 n 1 1,1

“)

%

i 100 o j]t
i.e.,

= Jutit 10 ]L];

10 G+,

(4a)

Plotting j* as a function of the electrode potential (Figure
3A) retains the pristine view of an ORR profile yet with the
kinetic component being normalized, enabling a direct com-
parison in the half-wave potential (E},,). It is evident that, upon
switching from Pd-NP to Pd-NR, the E,, shifts positively by
85 mV and approaches that of Pt.

The Tafel plots of the above data (Figure 3B) emphasize the
comparison in j, a kinetic parameter representing the surface-
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Figure 4. Representative CVs of a Pd electrode in a deaerated 0.1 M HCIO,
solution with a scanning rate of 50 mV/s and different upper potential limits.
The charge of the cathodic peak in the CV with an upper potential limit of
1.2 V was used for determining ESA.

specific activity (SSA) of an electrocatalyst. Although the ji of
Pd-NRs is still lower than that of Pt at low overpotentials, it
increases faster upon polarization. At +0.85 V, a practical
operating potential of a PEMFC cathode, the j, of a Pd-NR
approaches that of Pt and is 10-fold higher than that of a Pd-
NP.

To the best of our knowledge, this is the first observation
that, without alloying with foreign metals, pure Pd can be made,
through morphology tailoring, to be essentially as active as Pt
for the ORR. We deliberately chose the ORR data of bulk Pt,
rather than that of nanosized Pt, for comparison because of the
well-documented observation that the j, of nanosized Pt toward
the ORR decreases with the particle size and is lower than that
of bulk Pt (Figure $3).'°°~""3 If the comparison was to be made
with Pt nanoparticles, which are used in fuel cell applications,
the Pd-NR would clearly have superior SSA.

Determination of the ESA of Pd. In the above analyses, the
ESA is required to deduce j,. For Pt, the charge for the
underpotential deposition (UPD) of hydrogen is frequently used
to calculate the ESA. For Pd, unfortunately, the charge of
hydrogen UPD cannot be accurately obtained because of the
interference of hydrogen absorption in Pd. We tried to employ
the UPD of Cu, but the current peaks of Cu UPD are not well-
defined in this case (Figure S4), leading to a large uncertainty
in integrating the UPD charge.

In the present work, we have employed the reduction charge
of surface Pd(OH), to determine the ESA. As presented in Figure
4, a well-defined cathodic peak can be resolved in the CV of a
Pd electrode, but the associated charge is dependent on the upper
limit of the potential scan. We chose +1.2 V as the appropriate
potential limit because, as indicated in the Pourbaix pH—potential
diagram (Figure S5), +1.2 V is the upper limit for the formation
of Pd(OH); in a solution of pH = 1, and also, as can be clearly
seen in Figure 4, above +1.2 V there is the onset of a new
anodic process corresponding to the further oxidation of the Pd
surface.

(109) Mayrhofer, K. J. J.; Strmenik, D.; Blizanac, B. B.; Stamenkovic, V.;
Arenz, M.; Markovic, N. M. Electrochim. Acta 2008, 53, 3181.

(110) Yano, H.; Inukai, J.; Uchida, H.; Watanabe, M.; Babu, P. K.;
Kobayashi, T.; Chung, J. H.; Oldfield, E.; Wieckowski, A. Phys.
Chem. Chem. Phys. 2006, 8, 4932.

(111) Mayrhofer, K. J. J.; Blizanac, B. B.; Arenz, M.; Stamenkovic, V. R;
Ross, P. N.; Markovic, N. M. J. Phys. Chem. B 2005, 109, 14433.

(112) Maillard, F.; Martin, M.; Gloaguen, F.; Léger, J.-M. Electrochim.
Acta 2002, 47, 3431.

(113) Kinoshita, K. J. Electrochem. Soc. 1990, 137, 845.
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Figure 5. [V curves for CO stripping (solid line) and for the bare surfaces
(dashed line) on Pd-NR and Pd-NP in a CO-free 0.1 M HCIOj; solution at
a scanning rate of 50 mV/s. The currents of these curves have been
normalized to an ESA corresponding to an RF of 10.

The charge density for the formation of a fully covered
Pd(OH), layer was chosen to be 430 u«C/cm?, which is the
minimum of the reported values for typical single-crystal Pd
surfaces.''* The possible error of this charge—surface area
conversion might lead to an overestimate of the ESA but an
underestimation of the value of ji of Pd. Thus, the above
statement about the activity of Pd-NRs toward the ORR being
virtually the same as that of (bulk) platinum represents a
conservative estimate.

Morphology of Pd-NRs. According to GID measurements,
both Pd-NRs and Pd-NPs exhibit the normal fcc pattern of Pd
metal (Figure S6), indicating that the superior activity of Pd-
NRs toward ORR catalysis is not due to bulk effects such as
lattice strain, as observed in Pd alloys,>® but rather, it can only
be ascribed to the morphology of the Pd-NRs themselves.

Because it is difficult to ascertain, in detail, the morphology
and chemical characteristics from TEM images, we have also
employed the electrochemical CO stripping method, a highly
surface-sensitive measurement, to reveal morphological differ-
ences between Pd-NRs and Pd-NPs.

Since the CO adsorption strength is sensitive to the nature
of the metal substrate (including surface structure), stripping
CO from different facets of Pd can yield profiles with
characteristic peak potentials and line shapes (Figure S7).''
As detailed in Figure 5, the CO stripping profiles for Pd-NRs
and Pd-NPs are dramatically different. For Pd-NRs, a sharp peak
appears around +0.9 V with a shoulder on the low potential
side, closely matching the features of CO stripping on Pd(110)
(Figure S7B). For Pd-NPs, on the other hand, CO stripping
occurs over a rather broad range of potentials; a peak around
+0.8 V can be ascribed to Pd(100) facets (Figure S7C), while
the broad hump at higher potentials could be due to the Pd(111)
facets (Figure S7A) and other disordered structures. The simple
and sharp line shape observed for Pd-NRs also indicates that
the surface structure of Pd-NRs is relatively homogeneous.

Interestingly, the oxidation curves for the bare surfaces of
Pd-NRs and Pd-NPs (dashed lines in Figure 5), albeit relatively
featureless, also reflect the difference in the morphology. For
Pd-NRs, oxidation of the bare surface occurs at potentials
negative to that of CO stripping; whereas that is not the case
for Pd-NPs. This seemingly simple feature of Pd-NRs, actually,
also matches the unique characteristics of Pd(110) facets (Figure
S7B).

(114) Hara, M.; Linke, U.; Wandlowski, Th. Electrochim. Acta 2007, 52,
5733.
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Figure 6. Adsorption energies (AE) of Cl and O on Pd(111), Pd(110), and
Pd(100), obtained from DFT calculations. Illustrated on the histogram is
the preferred adsorption site of Cl (green) or O (red) on the corresponding
surface (gray and white indicate the first and the second layer of Pd atoms,
respectively).

Figure 5 illustrates the electrochemical fingerprints for the
morphology of Pd-NRs and Pd-NPs and provides clear and
compelling evidence that the morphology of Pd-NRs is char-
acterized by the exposure of (110) facets, which are usually
lacking on the surface of nanoparticles.”''*''> We believe that
it is such a morphology peculiarity that accounts for Pd-NRs’
unusual properties and electrocatalytic activity.

First-Principles Understanding for the Formation and
Activity of Pd-NRs. To gain further insights into the morphology—
activity relationship of Pd toward the ORR, we have conducted
a series of DFT calculations to address the adsorption of
different species on different Pd facets. We were particularly
interested in the adsorption of CI and O; the former is related
to the morphology control while the latter can serve as a
descriptor for the catalytic activity toward the ORR.*!->> Figure
6 presents the adsorption energy (AE) of CI and O on the three
low index facets of Pd. For CI adsorption, the AE sequence is
C1/Pd(100) ~ CI/Pd(110) > C1/Pd(111). Such a difference in
the AE of Cl on Pd facets could be the thermodynamic factor
inducing (being responsible for) the formation of Pd-NRs: the
relatively weaker adsorption of CI on the Pd(111) facets would
lead to a preferential growth along the axis perpendicular to
{111} facets, leaving {110} and {100} facets to be the side
surfaces of nanorods.

For O adsorption on Pd facets, the AE sequence turns out to
be O/Pd(100) > O/Pd(111) > O/Pd(110). The lowest AE of O
on Pd(110) is particularly unusual because the surface reactivity
of Pd(110) is higher than that of Pd(111) (vide infra), which
would, in general, give rise to a stronger adsorption on Pd(110),
such as in the case of CI adsorption. The adsorption of Cl and
O on Pd(110) facets also differs in the preferred adsorption site
(Figure 6). Whereas Cl adatoms favor the long bridge site, O
adatoms prefer to adsorb at the hollow sites. Such a difference
in the adsorption site for Cl and O does not occur, however, on
Pd(100) or Pd(111) facets.

The exceptionally weak adsorption of O on Pd(110) was not
observed on its Pt counterpart. On all low index Pt facets, both
Cl and O adsorption follow the same trend (Figure S8); the AE
sequence for both Cl and O adsorption is Pt(110) > Pt(100) >
Pt(111), with a difference in the preferred adsorption sites of
CI and O occurring on Pt(111) rather than on Pt(110) facets.

On plotting all the above-mentioned AE values as a function
of the d-band center (Ey), relative to the Fermi level (Eg), of

(115) Henry, C. R. Surf. Sci. Rep. 1998, 31, 231.
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Figure 7. Correlations between AE of Cl or O and the d-band center (E4
— Ey) of Pt or Pd surfaces, showing that O adsorption on Pd(110) deviates
significantly from the trend predicted by the d-band center theory.

the corresponding facet (Figure 7), one can see how unusually
the O/Pd(110) behaves. It is clear that the adsorption trend, of
either Cl or O, on Pt facets obeys the d-band center theory' '~ !
to an acceptable degree; i.e., the AE is approximately a linear
function of (Eq — Ef), and the higher the (Ey — EF) the stronger
the adsorption. Such a well-documented principle, however,
cannot be applied to the adsorption trend on Pd facets, especially
for O adsorption. The AE of O/Pd(110) deviates significantly
from the would-be linear trend. Although Pd(110) possesses
the highest (E4 — Ef) among the three basic facets, O/Pd(110)
gives unexpectedly the lowest AE.

According to our previous studies on the Pd-catalyzed ORR,>
as well as the reports on the Pt-catalyzed ORR by Ngrskov and
co-workers,’! the AE of O adsorption can serve as a good
descriptor for the catalytic activity of the corresponding surface
toward the ORR. For Pd, a general strategy to improve its

(116) Hammer, B. Top. Catal. 2006, 37, 3.

(117) Greeley, J.; Ngrskov, J. K.; Mavrikakis, M. Annu. Rev. Phys. Chem.
2002, 53, 319.

(118) Mavrikakis, M.; Hammer, B.; Ngrskov, J. K. Phys. Rev. Lett. 1998,
81, 2819.
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catalytic activity would be to decrease the AE of O adsorption
to an appropriate degree.”> Given that the AE of O/Pd(110) is
notably lower than that of O/Pd(100) and O/Pd(111), the
superior activity of Pd-NRs toward the ORR becomes under-
standable and most likely arises from the morphology peculiarity
of exposing Pd(110) facets at the side surface.

Conclusions

The morphology—activity relationship for practical catalysts
is a topic of fundamental and technological significance but has
hitherto not been well studied or understood. In this work, we
report a strong morphology dependence of the catalytic activity
of Pd toward the ORR. Upon changing the morphology of Pd
catalysts from nanoparticles to nanorods, the surface-specific
activity increases markedly by 10-fold and becomes comparable
to that of Pt under fuel cell operating potentials.

The structural peculiarity of Pd-NRs has been shown, through
its electrochemical fingerprint on CO stripping, to be the
exposure of Pd(110) facets. Furthermore, the adsorption of O
on Pd(110) is found, on the basis of DFT calculations, to be
exceptionally weak, which is thought to be the intrinsic reason
for the superior activity of Pd-NRs toward ORR.

We anticipate the present findings to deepen the understanding
of Pd catalysis and guide the rational design of Pd catalysts for
the ORR. Follow-up studies on the stability of Pd-NRs and the
morphology of Pd alloys are underway in our laboratories.
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