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ABSTRACT: Ambient pressure photoelectron and absorption spectroscopies were applied
under 0.2 mbar of O, and H, to establish an unequivocal correlation between the surface
oxidation state of extended and nanosized PtCo alloys and the gas-phase environment.
Fundamental differences in the electronic structure and reactivity of segregated cobalt oxides
were associated with surface stabilization of metastable wurtzite-CoO. In addition, the

promotion effect of Pt in the reduction of cobalt oxides was pronounced at the nanosized | A 779\\@%795/

particles but not at the extended foil.

SECTION: Nanoparticles and Nanostructures
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Intermetallic compounds and alloys play a key role in many
technological areas because they often demonstrate distinctly
different properties compared to the parent metals. Their surface
structure, composition, and oxidation state are dynamic and not
only depend on the intrinsic characteristics of the individual
components, for example, surface energies and the strength of
the intermetallic bonds, but can also be significantly influenced
by the presence of adsorbents.' ~* Typically, the alloy component
that forms the strongest chemical bond with the adsorbent
segregates toward the surface.' However, adsorption-driven sur-
face segregation at the nanometer scale may differ from the bulk
due to the high surface-to-volume ratio,* highlighting new routes
in dynamical engineering of alloy surfaces for emerging nano-
technologies. Among others, Pt—Co nanoalloys are of large and
growing interest because of their potential applications in fields such
as magnetism5 and (electro)catalysis.6’7 In this work, the behavior
of the polycrystalline PtCo foil and 3 nm PtCo nanoparticles
(PtCo NPs) prepared by the low-energy cluster beam deposition
(LECBD) technique was monitored in situ under 0.2 mbar of O,
and H, by ambient pressure photoelectron (APPES) and near-edge
X-ray absorption fine structure (NEXAFS) spectroscopies. Our
results revealed extensive and reversible dealloying of PtCo in an
oxidative atmosphere. The electronic structure and reducibility of
the surface-segregated cobalt oxide are size-dependent. Surprisingly,
the wurtzite cobaltous oxide phase (w-CoO), which is metastable in
the bulk, is proven to be highly stable at the nanoscale.
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Figure 1 shows the photoemission spectra of PtCo NPs and foil
recorded in 0.2 mbar of O, and H, at 520 K. In H,, the Pt 4f;/,
peak for both NPs and foil (Figure 1a) was found at 71.4 £ 0.1 eV,
in agreement with literature values for PtCo alloys.*” Annealing
the NPs in O, does not influence the Pt 4f spectrum, in contrast
to the PtCo foil, where the Pt 4f peak disappears (photoelectron
kinetic energy (KE) of 1290 eV and information depth (ID) of
~S.5 nm).1 Photoemission spectra over a wide energy range are
composed only of cobalt and oxygen peaks, indicating extensive
dealloying and Pt migration into the inner layers. The oxidation
state of cobalt in the PtCo foil (Figure 1b, bottom spectra)
switches from Co30, to metallic Co'" in response to the oxygen
chemical potential in the gas phase. In particular, in O,, the Co
2p3,» photoemission peak at 779.6 eV is accompanied by a weak,
broad shakeu}z) satellite structure, characteristic of the Co30,
spinel phase.1 When the gas atmosphere switches to H,, the
peak is shifted at 778.2 eV, and the satellite structure almost
disappears, as expected for metallic cobalt (Co°)."" The mod-
ifications are rapid and reversible, as revealed by real time in situ
photoelectron experiments (Figure S1, Supporting In-
formation). In the case of PtCo NPs, in O,, the Co 2ps/,
spectrum contains an intense shakeup structure characteristic
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Figure 1. (a) The relative Pt 4f and (b) the Co 2p3/, photoelectron peaks of 3 nm PtCo NPs (top) and the polycrystalline foil (bottom)
recorded at 520 K in 0.2 mbar of O, (solid lines) and H, (open circles). The spectra are normalized in height to facilitate comparison. (c) The
Pt 4f/Co 2p atomic ratio (photoelectron KE = 580 eV) calculated for NPs and foil samples under the same temperature and gas atmosphere
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Figure 2. (a) The Pt/Co atomic ratio calculated from the Pt 4f and
Co 2p photoelectron peaks as a function of the electron KE,
measured at 520 K for PtCo NPs in O, and in H, and for the PtCo
foil in H,. On the upper x-axis, the estimated average ID for each
electron KE is given. (b) Schematic model illustration of the
proposed PtCo atom arrangement in NPs and foil under oxidative
and reductive environments.

of CoO-like oxide formation.'"'* In H,, an additional compo-

nent at 779.3 eV is attributed to reduced cobalt species, most
probably in the metallic state.'’ However, the CoO-like oxide
formed over NPs is significantly more difficult to reduce com-
pared to the foil even at higher temperatures (as will be discussed
in detail below). The Pt/Co atomic ratio (Figure 1c) increases in
H, as compared to that in an O, atmosphere, clearly showing that
reduction favors surface segregation of Pt.

The depth distribution of Pt and Co over the first few atomic
layers was investigated by nondestructive depth profile measure-
ments. The relative Pt 4f/Co 2p atomic ratios (details are given in
section S2, Supporting Information) in different IDs are shown
in Figure 2a. In H,, the PtCo NPs and foil follow the same trend,
that is, when deeper layers are probed, the Pt/Co intensity ratio
decreases, indicating that Pt is preferentially localized on the
surface and Co is in the subsurface region. In the case of NPs, the
Pt/Co ratio stabilizes for KEs higher than 370 eV (ID ~
2.5 nm)"® because, practically, the entire NP volume is probed.
On the contrary, in an O, atmosphere, the inverse trend is
observed, indicating the enrichment of cobalt (oxide) on a PtCo
NP surface, in line with the results found for the PtCo foil
(Figure 1). A schematic model of the surface arrangement of
PtCo NPs and foil under oxidizing and reducing conditions
is given in Figure 2b. In O,, cobalt is oxidized to Co30, at the
foil or to a CoO-like oxide at the NPs and encapsulates Pt. In
H,, cobalt oxides reduce to the metallic state at the foil or to a
mixed CoO/Co state at the NPs, while Pt segregates back to the
surface. Notably, modifying the conditions (e.g., temperature,
Figure S3 Supporting Information) has a direct effect on the
surface state, indicating the importance of the in situ approach for
this study.

The “resistance” of the CoO-like oxide formed on NPs for
further oxidation and reduction is rather surprising because CoO
formed over the PtCo foil could be easily further oxidized to
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Figure 3. The experimental (black solid line) and theoretically simu-
lated (red dashed line) Co Ls-edge absorption spectra of CoO-type
oxides formed on the surface of NPs and foil PtCo alloys. Experimental
data recording conditions: (i) NPs; 0.2 mbar of O, at 520 K; (ii) foil;
preoxidized sample in 0.2 mbar of H, at 450 K. Charge-transfer
parameters used for the calculations of theoretical spectra: (i) tetra-
hedrally coordinated Co**; 10D, = —0.3 eV, D,=—-0.3¢eV,D,=0¢eV;
(iii) octahedrally coordinated Co™; 10D, = 0.6 eV, A = 5 eV.

Co030, or reduced to Co. Theoretical simulation of the NEXAFS
Co Lz-edge was used to compare the local environment and
symmetry of cobalt ions in CoO-like oxides grown on PtCo NPs
and foil. For that purpose, CoO oxide was stabilized on the PtCo
foil surface by careful manipulation of pretreatment, tempera-
ture, and gas conditions. As depicted in Figure 3 the L3-edge of
CoO formed on NPs is reproduced by high-spin Co”" tetra-
hedrally coordinated with four O®" ions, as in hexagonal
w-C00."® In contrast, for the PtCo foil, the Co L;-edge simula-
tion indicates octahedrally coordinated Co’", as expected for
cubic rocksalt bulk CoO (r-Co0).'*" These results are in
agreement with our recent studies over monometallic 3.5 nm
Co NPs,'* which also showed formation of w-CoO (coexisting
with the r-CoO). The high stability of w-CoO upon dealloying of
the NPs is of particular interest because this phase is considered
metastable in the bulk and is known to stabilize only in mixed
cobalt oxides (Zn;_,Co,0)" or ultrathin epitaxial films.'® Bulk-
type Co30, formation is thermodynamically feasible under our
conditions, as revealed by the results on the PtCo foil. Therefore,
the stabilization of w-CoO on NPs is mainly kinetically con-
trolled and not imposed by our pressure and temperature
conditions. The same picture has been recently found during
preparation of pure cobalt oxide nanocrystals (>20 nm)."* It was
shown that kinetic control conditions (rapid heating at high
temperatures) yield tetrahedral w-CoO, while thermodynamic
control conditions (prolon%ed heating at lower temperatures)
produce octahedral r-CoO."® Due to the limited size (3 nm) of
PtCo NPs, the interface between the Pt atoms and the cobalt
oxide overlayer dominates the oxide structure. Subsurface Pt
imposes severe constrains on the atomic arrangement of the
cobalt overlayer, stabilizing the metastable w-CoO phase. These
constrains might be related to epitaxial strain and/or electronic
interaction (charge transfer)'” and may significantly modify the
physicochemical properties and the reactivity of the nanosized
cobalt oxide as compared to the bulk.'”'® On the other hand, in
the extended alloy, Pt atoms migrate far from the near-surface
region (>S5 nm), and therefore, the oxide/metal interface is
less influential on the cobalt oxide structure. Consequently, the
thermodynamically favorable spinel Co30, is formed. Stabiliza-
tion of novel oxide nanostructres is a well-established effect in
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Figure 4. Temperature-programmed reduction (temperature rate:
5 K min~ ") of preoxidized (a) polycrystalline PtCo foil and (b) 3 nm
PtCo NPs recorded in situ and in real time under [(open circles) Pt 4f
intensity; (closed circles) Co 2p intensity; (demi-filled circles) average
cobalt valency]. The star points represent the average cobalt valency of
preoxidized pure 3.5 nm Co NPs and Co(0001) single-crystalline surfaces
under identical conditions, recorded as a reference.

low-dimensional oxides grown on metal supports.'” Typically,
due to the differences in the lattice constants, the metal support
imposes severe constraints on the atomic arrangement of the
oxide overlayer, which is of course more influential at their
interface. This induces major perturbations in the structure and
the electronic properties of the nanosized oxides but also
produces an internal elastic strain. As has been previously shown
(see ref 17 and references therein), these factors affect the
reactivity of the nanostructured oxides as compared to their bulk
counterparts. We propose that the stabilization of the ultrathin
w-CoO overlayer around the Pt metal core, following the deal-
loying of PtCo NPs, is the nanosized equivalent of these well-
defined phenomena.

The addition of Pt promoters is often employed in Co-based
catalysts in order to facilitate the reduction of cobalt oxides.®
Here, the reduction of the PtCo alloys is monitored in situ and in
real time upon annealing preoxidized samples in a H, atmo-
sphere. Experiments were performed on both nanosized and
extended alloys, while reference spectra on pure 3.5 nm Co NPs
and Co(0001) single crystals were recorded at some character-
istic temperatures. The initially oxidized surfaces were prepared
by treating the samples in 0.2 mbar of O, and at 670 K (570 K for
NPs) for 10 min. Figure 4 shows the intensity evolution of both
the Pt 4f and Co 2p photoelectron peaks (referring to the
maximum recorded intensity) for extended (Figure 4a) and
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nanosized (Figure 4b) alloys as a function of temperature. The
average Co valency calculated by deconvolution of the overall Co
2p peak to metallic and oxide components is also included.

We first turn our attention to the PtCo foil where three distinct
temperature regions are evident, as follows: (i) The first is an
initial low-temperature region (T < 490 K) where the Co
oxidation state and Pt signal remain stable but the Co 2p signal
slightly increases. As supported by the changes in C 1s and O 1s
peaks, this increase is due to the removal/oxidation of residual
carbon and hydroxyl species that are adsorbed at low tempera-
tures on the Co30, surface and attenuate the Co 2p signal.
(i) Second is an intermediate temperature region (490—
560 K), where the Co signal increase is steeper, followed by
rapid reduction of cobalt oxide and a slight increase of Pt signal.
Please note that cobalt reduction comes first and is followed by
the appearance of a Pt signal, and (iii) a third is a high-tem-
perature region (T > 560 K), where the Co signal decreases and
the Pt 4f intensity sharply increases. In this region, metallic Co is
diluted in the subsurface, while Pt atoms segregate at the top
surface layers. Reference experiments performed on a Co(0001)
crystal (indicated by stars in the graph) gave fairly similar results,
indicating no significant promotion effect of Pt in the reduction
of Co for the bulk sample (foil). This is also reflected by the fact
that the Pt signal appears shortly after cobalt has reverted to the
metallic state.

The changes induced by annealing the PtCo NPs are more
subtle but nevertheless detectable. Up to 460 K, the Pt and Co
intensities, as well as the mean Co valency, remain practically
stable. Intensity changes become apparent upon further heating
up to 550 K; the Pt intensity increases, while the Co intensity and
valency decrease. Finally, at temperatures up to 620 K, the Pt and
Co intensities as well as the Co valency remain approximately the
same. Annealing at temperatures higher than 620 K induces
significant decrease of both Pt 4f and Co 2p signals, indicating
that particle agglomeration and/or diffusion become significant,
and therefore, these results are not presented. For comparison,
the Co valency of a 3.5 nm Co NP pretreated under the same
conditions is included in the graph. An increase of the reduction
degree of PtCo compared to monometallic Co NPs (indicated by
stars in the graph) is clearly observed. It can be also seen by
comparison of Figure 4a and b that in the critical temperature
window of cobalt oxide reduction (470—550 K), nanosized and
extended PtCo alloys show different trends. On the foil, Pt
segregation starts right after cobalt oxide reduction, while for the
NPs, cobalt reduction is followed by progressive Pt segregation.
Therefore, one can assume that Pt and Co in the NPs are in close
interaction, and Pt plays a role in the reduction of the cobalt oxide
formed on the NPs. This can also explain why the reduction of
bimetallic PtCo NPs is much more efficient at the same condi-
tions compared to that of monometallic cobalt NPs with similar
size (Figure 4b). On the basis of literature data,”® Pt is a very
efficient catalyst for hydrogen adsorption and dissociation that
can provide highly reactive atomic hydrogen, which facilitates
cobalt reduction.

Summarizing, our results indicated rapid and extended deal-
loying of PtCo in response to the surrounding gas atmosphere.
The electronic structure of the segregated cobalt oxide in the
nanoscale is markedly different from the corresponding bulk
material. Kinetic limitations in the nanometer size range lead to
high chemical stability of (metastable in the bulk) w-CoO. This
work provides insights into the PtCo nanoalloys' surface chem-
istry, which is crucial to rationalize their performance in catalysis

and magnetism. Our results also propose a general strategy
towards stabilization of metastable oxide structures in the
nanoscale through the deliberate adsorbed-driven surface segre-
gation over bimetallic nanoalloys.

B EXPERIMENTAL SECTION

PtCo NPs (3.00 &+ 0.22 nm) deposited on a Si substrate
covered by a 10 nm thick amorphous carbon layer were prepared
following the LECBD technique®® (details in Supporting Infor-
mation section S4). The PtCo clusters are in the chemically
disordered Al fcc phase and have a perfect truncated octahedron
shape.”! The size stability in our conditions was confirmed by
APPES (Supporting Information Figure SS). The polycrystalline
PtCo foil was prepared by conventional metallurgy. APPES and
NEXAFS measurements were performed at the ISISS beamline
at the BESSY synchrotron facility at the Helmholtz Zentrum
Berlin.** The L, 3-edge absorption spectra were simulated based
on the charge-transfer multiplet (CTM) approach™ using the
CTM4XAS vs3.1 program.24

Il ASSOCIATED CONTENT

© Ssupporting Information.  Real time experiments in the
PtCo foil, details for the calculation of the relative Pt 4f/Co 2p
atomic ratios at different information depths, Co L; NEXAFS
spectra of the PtCo foil at different temperatures, and details of
the preparation and stability of the PtCo nanoparticles. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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