
PAPAEFTHIMIOU ET AL. VOL. 5 ’ NO. 3 ’ 2182–2190 ’ 2011 2182

www.acsnano.org

February 10, 2011

C 2011 American Chemical Society

Nontrivial Redox Behavior of
Nanosized Cobalt: New Insights from
Ambient Pressure X-ray Photoelectron
and Absorption Spectroscopies
Vasiliki Papaefthimiou,† Thierry Dintzer,† V�eronique Dupuis,‡ Alexandre Tamion,‡ Florent Tournus,‡

Arnaud Hillion,‡ Detre Teschner,§ Michael H€avecker,§ Axel Knop-Gericke,§ Robert Schl€ogl,§ and

Spyridon Zafeiratos†,*

†Laboratoire LMSPC UMR7515, CNRS, University of Strasbourg, F-67087, Strasbourg cedex 2, France, ‡Laboratoire PMCN UMR 5586, University of Lyon 1,
CNRS, F-69622, Villeurbanne cedex, France, and §Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany

C
obalt and its oxides are critical com-
ponents in many technological areas
including spintronics,1,2 Li-ion bat-

teries,3 and catalytic Fischer-Tropsch syn-
thesis (FTS).4 The reduction/oxidation
(redox) properties of cobalt are closely
related to the stability and performance
of the cobalt-based applications. For
example, if cobalt is not completely re-
duced, its catalytic performance during
FTS decreases.4 Nanometer-sized cobalt par-
ticles (Co NPs) might deviate from bulk-like
behavior due to the large fractionof atoms at
their surface and the finite number of atoms
within each particle. It has been reported
that cobalt crystallites with sizes below
5-6 nm are rapidly oxidized and deacti-
vated under realistic FTS conditions.5 In addi-
tion, the surface specific activity (turnover
frequency, TOF) of FTS reaction is signifi-
cantly decreased when the cobalt particle
size is below 10 nm6 or, according to another
group, 5 nm.7-9

Bulk cobalt oxide typically crystallizes
into two stable structures; the CoO rock-
salt structure with octahedral Co2þ and the
Co3O4 spinel structure with octahedral Co

3þ

and tetrahedral Co2þ cations. A few years
ago, synthesis of a new pure form of CoO,
the hexagonal wurtzite CoO with tetra-
hedral Co2þ cations, was reported by two
groups.10-12 Moreover, wurtzite-CoO can
be stabilized in Co-doped ZnO solid solution
(Zn1-xCoxO).

13 Recently it was found that
CoO films of nanosized thickness should not
be considered as a crystallographically pure
phase; though the innerside of the nano-
sized films is of a rocksalt structure, they are

terminated (in the top four layers) by a thin
slab of wurtzite-type CoO.14 Finally, the
existence of the wurtzite structure was also
claimed for thicker films.15

Early surface science studies probing oxi-
dation of single crystalline and polycrystal-
line cobalt surfaces exposed to molecular
oxygen in high vacuum conditions16-19 in-
dicated that the primary step of surface
oxidation is the accumulation of chemi-
sorbed oxygen, which can readily take place
even at 120 K. As a next step, the surface
adsorbed oxygen diffuses in the inner Co
layers, leading to the formation of surface
oxide. This process critically depends on the
temperature and the availability of oxygen
in the gas phase. At subambient tempera-
tures Co3O4 oxide is directly formed, while
at room temperature the initially formed CoO
oxide is further oxidized to Co3O4 at higher
oxygen exposures (two-step processes).
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ABSTRACT The reduction and oxidation of carbon-supported cobalt nanoparticles (3.50( 0.22

nm) and a Co (0001) single crystal was investigated by ambient pressure X-ray photoelectron (APPES)

and X-ray absorption (XAS) spectroscopies, applied in situ under 0.2 mbar hydrogen or oxygen

atmospheres and at temperatures up to 620 K. It was found that cobalt nanoparticles are readily

oxidized to a distinct CoO phase, which is significantly more stable to further oxidation or reduction

compared to the thick oxide films formed on the Co(0001) crystal. The nontrivial size-dependence of

redox behavior is followed by a difference in the electronic structure as suggested by theoretical

simulations of the Co L-edge absorption spectra. In particular, contrary to the stable rocksalt and

spinel phases that exist in the bulk oxides, cobalt nanoparticles contain a significant portion of

metastable wurtzite-type CoO.
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However in all cases the final oxidation product is
the spinel Co3O4. Apart from the UHV-based studies,
the redox chemistry of cobalt has been investigated
at high temperature-pressure regime by many tech-
niques.20-22 Although these studies provided valu-
able information on the cobalt oxidation mechanism
(i.e., the growth and the oxidation kinetics), the sur-
face state of Co oxides was not determined since
surface sensitive techniques could not be applied at
such conditions. Recently, Salmeron and co-workers
showed by using X-ray absorption spectroscopy, that
oxidized Co NPs with sizes between 3 and 10 nm
supported on a Au foil could be readily reduced in
1 bar of hydrogen at 600 K.6 They also found that
smaller NPs were easier to reduce than the larger ones,
which is the opposite behavior to what was previously
known for oxide-supported cobalt NPs.4

Ex situ studies of cobalt redox chemistry can give
inadequate results because the cobalt surface state
can easily change by exposure to air. This limitation is
particularly important when studying nanosized sam-
ples. In the present report a combination of ambient
pressure photoelectron (APPES) and X-ray absorption
spectroscopies (XAS) was applied in situ to clarify the
surface reactivity of Co NPs and Co(0001) single crystal
toward O2 and H2 atmospheres in the mbar pressure
regime and at elevated temperatures. Moreover, a
theoretical simulation of XAS spectra using the charge
transfer multiplet (CTM) approach allowed reporting
on the electronic structure of the oxides. Significant
differences were observed in the redox properties of
NPs and bulk cobalt, which are related to the size-
dependent electronic structure of cobalt oxide.

RESULTS AND DISCUSSION

Stability of Co NPs. Although the sample preparation
method assures small and almostmonodisperse cobalt
nanoparticles size, coalescence due to thermal anneal-
ing and gas exposure might influence their actual
size in the course of the experiment.23 To estimate
the degree of particle agglomeration upon annealing
in gas atmospheres, the intensity ratio of the Co2p
(nanoparticles) and C1s (mainly due to the amorphous
carbon substrate) core level peaks measured at the
same photoelectron kinetic energy (580 eV), was mon-
itored in situ as a function of the annealing tempera-
ture and is shown in Figure 1b. The Co2p/C1s intensity
ratio is directly related to cobalt dispersion on the
support. In the case of agglomeration less cobalt and
more carbon surface is exposed; therefore, lower Co2p/
C1s ratios are expected. Figure 1b indicates that the
relative Co2p/C1s intensity ratio, referring to the freshly
prepared sample, decreases by about 20% upon an-
nealing at the maximum temperature studied here
(620 K). To estimate the equivalent mean particle size
increase, a simple quantitative model was applied to
fit the experimental data. For the calculations cobalt

particles were described by a geometric cubic shaped
model with initial cube edge of 3.5 nm and Co NPs
density of 2 � 1011 NPs 3 cm

-2 (estimated from TEM
image analysis). We note that the cubic shape is an
approximation used to facilitate the calculations and
does not represent the physical shape of the nanoparti-
cles, which is most likely a truncated octahedron. The
good resemblance of the calculated and experimental
values indicates that themean Coparticle size does not
exceed 4 nm even after heating at 620 K. Therefore no
significant Co particle reorganization occurs under our
experimental conditions, in agreement with previous
TEM studies on supported Co NPs.23 In order to ensure
that Co NPs coalescence will remain at low levels, the
sample was never annealed at temperatures higher
than 620 K.

Oxidation of Cobalt. Cobalt oxidation in 0.2 mbar O2

was studied at 520 and 570 K. The Co2p3/2 photo-
emission and Co L3,2 absorption spectra of Co NPs and
Co(0001) crystal are summarized in Figure 2 panels a
and b, respectively. In both cases the Co2p3/2 peak
consists of a sharp main component and a satellite
feature at the high binding energy side. For the Co-
(0001) crystal at 520K, themainCo2p3/2 peakat 779.6 eV
with a broad-weak satellite at 788.5 eV (lower spectrum,

Figure 1. (a) TEM image of Co clusters and the histogram
of the corresponding size distribution (top right corner),
(b) The evolution of Co2p3/2 to C 1s intensity ratio derived
by APPES measurements as a function of the annealing
temperature in 0.2 mbar H2 (open circles) and O2 (stars)
atmospheres. The error bar in the intensity ratio is esti-
mated(10%. Thedashed line corresponds to the calculated
particle size evolution, using a cubic particle shape model.
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Figure 2a) is characteristic of spinel bulk-like Co3O4.
24

In addition, the corresponding Co L3,2 absorption edge
(lower spectrum, Figure 2b) is also in good agree-
ment with previous published XAS results from Co3O4

compounds.25,26 Therefore, one can safely point to
a thick (>5 nm) bulk-like Co3O4 layer formation on the
Co(0001) surface.

For NPs, the Co2p3/2 peak recorded at 520 K (middle
spectrum, Figure 2a) is shifted at higher binding
energies by ca. 1 eV compared to the bulk, while
the intensity of its satellite structure is significantly
enhanced. Interpretation of the photoemission results
based on absolute binding energies might be mis-
leading, especially when dealing with nanosized ox-
ides, due to charging and/or size effects related to
photoionization.27 Therefore we focus on the intensity
and the relative position of the satellite peak. Modifica-
tions of the Co 2p satellite have been directly related to
the oxide stoichiometry and are extremely sensitive to
cobalt oxidation state.24,27,28 The intense satellite struc-
ture is a clear indication of Co2þ cations with partially
filled eg character like in the octahedrally coordinated
bulk CoO.27 The Co L3,2 edge absorption spectrum of
NPs is also notably different compared to bulk-like
Co3O4 as is evident in Figure 2b. The fine structure of
the Co NPs absorption edge is characteristic of octa-
hedrally coordinated Co2þ species of CoO-type,26 in
line with the photoemission results. Further annealing
of Co NPs at 570 K modifies the Co 2p peak (upper
spectra of Figure 2). In particular, the Co 2p3/2 photo-
emission peak is shifted about 1.5 eV toward higher
energies as compared to the bulk Co, while its satellite

intensity is slightly enhanced. Additionally, in the
Co L3,2 absorption edge the features around 778 and
781 eV are significantly different. To obtain a better
description of the Co 2p and L-edge modifications
induced upon annealing at 570 K, the spectra at
520 K were subtracted from those at 570 K. As shown,
the difference curves for both photoemission and
absorption spectra (dash lines) resemble very much
those of bulk-like Co3O4. Therefore, it is reasonable
to assume that at 570 K Co NPs are oxidized to a
CoO/Co3O4 mixture. Keeping in mind that in both
oxides the O2- ions arrange in fcc lattice structure,24

one can envision that the CoO/Co3O4 mixture consists
of a common oxygen sublattice with local variation of
Co2þ and Co3þ cations occupying the octahedral and
tetrahedral sites. Although the kinetics of cobalt NPs
oxidation was not analyzed in detail, we note that XAS
spectra recorded in different exposure durations (see
Supporting Information S1) were almost identical, in-
dicating that NPs oxidation is primarily a thermodyna-
mically driven process that results in the stabilization of
the NPs. To conclude, upon annealing bulk Co single
crystal and Co NPs under 0.2 mbar O2 the formation of
Co3O4 is favored on the bulk Co. The 3.5 nm Co NPs are
readily oxidized to a CoO-type oxide, but total oxida-
tion to Co3O4 is not favored even after annealing at
higher temperatures than that of the bulk Co sample.

Reduction of Cobalt. The reduction of cobalt was
studied by exposing the preoxidized samples (see
Figure 2) in 0.2 mbar H2 at room temperature and
progressively annealing up to 620 K. The photoemis-
sion and absorption spectra for NPs and bulk Co are

Figure 2. (a) Co2p3/2 photoemission and (b) Co L3,2 absorption edge of Co(0001) crystal at 520 K (bottom spectra) and
3.5 nm Co NPs (middle and top spectra) at 520 K/570 K under 0.2 mbar O2. Dashed lines are the difference spectrum between
520 and 570 K.
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presented in Figure 3 panels a and b, respectively. The
Co3O4 layer formed on the surface of bulk-Co is readily
reduced to the metallic state after annealing at 520 K,
as is evident by the characteristic Co 2p3/2 and L3 lines
(bottom spectra, Figure 3a,b).29 In the case of oxidized
Co NPs, the Co3O4 contribution to the Co L3-edge
disappears, but NPs remain oxidized to a CoO-type
oxide as indicated by the shape of the absorption edge
shown in Figure 3b (middle spectrum). In the Co 2p3/2
peak, apart from the CoO characteristic intense satellite
structure, a new component at lower binding energy
(indicated by an arrow) is observed referring to the
spectrum recorded in O2 (dash line). The new compo-
nent is due to reduced/metallic state cobalt species
(Comet), typically found between 1.3 and 2.3 eV lower
than Co2þ in cobalt oxides.30 Upon annealing at 620 K,
Comet intensity increases, however the majority of the
Co NPs remain oxidized. Since metallic and oxide
cobalt components are well separated in the Co 2p3/2
region, a linear combination of reference spectra
was used to calculate the Co average valence at
each temperature (Figure 3c). For comparison, data
recorded on the oxidized Co(0001) surface under
the same conditions are included in the graph. As
is evident from Figure 3c, the bulk-like cobalt oxide is
fully reduced to the metallic state at 520 K, while the
oxide formed on NPs is only partially reduced even at
620 K. Due to the overlapping between metallic and

oxide Co L3-edges their contribution in the absorption
spectrum cannot unequivocally resolved, nevertheless
the shape of the Co L3-edge seems tomodify as Co NPs
are reducing. To obtain more insight on the electronic
state of cobalt after reduction, a reference spectrum
of metallic Co was subtracted from the Co L-edge
recorded at 620 K in H2 (see Supporting Information
S2). The resulting curve, corresponding to the remain-
ing oxide species after reduction, is slightly different
from the spectrum at 520 K in O2 (under these condi-
tion Co NPs form a CoO-type oxide). In particular the
shoulder at 777 eV is less intense in the difference
spectrum, while the peaks at 779-780 eV are slightly
higher (see Supporting Information S2). The reason of
these differences is probably variations in the electro-
nic structure of cobalt oxide remaining after reduction,
the implications of this observation will be discussed in
the next paragraphs.

The morphology of the oxidized CoO NPs might
be critical for their stability; that is, the core-shell
structure is reported to be more stable than the agglo-
merated non- core-shell one.31 To probe if there is a
layered structure of Comet and CoO in the particles, or
the two phases are randomly mixed, depth-depended
measurements were performed. The Co 2p3/2 peak
was recorded by using four different photon ener-
gies, thus four information depths. It was found (see
Supporting Information S3) that the metallic cobalt
intensity slightly increases at higher photon ener-
gies. This is probably due to core-shell structure with
Comet species encapsulated under CoO, in agree-
ment with previously published results.26,32 Notably
the cobalt oxidation state could only be observed by
in situ measurements. Modifying the sample condi-
tions (temperature, gas environment, etc.) had a direct
effect on its surface state ( Supporting Information S4),
highlighting the importance of tracking the surface struc-
ture by in situmethods. Therefore post-mortem analysis
of the samples by other techniques, for example using
microscopy,might lead to erroneous interpretations, and
only in situ techniques, like environmental TEM, could be
used to confirm the cobalt oxide structures.

The Electronic Structure of “Nano-CoO”. The above pre-
sented results showed that Co NPs are readily oxidized
to a CoO-type oxide (denoted for brevity as “nano-
CoO”). However, unlike observations on bulk-like CoO,
the nano-CoO is resistant to both further oxidation
to Co3O4, and to reduction to metallic cobalt under
the conditions applied here. The difficulty to reduce
preoxidized Co NPs, compared to larger particles,
has been previously observed for cobalt supported
on oxides.25,26,33 This behavior has been attributed
to strong cobalt-support interaction effects which
stabilizes the small particles by forming irreducible
mixed oxides, like cobalt aluminates or silicates. On
the contrary, carbon is considered as a chemically inert
support4,7 and has been previously used to study the

Figure 3. (a) Co2p3/2 photoemission and (b) Co L3 absorp-
tion edge of Co(0001) crystal at 520 K (bottom spectra) and
3.5 nm Co NPs (middle and top spectra) at 520 K/620 K
under 0.2 mbar H2. The spectra obtained prior to the
reduction treatment are presented as dash lines. Evolution
of new species during reduction is indicated by the arrow.
(c) The average cobalt valence for the bulk-like (stars) and
nano (open circles) cobalt oxides as a function of the
annealing temperature.

A
RTIC

LE



PAPAEFTHIMIOU ET AL. VOL. 5 ’ NO. 3 ’ 2182–2190 ’ 2011 2186

www.acsnano.org

intrinsic activity of cobalt particles.7,8 To rationalize this
observation, more insights to the cobalt electronic
structure are given.

In Figure 4a we compare the Co 2p3/2 photoemis-
sion spectra of CoO-type oxides formed on NPs and
Co(0001) crystal34 recorded by two different photon
energies at 520 K. The photoemission spectra of both
samples are similar, and neither Comet nor Co3O4

species are present in a large extent. A subtle decrease
of the nano-CoO Co 2p satellite intensity obtained
using 1365 eV photon energy, might indicate defects
and minor compositional variations from the CoO
stoichiometry. The intensity and energy position of
the satellite peak, which is sensitive to the ionic
environment around cobalt, suggests that both oxides
mainly consist of high spin Co2þ cations.24 However,
Co2þ cations are not necessarily coordinated with
the same symmetry in the two cases, since Co2þ in
octahedral and tetrahedral environment exhibit very
similar satellite peaks in the Co 2p photoemission
spectrum.27 On the contrary, the symmetry of Co2þ

cations has a pronounced effect on the shape of the
absorption edge, with octahedrally and tetrahedrally
coordinated Co2þ ions having very different Co L3,2-
edge characteristics.26 A closer look in the experimen-
tal L3-edge lines (upper spectra, Figure 4b), indicates
that the intensity of the peak at∼777 eV is significantly
declined for nano-CoO followed by a slight increase
at the 779 eV area. Simulation of the Co L3-edge using
multiplet calculations (CTM4XAS) is included in
Figure 4b to support the interpretation of the experi-
mental data. The calculations were performed in two

ways: in one scheme we assumed that Co ions are
arranged in octahedral symmetry (like in the bulk CoO),
while in the other a linear combination of individually
calculated octahedral and tetrahedral high spin Co2þ

was used to simulate the experimental results.
The two key parameters affecting the shape of the

calculated XAS curves are 10Dq (crystal field splitting)
andΔ (charge transfer energy). It should be noted that
these parameters are determined by comparison be-
tween simulated and experimentally derived spectra
and not by ab initio calculations. The 10Dq value
corresponds to the one-electron energy difference
between the t2g and eg Co 3d orbitals in an octahedral
crystal field at the ground state. It is related to coop-
erative structural effects35,36 and depends on the
metal-ligand distance, R, in a way that an increase in
the value of 10Dq corresponds to a decrease in Co-O
distance.37,38 The charge transfer energy term Δ de-
scribes the interaction of Co2þ ions with delocalized
electrons from the O 2p orbital. An increase in Δ value
corresponds to an increase in the 3d8 to 3d9L ratio in
the ground state; that is, the Co 3d -state interacts less
with O 2p orbitals. The simulation of our bulk-like CoO
spectrum using parameters close to those previously
reported in the literature gave quite satisfactory re-
sults. An increase of Δ (7 instead of 3) compared to
the literature values for bulk CoO26 might be induced
by less interacting Co and O ions in the CoO thick
film formed on Co(0001) compared to the bulk CoO.
Despite an extensive variation of input parameters,
the intensity drop of the 777 eVpeak observed in nano-
CoO could not be satisfactorily reproduced in the

Figure 4. (a)The Co 2p3/2 photoelectron peak of bulk (black line) and nano CoO (red line) recorded at 520 K using 1365 (top)
and 965 eV (bottom) photon energies. For comparison the spectra have been normalized to the same height and shifted to
the same binding energy. (b) The experimental (top) and theoretically simulated (middle and bottom) Co L3-edge absorption
spectra for nano and bulk CoO. The experimental curves are recorded at 520 K. The middle spectra correspond to the best
possible simulation assuming octahedrally coordinated (Oh symmetry) Co2þ cations. The bottom spectra are linear
combination of theoretical curves26 of octahedral and tetrahedral (Td) Co

2þ cations in two compositions.
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octahedral model. In the best case, for lower 10Dq and
higher Δ values, the component at 777 eV is slightly
decreasing while it is shifted closer to the peak at
780 eV (middle curves of Figure 4b). The decrease of
10Dq and increase ofΔ values is an indication of larger
Co-O distances and less Co-O interaction for nano-
CoO compared the bulk. On the basis of these results
one can propose a modified crystal structure of nano-
CoO. In particular, since in nano-CoO the Co-O bond
is expected to be less ionic, tetrahedral coordination
of Co2þ ions is favored, in contrast to the octahedral,
more ionic, bulk Co-O bonds.39

Accordingly, to describe the L3-edge differences in
a more sophisticated approach, mixed octahedral (Oh)
and tetrahedral (Td) Co

2þ ion coordination was con-
sidered, using charge transfer parameters proposed by
Morales et al. for bulk cobalt oxides.26 In the bottom
spectrum of Figure 4b the theoretical curves of Co2þ

(Oh) and linear combinations of Co2þ (Oh) andCo
2þ (Td)

with ratio 1:1 are compared. As is evident, the simu-
lated peak using 1:1 ratio resembles very much the
drop of the feature at 777 eV found for nano-CoO. Even
the slight increase in intensity around 779 eV, shown in
the experimental curves, is satisfactorily reproduced.
Therefore, on the basis of the mixed site coordination
model, the differences in the XAS spectra of bulk
and nano-CoO could be qualitatively understood by
a conjunction of the two oxide geometries, indicating
that nano-CoO is most probably a mixed structural
phase of wutzite- and rocksalt-type CoO, (denoted for
brevity as w-CoO and r-CoO, respectively).

General Discussion. The above presented results
clearly show that the redox behavior of nanometer
scale cobalt is drastically different compared to its bulk
counterpart. This is though not surprising, since the
unique chemical properties of low-dimensional oxide
nanostructures are already well established.40 It was
however interesting to find that Co NPs do not follow
the expected route of fast oxidation and reduction,
underlined by the fast kinetics of their limited size, but
show the reverse trend. Next, we attempt to rationalize
the “non-classical” size effect of cobalt redox behavior.

Analysis of our XAS results indicates the existence
of w-CoO in NPs but not in the bulk material. The
driving force of stabilizing the metastable w-CoO on
the nanoparticles is not yet fully understood. Finite-size
effects may induce extra pressure to the NPs due
to surface tension, inhibiting phase transformations.
This is well documented for metallic cobalt, where
enhanced surface tension may inhibit the fcc-to-hcp
phase transformation at room temperature for nano-
sized but not for bulk cobalt.41 Furthermore, the
smaller the size of the NPs the more influential the
support effect is expected. On oxide supports, forma-
tion of irreducible mixed oxides has been suggested as
a deactivation mechanism of small Co NPs.4 Of course
our amorphous carbon support is chemically inert to

oxide formation, but might actively participate to the
stabilization of Co NPs either by causing epitaxial strain
to the supported NPs or by cobalt carbide formation.
Defects pre-existing on the amorphous carbon support
might anchor Co NPs, preventing coalescence upon
annealing. However, Co NPs conserve their gas-phase
structure when deposited by soft landing on the
substrate, and therefore, no significant strain is ex-
pected due to the attachment on the support. We have
recently shown by magnetic measurements of Co NPs
embedded in a carbon matrix, that carbon can diffuse
into the first atomic layer of cobalt,42 while upon
annealing at 750 K this mixed C-Co phase is decom-
posed back to fcc Co and graphitic-like carbon
[unpublished data]. Based on the results presented
here the formation of extended bulk-like cobalt car-
bide can be safely excluded, since Co-C formation
would cause an observable shift of the Co 2p peak
close to themetallic Co BEs.43 However limited amount
of atomic carbon on the surface or subsurface of Co
NPs, not detectable in the Co 2p spectrum, is quite
likely. Surface adsorbed carbon blocks the reactive
sites8 and it would have decreased the reactivity by
preventing initial oxidation of our metallic Co NPs,
which was not observed. On the contrary, traces of
diluted subsurface carbon might affect significantly
the local electronic structure of cobalt by inducing
strain and stabilizing metastable surface structures
(in our case the w-CoO structure), in a similar way as
it has been previously found for subsurface oxygen
diluted on Cu, Pd, and Ru.44 Formation of subsurface
carbon is supported also by theoretical calculations
showing that carbon adsorbed on cobalt surfaces
can easily go subsurface, especially in the presence
of coadsorbed oxygen.45 Consequently, the influence
of subsurface carbon species is an attractive scenario to
explain the formation of w-CoO on the NPs.

Whichever is the reason for the formation of w-CoO
in Co NPs, it is evident from our experimental results
that the existence of w-CoO is crucial for the redox
behavior of Co NPs. Metallic Co NPs were rapidly
oxidized after limited exposure in air at room tempera-
ture, while spinel-type Co3O4, when formed on NPs
(570 K, 0.2 mbar O2), could be readily removed after
annealing at 470 K in H2 (see Supporting Information
S5). Of course, the w-CoO/r-CoO mixture could be
further oxidized or reduced, but higher temperatures
than those used for the bulk Co crystal were required.
Apparently, thew-CoO/r-CoOmixture has proved to be
the phase the most difficult to be transformed. As has
been shown previously for ∼20 nm particles, the
w-CoO should be converted to r-CoO before total
oxidation to Co3O4 can take place.12 In the same way,
reduction of Co3O4 to Co is processing in two steps via
r-CoO formation as an intermediate.20,21 This has been
explained by the large crystallographic restructuring
needed to transform w-CoO to Co3O4 or Co metal,
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while on r-CoO epitaxial growth of Co3O4 can directly
take place,12 therefore no restructuring is needed.
Besides, recent studies showed that w-CoO is prefer-
entially formed on the surface of r-CoO, epitaxially
grown on Ir (100) under UHV conditions.14,15 Assuming
a similar core-shell structure of our oxidized Co NPs
with r-CoO in a core and w-CoO as the shell, we can
speculate that NPs reduction initiates from the r-CoO
core, which is easier to reduce. This picture can explain
the decrease in intensity of the Co L3-edge component
at 777 eV, observed at the remaining oxide species
after reduction (see Supporting Information S2b),
which reflects mainly the preferential reduction of
r-CoO. The formation of metallic Co core in reduction
conditions suggested by the depth profile results (see
Supporting Information S3) can be rationalized by this

picture. Similarly, further oxidation to Co3O4, seems to
be obstructed by the existence of w-CoO in the outer-
most layers of the NPs. On the basis of the above
discussion an illustration model of the extended and
nanosized cobalt in reductive and oxidative environ-
ments is given in Figure 5.

The results discussed above underlined the differ-
ences in the redox behavior of nanosized and extended
cobalt. This information is crucial to rationalize the
performance of nanosized cobalt in a broad range of
applications. For example, it has been found that strain,
imposed by the supporting substrate, dramatically influ-
ences the magnetic properties of low dimensional CoO
films.2 We showed that several oxide phases, including
the metastable w-CoO, can coexist in cobalt NPs, while
they are not stable in bulk cobalt under similar condi-
tions. This can produce significant strain in the nanopar-
ticles due to the different lattice parameters of the
different oxides. Identification of different oxide phases
in nanoparticles, provides the basis to understand, and
opensways to control, themagnetic properties of cobalt.
Thepresentfinding shouldbe also applicable in catalysis,
where the irreducibility of nanocobalt oxides has been
traditionally attributed to the formation of mixed oxides
with the support.4 Our work showed another possible
origin of this effect, related to nontrivial high kinetic
barriers of structural changes in nanosized particles.

METHODS
Preparation of Co NPs. Cobalt nanoparticles (Co NPs) were

prepared following the low energy cluster beam deposition
technique (LECBD).42,46 Briefly, Co NPs are vaporized from a Co
target using a combined Nd:YAG laser-He gas condensation
source. The apparatus is equipped with a quadrupolar electro-
static mass deviator, allowing mass-selection of clusters before
deposition onto a Si substrate covered by a 10 nm thick
amorphous carbon layer in ultra-high-vacuum conditions.47,48

The size-distribution of Co clusters follows a Gaussian shape
with a median diameter Dm = 3.50( 0.22 nm (∼8% with mean
size of 4.5 nm corresponds to Co dimers) as derived from TEM
measurements (Figure 1a). In previous work it has been shown
that the Co-cluster shape is a perfect truncated octahedron in
the fcc structure.49 After preparation, the samples were stored
in inert atmosphere and then briefly exposed to air upon
transferring to the spectrometer.

Preparation of Co (0001) Crystal. The Co(0001) single crystal was
cleaned by standard sputter/annealing cycles in a separate UHV
chamber and then transferred to the APPES reaction cell where
it was pretreated by oxidation (0.2 mbar O2 at 520 K) and
reduction (0.2 mbar H2 at 520 K) cycles, until all residual surface
carbon disappeared.

APPES and XAS Measurements. In situ X-ray photoelectron and
absorption spectroscopies (XPS and XAS, respectively) were
performed at ISISS beamline at BESSY synchrotron facility
at the Helmholtz Zentrum Berlin, in a setup described else-
where.44,50 The soft X-ray absorption spectra of the Co L3,2
edges were recorded in the Total Electron Yield (TEY) mode,
enhanced by additional electrons created by ionization of
the gas phase above the sample. The samples were placed
on a sample holder, which could be heated from the rear by
an IR laser (cw, 808 nm). The temperature was measured by a
K-type thermocouple fixed onto the sample surface. The gas
flow into the analysis chamber was controlled via calibrated

mass flow controllers. A differentially pumped quadrupolemass
spectrometer (QMS) was connected through a leak valve to the
experimental cell and the gas phase composition was simulta-
neously monitored, by online mass spectrometry, to the spec-
troscopic characterization of the surface. The photoelectron
spectra were normalized by the storage ring current and the
energy dependent incident photon flux, which was measured
prior to the measurements using a gold foil with known
quantum efficiency. The photon flux obtained has been cor-
rected for higher diffraction orders that contribute only to the
background but not to the peak intensity in XPS. The binding
energy (BE) scale was calibrated with respect to the Fermi level
of the electron analyzer. Quantitative calculations were per-
formed using normalized Co 2p, O 1s, C 1s intensities, taking
into account the photon-energy dependence of the atomic
subshell photoionization cross sections.51

CTM Simulation of the XAS Spectra. The L2,3-edges absorption
spectra were theoretically simulated using the so-called charge-
transfer multiplet (CTM) approach.52,53 The calculations have
been carried out using the CTM4XAS version 3.1 program54 and
literature values for the difference between the core hole
potential and the 3d-3d repulsion energy Udd, as well as for
the hopping parameters.26 The L3 to L2 ratio in the experimental
and theoretical curves is practically the same, therefore for
clarity only the L3 edge is presented.
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Figure 5. Schematic model illustration of the proposed
oxidation state for 3.5 nm Co NPs and Co(0001) crystal in
oxidative and reductive environments at 520 K.
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implementation of the continuous monochromator driving
mode for XAS measurements.

Supporting Information Available: Co L-edge XAS spectra
and Co 2p photoelectron spectra of Co NPs and Co(0001)
crystal at various temperature and gas exposure conditions.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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