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Atomistic Understanding on the Origin of High Oxygen Reduction
Electrocatalytic Activity of Cuboctahedral Pt;Co-Pt Core-Shell
Nanoparticles

Guangzhi Hu*%, Eduardo Gracia-Espino®*, Robin Sandstrém?, Tiva. Sharifi?, Shaodong Cheng®,
Hangjia Shen¢, Chuanyi Wang¢, Shaojun Guo?, Guang Yang®*, Thomas Wagberg®*

PtM-based core-shell nanoparticles are a new class of active and stable nanocatalysts to promote
oxygen reduction reaction (ORR), however, the understanding at atomistic level of their high
electrocatalytic performance for ORR is still a great challenge. Herein, we report a synthesis of
highly ordered, and homogeneous truncated cuboctahedral Pt3Co-Pt core-shell nanoparticles (cs-
PtsCo). By combining atomic resolution electron microscopy, X-ray photoelectron spectroscopy,
extensive first-principles calculations, and many other characterization techniques, we conclude
that the cs-PtsCo nanoparticles are composed of a complete or nearly complete Pt monolayer
skin, followed by a secondary shell containing 5-6 layers with a ~78 At% of Pt, in a PtsCo
configuration, and finally a Co rich core with 64 At% of Pt. Only this particular structure is
consistent with the very high electrocatalytic activity of cs-Pts3Co nanoparticles for ORR, which is
about 6 times higher than commercial 30%-Pt/Vulcan, and 5 times more active than non-faceted
(spherical) alloy PtsCo nanoparticles. Our study gives an important insight into the atomistic
design and understanding of advanced bimetallic nanoparticles for ORR catalysis and other

important industrial catalytic applications.

Introduction

The oxygen reduction reaction is one of the most important
technological catalytic reaction. It is a sluggish, rate limiting reaction
that takes place at the cathode side in proton exchange membrane
fuel cells, and therefore the development of efficient catalysts with
long-term stability represent a key issue to make the society less
fossil dependent.’ 2 The last decade the studies and development
of new advanced catalyst has merely exploded, and a large reason
is due to strong advances in materials science and
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nanotechnology.3 % >2 The aim in most of these studies is to replace
the expensive and scarce Pt (37 ppb in earth crust,® with a current
price of more than 1000 US dollar per troy ounce), with a less
expensive but yet more efficient catalyst, which ideally shows
endurance to catalyst poisoning, such as carbon monoxide; a
common impurity in steam reformed hydrogen. Remarkable
improvement on ORR performance has been achieved by rational
design of nanocatalyst supported on carbon nanostructures,0-12 in
particular by manufacturing alloys of Pt and transition metals , in
ratios PtsM (M denotes a transition metal).131> A well-studied
example is the PtsNi structure, 17 The reason for an enhanced ORR
efficiency has been explained in various ways, such as a shift of the
d-band center of the transition metal alloy, or by a lattice strain
imposed on the noble metal lattice.’® 1° The main consequence,
however seems to be that the vicinity of a suitable amount of
transition metal atoms close to the noble metal atoms raises the
oxygen adsorption energy, lowers the energy barrier for O,
dissociation and lowers the adsorption of intermediate species
0*.20 All these effects positively influences the ORR efficiency and
results in a lower overpotential of the catalyst. To tune the positive
effects of transition metals on the noble metals, several groups
have further advanced the nanoparticle design and synthesized so
called PtM-Pt core-shell nanoparticles comprising a transition metal
core and Pt-skin shell, - 2 exhibiting a remarkable catalytic activity
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for ORR. However, a full understanding on the mechanisms behind
an efficient ORR process based on PtM-Pt core-shell nanoparticle,
and a true insight in how the catalytic activity correlates with the
exact structure of the nanoscale PtM-Pt core-shell catalyst is
lacking. Also, studies which combine theoretical data with extensive
experimental data on well-defined core-shell nanoparticle systems
are scarce. Here we report a detailed theoretical and experimental
case study of highly homogeneous well-ordered truncated
cuboctahedral Pt;Co-Pt core-shell nanoparticles (cs-PtsCo), and
compared them with non-faceted (spherical) alloy Pt5Co
nanoparticles to better understand why core-shell nanoparticles are
extremely active for ORR from an atomic view point. The STEM
mapping results show that the exact structure of cs-Pt;Co
nanoparticles are composed of a complete or nearly complete Pt
monolayer skin, followed by a secondary shell containing 5-6 layers
with a ~78 At% of Pt, in a Pt3Co configuration, and a Co rich core
with 64 At% of Pt, making them exhibit more than six-fold increase
in ORR catalytic activity and a positive shift of the polarization half-
wave potential of 63 mV (best electrodes display shifts of more
than 80 mV) compared to commercial Pt/Vulcan. Density functional
theory (DFT) computations further show that the high catalytic
activity of cs-PtsCo nanoparticles cannot be explained by
considering a complete segregation of Pt and Co, forming a pure Pt-
shell and a Co-core, but rather by a presence of Co-atoms also in
the outer layers, forming the so-called Pt-skeleton structure.?2 Here
we also point out, that our theoretical data reveals that the
catalytic efficiency of this type of core-shell particles, gradually
increases with number of shell-layers with a maximum efficiency at
5-6 layers. Our study gives fundamental insight into the design and
properties of advanced catalyst nanoparticles, which is of both
scientific and technological importance.

Experimental section
Synthesis of catalyst composites

The c¢s-PtsCo nanocrystals were prepared by mixing Pt(ll)
acetylacetonate (Pt(acac);) with Cobalt(lll) acetylacetonate
(Co(acac)s) in N,N-dimethylformamide (DMF), and then the solution
is transferred into a quartz tube inner-lined stainless autoclave,
where the mixture is treated at 140 °C for 24 hours. As reference
samples we prepared a non-facetted (spherical) PtsCo, labelled sp-
Pt3Co, by a thermal annealing method at 700 °C in a mixture of 5%
hydrogen + 95% argon atmosphere with a heating rate about 5
°C/min for 2 hours. The latter method is well-known to not give rise
to faceted core-shell particles, but rather homogenous spherical
Pt3Co alloy particles. As a second reference sample, a commercial
Pt/Vulcan sample was used (Pt loading 60%, Premetek, US), labelled
Pt/Vulcan. The loading of all samples were determined by Thermal
gravimetric analysis (TGA) on a Mettler Toledo TGA/DSC 1LF/948.
Characterization

Transmission electron microscopy (TEM) analysis was performed on
a JEOL 2100 microscope operated at 200 kV. The atomic resolution
high angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) images and energy dispersive x-ray
spectroscopy (EDS) analyses were obtained from a JEOL ARM200F
microscope equipped with probe Cs corrector.

XPS spectra were recorded with Axis Ultra DLD electron
spectrometer (Kratos Analytical LTD, UK). A monochromated Al Ky
source operated at 150 W and a hybrid lens system with a magnetic
lens, providing an analysis area of 0.3 mm x 0.7 mm, were used for
the measurements. Before the measurements, calibration of the
binding energy (BE) scale was made by the ISO/TC 201 Standard:
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I1SO 15472:2010 — “X-ray photoelectron spectrometers -- Calibration
of energy scales”, using corresponding photoelectron lines of Au
4f7, (at 83.96 eV), Ag 3ds/; (at 368.21 eV) and Cu 2ps/; (at 932.62
eV). Due to a good conductivity of the samples, a charge
neutralization system was not used, and experimentally measured
binding energies did not require an additional calibration.

The cyclic voltammetry tests were performed in 0.1 M HCIO4. The
different samples were re-dispersed in the mixture of deionized
water and isopropanol solution containing 0.05% Nafion to get a
suspension with catalyst concentration about 5 mg/mL. Prior to
each electrochemical testing, the glassy carbon electrode (diameter
5 mm) was carefully polished with 0.05 mm aluminum oxide
powder and then cleaned by ultrasonication in acetone, ethanol
and water, respectively. 5 uL portions of the suspensions were
individually cast on the glassy carbon disk electrode (GCE, 5 mm in
diameter) and then dried under room temperature. Cyclic
voltammetry (CV) and rotating electrode (RDE) tests were recorded
on an Autolab PGSAT-302N potentiostat/galvanostat connected to
a rotating electrode system (Pine, US) with Ag/AgCl as the reference
electrode and a platinum rod as the counter electrode. The working
electrode was scanned in 0.1 M HCIO; solution by successive
voltametry (CV) and line sweep voltammetry (LSV) at 0.05 V/s in the
potential region 0.05-1.05 V. Prior to CV and RDE tests, the
electrolyte solution was bubbled with oxygen or argon for more
than 30 min with a flowing rate of 100 ml/min. The current
densities in both CV and RDE data were normalized according to the
geometric area of the glassy carbon disc. Before the CO stripping
experiments the catalyst electrode was bubbled with CO for 15 min
under -0.178 V (vs. Ag/AgCl) and then bubbled with argon for
another 15 min to remove the dissolved CO in the electrolyte.

Computational Details

First principles calculations were performed within the framework
of the density functional theory?? using the generalized gradient
approximation and the revised Perdew, Burke and Ernzerhof
(RPBE)?* as the exchange-correlation term. The wave functions for
the valence electrons are represented by a linear combination of
pseudo-atomic numerical orbitals?®> using double-{ plus one
polarized orbital basis. A 10x10x1 Monkhorst-Pack?® grid is used to
sample the Brillouin zone. A Methfessel-Paxton?” smearing of 0.1 eV
and a Pulay mixing is employed to aid convergence on the self-
consistent electron density. The real-space grid used for charge and
potential integration is equivalent to a plane wave cut-off energy of
400 Ry, and both the total energy and atomic forces were corrected
by a self-consistent dipole correction. The periodically repeated
slabs are separated by at least 8 vacuum layers to avoid self-
interactions. Four different metal slabs are used as model to study
the ORR. The first system is represented by (2x2) Pt(111) slab over a
cobalt core. The second one is represented by (2x2) Pt-skin over a
Pt3Co(111) slabs also over a cobalt core, forming a Pt-skeleton
structure. The third system is a (2x2) pure Pt3Co(111) surface
(without the Pt skin layer), and finally, a pure (2x2) Pt(111) surface
is used as a reference system. The adsorption energies of
intermediates are calculated using slabs consisting of 4 to 9 layers,
where the bottom 3 layers belonging to the cobalt core are kept
fixed during all calculations, while the remaining layers are Pt or
Pt3Co based. On all surfaces, the oxygen is chemisorbed on a hollow
face-centered cubic (fcc) site. The adsorbates and all the Pt or Pt3Co
slabs are allowed to relax freely until the maximum forces were
<0.04 eV/A. The DFT computations were performed using the
SIESTA code,?® and the simulated TEM image was obtained using
the multislice approach as described by Gémez-Rodriguez, et al.2®
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Figure 1. (a) TEM image of cuboctahedral cs-Pt3Co. (b) Overall XPS curve of cs-PtsCo nanocrystals and the corresponding high resolution
XPS curves of Pt4f (c) and Co2p (d). (e) HAADF STEM image for EDS mapping of cs-Pt3Co cuboctahedrons. (f-g) EDS mapping with signals
attributed to Pt and Co, respectively. (h) Overlap of Pt and Co EDS signals.

The free energy of intermediates is calculated based on the
computational hydrogen-electrode (CHE) model.! The CHE model
has been used in several publications proving their feasibility to
study electrochemical reactions. The CHE model defines that at
standard conditions (pH = 0 in the electrolyte and 1 bar of H, in the
gas phase at 298.15 K the chemical potential of a proton-electron
pair (H* + e7) in solution is equal to half of the chemical potential of
a gas-phase H; molecule. The Gibbs free energy change (AGg) of
intermediates is calculated by AGo = AE + AZPE — TAS, where AE is
the energy change obtained from DFT calculations, AZPE is the
change in zero-point energies, T is temperature (298.15 K), and AS
is the change in entropy. Standard values of zero-point energies and
entropies for the ORR intermediates are obtained from Norskov, et
al.l The effect of a bias on states involving electrons transfer results
in a direct shift in the free energy of the electrons, and it can be
included by correcting the Gibbs free energy (AGy) by —eU, where U
is the applied bias and e is the number of electrons transferred.
Therefore computing the adsorption energies of the intermediates
in the ORR makes possible to calculate the overall free energy
pathway as a function of the applied bias, thus the total change in
free energy is given by AG = AGq + AGy.

Results and Discussion

The solvothermal synthesis of the cs-PtsCo nanoparticles was
obtained by using DMF as solvent, which has been shown to both
work as stabilizer and reducing agent for the formation of Pt-Co
bimetallic systems.3® Figure 1la shows a TEM image of the
unsupported cs-PtsCo nanoparticles. It is found that all

This journal is © The Royal Society of Chemistry 20xx

nanoparticles exhibit a structure consistent with truncated
cuboctahedrally shaped nanoparticles with a narrow size
distribution of 11.3+1.8 nm (Figure S1). X-ray photoelectron
spectroscopy (XPS) of cs-PtsCo in Figure 1b reveals that the
nanoparticles are composed of C, O, N, Co and Pt, where the C, N
and part of the O can be assigned to residual solvent, and other
agents adsorbed on the catalyst surface after the washing
procedures. This assignment is particularly clear by investigating the
high-resolution XPS spectrum (see supporting Figure S2) of C,
displaying clear signals of C-C, C-N and C-O that can be ascribed to
acetylene-acetone and DMF adsorbed on the catalyst. Figure 1c and
1d, display the high-resolution XPS Pt 4f and the Co 2p spectrum,
respectively and indicates a metallic character of the Pt atoms in
the cs-Pt3Co nanocrystals while both oxidized and metallic states
are found for the Co atoms. From the XPS data, we measure a Pt/Co
ratio of 4.75, which is considerably larger than the ratio obtained
from energy dispersive X-ray spectrometry (EDS) measurements
(Pt/Co = 3.2, see below). Since XPS is a surface sensitive technique,
probing approximately the upper 2 nm of the particles, this
difference indicates Pt-rich surfaces, being possible a core-shell
structure of a Pt3Co alloy. The core-shell structure is further
supported by HAADF images and EDS mapping. Figure 1e shows the
HAADF image of the cs-Pt3Co nanoparticles, arranged in a
“necklace” configuration, which is frequently observed for
unsupported Pt;Co bimetallic nanocrystals. From the elemental
signals of Pt and Co shown in Figure 1f and 1g, it is clear that while
the Pt signal (red) is distributed over the “full size” of the
nanoparticles, the Co signal (green) is concentrated in the core of
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the particle, with only weak signals of Co in the shell. This is even
clearer from the overlay image shown in Figure 1h, where the
combination of the red Pt signal and the green Co signal yields a
yellow signal which is very strong in the core of the nanoparticles.
The resulting Pt/Co atomic ratio is equal to 3.2 measured for four
individual cs-Pt3Co nanoparticles (see supplementary Figure S4).

Figure 2a-b shows the high resolution HAADF images of individual
cs-Pt3Co nanocrystals. From the micrographs, two important
characteristics of the cs-Pt3Co can be concluded; i) their structure is
clearly compatible with truncated cuboctahedrons. This s
particularly obvious by the atomic model of a truncated
cuboctahedron with hexagonal faces depicted in Figure 2c and its
corresponding simulated image in Figure 2d, which perfectly
matches those in figure 2a-b, ii) the core-shell structure is easily
observed from all particles in Figure 2a-b, by a clear contrast
between the outer 5-6 layers and the core part of the particle,
however the detailed shell and core composition are difficult to
estimate. At higher resolution the sharp contrast is even more
pronounced (Figure 2b). From the HAADF-STEM image of the
individual cs-Pt3Co nanocrystals we measure a distance between
atoms in the outer layers of 0.226 nm, which agrees well with the
Pt-Pt atom distance in pure Pt nanoparticles. In the core, we can
deduce a slightly reduced lattice distance of 0.206 nm, which most
likely can be rationalized by a higher fraction of Co in the Pt-Co
structure which should lead to a lowering of the lattice distance.
This is in good agreement with the powder X-ray diffraction of cs-
Pt3Co shown in supporting Figure S3, which exhibits three main
peaks at 40.6, 47.2 and 68.8 degrees, assigned to diffraction from
the (111), (200) and (220) crystal planes of the face centered cubic
structure. These are slightly “down shifted” by 0.15, 0.2 and 0.5
degrees compared to the peak positions of the intermetallic Pt3Co
reflections (PDF-#-04-004-5243).

To derive the nanostructure and in particular the core-shell
configuration, we performed EDS line scans to individual cs-Pt3Co
particles. An example of a line-scan is depicted in Figure 2e, and the
corresponding intensity profiles of Pt and Co components are
displayed in Figure 2f. From these data we can conclude that the
shell indeed is very rich on Pt, especially in the outer layers, where
almost no signal of Co is detected.

4| J. Name., 2012, 00, 1-3
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Figure 2. (a) High-angle annular dark-field scanning transmission
electron microscopy (HADDF-STEM) image of the as-prepared
cuboctahedral Pt;Co nanoparticles. (b) Atom-resolution HADDF-
STEM image of a core-shell Pt;Co cuboctahedral nanocrystal. (c)
Atomic model of a cuboctahedral core-shell (cs-Pt3Co) nanoparticle,
and (d) its corresponding image simulation. (e) HADFF-STEM image
of Pt3Co core-shell particles and the (f) intensity profiles of Pt and
Co components in one single nanoparticle obtained by a EDS line
scan analysis along the yellow line in shown in (e) from left to right.
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Figure 3. (a) CO stripping curves of commercial Pt/Vulcan, sp-PtsCo/Vulcan and cs-PtsCo/Vulcan in argon saturated 0.1 M HCIO4 solution
with scanning rate 0.05 V/s. (b) The polarized curves of the catalyst electrode (Pt/Vulcan as black line, sp-Pt3Co/Vulcan as red line and cs-
Pt3Co/Vulcan as blue line) in 02 saturated 0.1 M HCIO4 solution at a scan rate of 0.01 V/s with the rotating speed of 1600 rpm; (c) The
polarized curves of the cs-Pt3Co/Vulcan catalyst electrode at different rotating speed ranging from 400 to 2025 rpm in 0.1 M HCIQO4 solution
at a scan rate of 10 mV/s. the inset is the Koutecky—Levich plots from ORR data for cs-Pt3Co/Vulcan electrode at different potentials; (d)
Comparison of specific activities (Jk) for commercial Pt/Vulcan (black), sp-PtsCo/Vulcan (red) and cs-Pt;Co/Vulcan (blue); (e) comparison of
normalized activities of the three catalysts at different potentials; (f) Polarized curves of cs-PtsCo/Vulcan catalyst for ORR before and after

5000 potential cycles at a rotating speed of 1600 rpm.

The EDS line scan thus give unambiguous support to the conclusions
made from the EDS mapping and the HAADF images, namely that
the cs-PtsCo are composed of a Pt-rich shell, and that the inner
atomic layers gradually have an increased Co content, until a Co-
rich core is reached.

Now, it is possible to estimate the amount of Pt at the inner layers
of the nanoparticle. Considering a ~11 nm truncated cuboctahedral
Pt3Co nanoparticle with an overall Pt/Co ratio of 3.2 (as obtained by
EDS, supporting Figure S4), that is composed by 21 atomic shells,
and that the outer 6 layers are Pt-rich, with a Pt/Co of 4.75 (as
indicated by XPS). We estimate that the 15 core layers (since the
first 6 are considered to be part of the shell) exhibit an inner Pt/Co
ratio ~1.8, and that the shell might exhibit a transition region (~5
layers) with a Pt/Co = 3.5. We point out that this in an “indirect”
estimation based on a combination of the experimental results (EDS
and XPS) and theoretical simulations. A more detailed explanation
for this estimation is given in supporting information (Figure S5, and
related discussion).

This journal is © The Royal Society of Chemistry 20xx

To test the catalytic activity for oxygen reduction and understand
how the exact structure of bimetallic nanoparticles correlates with
the catalytic activity, we performed extensive electrochemical tests.
As reference samples for our electrochemical tests, we use two
other materials; 1) commercial 30% Pt/Vulcan (Pt/Vulcan) and 2)
spherical Pt3Co/Vulcan (sp-PtsCo/Vulcan) catalysts. The non-faceted
3.0 nm sp-Pts3Co NPs/Vulcan was synthesized by a different
methodology (see the details in supporting information). Figure S6
show that they are also well distributed, and crystalline, but with no
distinct crystal shape. Figure S7 shows the cyclic voltammograms
(CVs) of the three different electrodes (Pt/Vulcan, sp-Pt3Co/Vulcan
and the cs-PtsCo/Vulcan (30 % loading)) in argon-saturated 0.1 M
HCIO4, and displays the hydrogen under potential
formation/stripping which appears at potential lower than 0.1 V (v.s.
Ag/AgCl).3! It is obvious that hydrogen ad- and desorption area of
commercial Pt and sp-Pt3Co nanocatalyst is much higher than that
of cs-Pt3Co catalyst. This is because the size of cs-Pt3Co
nanoparticle is much larger than that of the commercial Pt/Vulcan
and sp-Pt3Co. The electrochemical active surface area (EASA) was

J. Name., 2013, 00, 1-3 | 5
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calculated and corrected by CO sweeping voltammetry to 6.33 cm?
for Pt/Vulcan, 6.15 cm? for sp-Pt3Co/Vulcan and 1.36 cm? for cs-
Pt;Co/Vulcan (figure 3a).

Before the ORR activity tests, all catalyst electrodes were
electrochemically activated by cycling the potential between -0.2
and 0.8V with a sweep rate of 50 mV/s for 50 cycles in argon-
saturated electrolyte solution and Ag/AgCl as reference electrode.
The polarization curves for the three catalyst electrodes in O»-
saturated 0.1 M HCIO4 solution at 1600 r.p.m is shown in Figure 3b.
It is clear that the half-wave potential of cs-Pt3Co/Vulcan (0.57 V) is
much higher than that of sp-Pt;Co/Vulcan (0.51 V) and commercial
Pt/Vulcan catalyst (0.51 V), manifesting a significantly better
electrocatalytic activity toward ORR of cs-Pt;Co/Vulcan than both
sp-Pt3Co/Vulcan and Pt/Vulcan catalysts. Performing similar tests
for six corresponding sets of electrodes show a positive shift of the
polarization half-wave potential of 63 mVcompared to commercial
Pt/Vulcan. The electron transfer number (n) of ORR for the cs-Pt;Co
catalyst electrode was calculated by the ORR polarization curves at
different rotating speed according to the Koutecky—Levich theory
expressed by32 33

1 1 1 (1)

T Ja Ik

Ja = 0.62nFACy,D?3v=1/6w1/2 (2)

Where J is the measured current, J; the diffusion limited current,
and Jkis the kinetic current. n is the number of electrons transfered;
F is Faraday's constant; A is the area of the electrode; D is the
diffusion coefficient of O, in 0.1 M HCIO, solution; v is the kinematic
viscosity of the electrolyte; w is the angular frequency of rotation
speed and Cp; is the concentration of molecular oxygen in 0.1 M
HClO4 solution. From equations (1) and (2), n is equal to 4.0 for cs-
PtsCo/Vulcan (Figure 3c inset). The specific activity of the three
electrocatalysts was also compared by mean of the kinetic current
(Jk) at the potential window from 0.5 to 0.7 V V (vs. Ag/AgCl) as
shown in Figure 3d. The specific activity at 0.55 V, normalized by
the surface activity area of cs-Pt3Co is 1.44 mA/cm2 Pt, which is six
times higher than that of Pt-Vulcan catalyst (0.22 mA/cm2) and five
times higher than that of sp-PtsCo (0.24 mA/cm?2), indicating a
superiority of cs-Pt;Co catalyst towards ORR. Durability tests were
also performed by cycling at the potential window between 0.6 and
1.0 V (vs. Ag/AgCl) in O,-saturated 0.1 M HCIO4 at a scan rate of 200
mV/s. Figure 2d shows the ORR polarization curves for the core-
shell Pt3Co/Vulcan before and after 5000 potential sweeps,
demonstrating a 11 mV negative shift in ORR polarization half-wave
potential after the potential sweeps, suggesting a good stability of
the as prepared cs-Pt3Co catalysts. Corresponding tests for the sp-
Pt3Co/Vulcan and the Pt/Vulcan catalysts show an undesirable shift
of 35, and 54 mV respectively (Figure S9, and S10). Meanwhile
there is no observable change in morphology for cs-Pt3Co after the
durability test (Figure S11). A detailed comparison with previously
reported results for similar catalysts and under similar conditions is
given in table 3S in supporting information.

We thoroughly described the core-shell structure of the cs-Pt3Co
cuboctahedral nanoparticles and showed their advantageous
properties for ORR activity. Even by our extensive XPS, EDS, and
HRTEM characterization, the shell composition is however difficult
to estimate unambiguously. Thus, we now use DFT to elucidate if
the shell is made of pure Pt atoms, or as our hypothesis suggest, the
shell exhibit a true PtsCo composition, since both options may give
rise to a similar core-shell contrast observed in HRTEM (Figure 1-2).
We also use DFT to comprehend the correlation between the shell
thickness and the electrocatalytic activity. However, before we

6 | J. Name., 2012, 00, 1-3

describe our results, it is important to point out that a pure
homogeneous Pt3Co shell, where Co atoms are located at the
surface, significantly limits the ORR activity, due to too strong
binding of O*, and OH* intermediates by the PtsCo structure (see
table S4). A high ORR activity requires the presence of at least one
monolayer of Pt at the surface. Such structure is referred as a
skeleton-type structure by Stamenkovic, et al.'’

We have built four different systems that will help us to elucidate
the effects on the shell thickness and composition on the ORR
performance. The first system, labeled cs-Pt-Co-x, is a core-shell
structure where the outer layers are made of pure Pt (with x
representing the number of Pt-layers) (Figure 4b and S12) and the
inner core comprises only cobalt atoms. The cs-Pt-Co-x system is
designed to keep the bulk lattice constant of pure platinum as
obtained by DFT (4.02 &), being in good agreement when compared
with the experimental value of 3.92 A.34 The second configuration is
denoted cs-Pt3Co-x. It is also a core-shell structure, where the
outermost layer contains only Pt atoms, the rest of the shell is
made of Pt;Co alloy (skeleton-type structure), and the inner core is
again made of pure cobalt. The cs-Pt3Co-x configuration is shown in
Figure 4c and Figure S13. In this case, the cs-Pt3Co-x system is fixed
to the bulk lattice constant of PtsCo alloy (3.91 A, as obtained by
DFT). The third and fourth configurations are a pure Pt3Co and a
pure Pt slabs that are used just as reference systems. Detailed
information can be found in computational section and supporting
information.

The electrochemical ORR activity has been evaluated using the
computational hydrogen electron model,® which has shown to
accurately describe trends in electrocatalytic activity in diverse
systems. We calculated the oxygen adsorption energy (AEo) while
modifying the number of shell layers for both cs-Pt-Co-x and cs-
Pt3Co-x systems. These results are shown in Figure 4a. In both core-
shell configurations, the oxygen adsorption is weakened (larger
positive values) instantly by placing only a single-layer shell above
the cobalt core. Here both systems are almost identical with a pure
Pt shell above a Co-core, and only differs in the lattice parameter.
Increasing the number of shell layers (see figure 4 b, and c) further
increase the oxygen adsorption energy, until it reach a maximum,
corresponding to their respective bulk components. In the case of
cs-Pt-Co-x system, the maximum value is equivalent to a pure
Pt(111), AEo = 1.59 eV, in good agreement with previous reports,!
while for the cs-Pt;Co-x systems, the maximum correspond to a
bulk Pt-Pt3Co with an AEp = 1.82 eV. It is important to note here
that the Pt-Pt3Co system exhibit a skin of Pt, since without this the
Pt3Co system is highly inefficient for oxygen reduction (see S3).

The change in adsorption energy can be attributed to two different
phenomena, a substrate (core) and a strain effect.3> 36 The
substrate effect is mainly manifested by a shift of the d-band center
of Pt as a consequence of the electronic contribution from the
underlying Co atoms. This effect is directly observed in the cs-Pt-Co-
x system with 1 to 3 Pt shell layers, where the d-band center is
shifted towards more negative values, resulting in lower adsorption
energy,1” 18 AEq. Interestingly, it is clear that a Pt-shell thickness
larger than three layers, loose completely the effect of electron
charge transfer from the Co-core, meaning that surface atoms are
not able to feel any effect from the core-atoms being more than
three layers away. The strain effect is, on the other hand, observed
in the cs-PtsCo-x system, with x = 4-6, where the thick shell
substantially decrease the substrate effect of the cobalt core
observed when thickness is less than 4 layers, and instead the
observed effect can mainly be attributed to the compressed Pt-skin

This journal is © The Royal Society of Chemistry 20xx
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(due to the smaller lattice constant of Pt3Co compared to pure Pt).
Other cs-Pt3Co-x systems with < 4 shell layers exhibit the
contribution of both phenomena, resulting in weaker AEg and lower
ORR activity. The results discussed above are presented in Figure 4d

which shows the AEo as function of the platinum d-band center
with respect to the Fermi Level (g4- £, as

----- 23
a 224-0 - o cs-Pt-Cox : bcs-Pt-Co-x d cs-Pt,Co-1 AE, = -1.08(e,-€,)-0.95
227-0 R'=0.864
D 1 IR i3 =0.
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Figure 4. (a) Oxygen adsorption energy (AEo) as a function of the number of shell layers. The dashed lines represent AEq value when pure
Pt(111) (red) or pure Pt3Co(111) (blue) are used. The core-shell configurations of (b) cs-Pt-Co-x and (c) cs-Pt;Co-x systems, where the shell
thickness varies from 1 up to 6 metal layers. (d) AEo as function of the d-band center (gq4-&¢), the numbers next to the label indicates the
shell thickness, and the line represents the linear fitting. (e) Schematic diagram of the ORR studied. (f) Free energy change during the ORR
on cs-Pt-Co-6 and cs-Pt3Co-6 systems, where the smaller AEo on cs-PtsCo-6 results in lower nogs. (g) Activity volcano plot for ORR as a

function of AEp for the cs-Pt-Co-x and cs-Pt;Co-x systems at different surfaces thickness, the line is just a guide to the eyes.

an average of the Pt atoms at the outer layer). A linear relationship
between AEo and e€4- €& is in agreement with previous
publications.8

To further evaluate the ORR performance of the different systems,
we have studied the adsorption energies of O* and HO*
intermediates for the ORR, as exemplified in Figure 4e. To obtain
the oxygen reduction overpotential (nogrg), Which is the single most
important characteristics for the performance of the catalyst, we
calculated the Gibbs free energy (AG) of the intermediates, as
described in the computational methodology. Figure 4f shows the
free energy diagram of cs-Pt-Co-6 and cs-Pt;Co-6 system (similar
results are obtained for 4- and 5-layers shell systems). The
significantly weaker adsorption energy of O*, AEo, for cs-PtsCo
(~0.25 eV weaker than pure Pt(111)) results in lower nogs (0.41 V
compared with 0.55 V for pure Pt). Norskov, et al* determined that
Pt norr = 0.48 V, the difference might arise from the use of a
localized orbital basis instead of a plane-wave approach used by
Norskov, resulting in a slightly underestimation of the HO*
adsorption, increasing the Pt nogrs by 0.07 eV. Using the calculated
over potential norr for all systems enables us to construct an
activity volcano plot, where the AEp is used as a descriptor to
evaluate the catalytic activity. The results are shown in Figure 4g.
The systems that are located in left side of the volcano plot are
limited by the hydrogenation step, while the systems located at the
right side of the volcano exhibit weaker AEp and as result the
limiting step is the dissociation of molecular oxygen. We observe

This journal is © The Royal Society of Chemistry 20xx

that cs-Pt-Co-x systems with 2- and 3-shell layers exhibit lower nogrs
than pure Pt(111), thus larger catalytic activity. However, increasing
the number of shell layers signify an increase of AEg reaching values
similar to those in the bulk, and as a result the nogg will be similar to
pure Pt(111). On the other hand, if the shell composition is similar
to Pt3Co systems, with a Pt overlayer, the norr Will be smaller than
for pure Pt(111) when the shell thickness is equal or larger than 3
metal layers, resulting in enhanced catalytic activity almost
independent of the shell thickness.

As a summary, the DFT results suggest that the excellent
electrocatalytic activity cannot be explained by core-shell structures
having pure Pt in the outer shell, since a particle having four shells
or more of pure Pt (the number of Pt-rich layers in our study is 5-6)
would behave similar to bulk Pt (which do not agree with our
experimental observations where the cs-Pt3Co catalyst exhibit
significantly better efficiency than the pure Pt/Vulcan sample).
Instead the conclusion must be that the shell of the cuboctahedral
nanoparticles must have a composition similar to Pt3Co (still with
one pure layer of Pt) forming a skeleton-type structure. This
decreases the AEo improving the catalytic activity even when the
shell thickness is larger than 3 metal slabs, as is in our cs-PtsCo
nanoparticles.

Conclusions

We have reported a synthesis of highly ordered, homogeneous,
cuboctahedral core-shell Pt3Co nanoparticles. By detailed
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experimental characterization as well as extensive DFT calculations,
we conclude that the cs-Pt3Co nanoparticles must be composed of a
skin rich in Pt, a shell configuration of 5-6 layers which also is Pt-rich
but need to contain also Co atoms, and finally a core, which is
relatively Co-rich. Only this structure is consistent with the very high
electrocatalytic activity of cs-Pt3Co with more than 6 times higher
than commercial Pt/Vulcan, and 5 times more active than non-
faceted alloy sp-PtsCo nanoparticles. Our study gives important
insight into the design and understanding of advanced bimetallic
nanoparticles, which has both scientific and technological impact.
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