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ABSTRACT: X-ray absorption spectroscopy (XAS) is often employed in fields such as catalysis
to determine whether transition-metal nanoparticles are oxidized. Here we show 2p;,, XAS and

2p3d resonant X-ray emission spectroscopy (RXES) data of oleate-coated cobalt nanoparticles

with average diameters of 4.0, 4.2, 5.0, 8.4, and 15.2 nm. Two particle batches were exposed to air

for different periods of time, whereas the others were measured as synthesized. In the colloidal

nanoparticles, the cobalt sites can have different chemical environments (metallic/oxidized/
surface-coordinated), and it is shown that most XAS data cannot distinguish whether the
nanoparticles are oxidized or surface-coated. In contrast, the high-energy resolution RXES

Cobalt Cobalt
2py, XAS 2py, XAS
Cobalt
Cobalt monoxide
Cobalt Cobalt
2p3d RXES 2p3d RXES

spectra reveal whether more than the first metal layer is oxidized based on the unique energetic
separation of spectral features related to the formal metal (X-ray fluorescence) or to a metal oxide (d-d excitations). This is the
first demonstration of metal 2p3d RXES as a novel surface science tool.

SECTION: Spectroscopy, Photochemistry, and Excited States

In many fields of research where metallic nanoparticles are
applied, it is often relevant to know their degree of oxidation.
In catalysis, the difference between a metal oxide and a metal
nanoparticle system can mean the difference between an active
or inactive catalyst. It is also known that the gas atmosphere or
liquid environment of a catalytically active surface alters the
surface chemical potential and that in situ studies are essential
to understand the catalyst’s mechanism." X-ray spectroscopies
offer the important advantage of element selectivity; therefore,
several in situ X-ray photoemission spectroscopy (XPS) and/or
X-ray absorption spectroscopy (XAS) studies have been
performed to investigate metal nanoparticle oxidation under
conditions relevant to the reaction.””® In principle, both the 2p
XPS and the 2p XAS spectra of transition metals are highly
useful in metal characterization due to the large many-electron
multiplet effects at this edge, where we note that the screening
effects induced in XPS due to the removal of a photoelectron
make the technique less sensitive to subtle chemical differences
such as the ligand or crystal environment around a metal
ion.” " In 2p XAS, such multiplet splitting is more substantial,
which allows for a significant degree of understanding through
atomic, ligand field, and charge transfer multiplet theories. '
Although 2p XAS is a widely available tool nowadays, an
intrinsic problem of applying the technique to chemically
heterogeneous systems, such as real catalysts, is that (a) the
spectra of atomic or ionic species in different chemical
environments overlap in energy and (b) the same spectrum
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can theoretically often be interpreted by assuming different
chemical environments."”> Here we use colloidal cobalt
nanoparticles as model systems that capture part of the
complexity of a heterogeneous catalyst. After all, the cobalt
inside and at the surface of the nanoparticles, where cobalt sites
are coated with surfactant molecules, possesses different
chemical environments, whereas in a real heterogeneous
catalyst the nanoparticle support material, promoters, and
cocatalysts add multiple dimensions to chemical heterogene-
ity.'* We show here that for nanoparticles in chemically
nonhomogenous environments, high-resolution 2p3d resonant
X-ray emission spectroscopy (RXES; also known as resonant
inelastic X-ray scattering (RIXS)) is more sensitive to metal
oxidation than 2p XAS and that care should be taken with
conclusions drawn on the basis of XAS alone. We note that
recently fluorescence-detected 1s XAS spectra acquired from
RXES 1s2p (Kf) emission lines were also used to study
oxidized cobalt particles in detail,"® but this is the first study to
report metal 2p3d RXES as a surface science tool. The fact that
(a) 2p3d RXES is capable of characterizing the electronic
structure of relatively complex transition metal systems and that
(b) the number of high-resolution soft RXES instruments will
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Table 1. Average Nanoparticle Diameter and Elemental Composition of the Studied Systems

compound TEM diameter (nm) + polydispersity”
I 42 + 11.9%
1I 4.0 + 8.8%
I 8.4 + 14.1%
v 5.0 + 13.7%
\% 152 + 17.5%

composition
oxidized -Co/OA/TOPO
oxidized e-Co/OA/TOPO
£-Co/OA/TOPO
£-Co/OA/TOPO
fcc Co/TOPO

“Polydispersity is given as the particle average diameter over the standard deviation.
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Figure 1. (a—e) TEM micrographs of nanoparticle systems I-V and (f) an artistic impression of the tool that allows sample transfer in an inert

environment to the RXES endstation at the ADRESS beamline.
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Figure 2. Schematic representations of the 2p XAS and 2p3d RXES (a) experimental setup and (b) processes. (c) Experimental cobalt 2p;,, XAS
spectra of nanoparticle batches -V and literature reference spectra of cobalt metal*® and cobalt monoxide powder.”* The dotted gray line at 778.4
eV indicates the excitation energy of the 2p3d RXES spectra of Figure 3.

increase rapidly in the next years16 promises the advent of
important insights from in situ synchrotron-based catalytic
studies during actual reactions.

Five different cobalt nanoparticle systems, I-V, were
synthesized through published, hot-injection synthesis methods
and characterized by transmission electron microscopy (TEM)
and X-ray powder diffraction (XRD), as described in detail in
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the Supporting Information. Their sizes and compositions are
given in Table 1.

Systems I—IV consist of e-Co'” nanoparticles prepared by
the Puntes method.'® System V consists of fcc Co nanoparticles
made through a slightly adapted method that used acetonated
cobalt carbonyl."” For systems I-IV, the nanoparticles were
synthesized in the presence of mixtures of trioctylphosphine
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Figure 3. Experimental cobalt 2p3d RXES spectra of I-V (right). To the left, a schematic representation of a ligated metal oxide substrate is shown,
together with a pure metal substrate. One red asterisk and red dotted lines in the spectra indicate d-d excitations from bulk cobalt monoxide. Two
black asterisks and black dotted lines indicate low-energy d-d excitations present in systems of nonoxidized cobalt nanoparticles. Three blue asterisks

indicate X-ray fluorescence due to pure cobalt metal.

oxide (TOPO) and oleic acid (OA). When both molecules are
present in the used ratios, the TOPO acts as a kinetic growth
controller,”® whereas the OA is the main capping agent.*' For
system V, only TOPO was used to obtain larger cobalt
nanoparticles. These had an fcc crystal structure. The particles
were all synthesized in an inert atmosphere. When the &-Co
nanoparticles are exposed to air they oxidize.””> When large
nanoparticles are used, a passivation CoO layer forms around
the particles. This is revealed in Figure SI in the Supporting
Information by time-resolved XRD studies. Systems I and II
were both exposed to air on purpose for 3 weeks and a few
hours, respectively. Systems III—V were not deliberately air-
exposed. TEM images of the nanoparticles are shown in Figure
la—e.

For the 2p XAS and 2p3d RXES measurements, the
nanoparticles were transferred to the measurement chamber
of the beamline in an inert environment to measure the
nanoparticles as synthesized and washed (systems III-V) or as
synthesized, washed, and oxidized (systems I-II). Figure 1f
depicts a tool that we designed for this purpose. The tool is
optimized for the RXES endstation at the ADRESS beamline of
the SLS.>*** In short, a protective cap is sucked over the
sample by creating some underpressure inside the cap’s cavity.
This is done inside an inert-atmosphere glovebox. After transfer
to the load lock chamber of the RXES setup, the chamber is
evacuated and the underpressure becomes an overpressure,
thereby releasing the cap and unlocking the sample for
measurements. (For employment detail, see the Supporting
Information).

Figure 2a sketches the experimental setup of the ADRESS
beamline at the SLS synchrotron. Here cobalt 2p XAS spectra
and cobalt 2p3d RXES spectra of the nanoparticles were
obtained (acquisition details specified in the Supporting
Information).”***™® The XAS spectra are measured in total
electron yield (TEY) mode. RXES spectra are measured using a
variable line spacing (VLS) grating and a liquid-nitrogen-cooled
charge-coupled device (CCD) camera.

Figure 2b schematically illustrates the XAS and RXES
transition processes. In metal 2p XAS, X-ray photons induce
electron transitions from occupied 2p states to the empty
density of 3d-states of the metal system. In 2p3d RXES, one
collects photons that are emitted when electrons from 3d states
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subsequently decay radiatively to the now empty 2p core levels.
A decaying electron may be the same as the electron that was
excited in the XAS process. In this case, no energy is transferred
and the emitted energy is equal to the incident photon energy.
This is an elastic RXES event. If, however, the energy of the
emitted X-ray photon is lower than that of the incident one, an
inelastic RXES event occurred. In a 2p3d RXES experiment,
inelastic events with energies up to 20 eV can be detected. Two
types of inelastic events exist: resonant Raman scattering and X-
ray fluorescence. In resonant Raman scattering, the transferred
energy excites processes in the sample such as vibrations,
phonons, magnons, d-d, and charge-transfer excitations.”>™>*
RXES signals of this type occur at a fixed transfer or loss energy
irrespective of the incident X-ray energy. X-ray fluorescence
occurs from excitations to continuum states. It has a fixed
emission energy and hence a varying transferred energy in the
inelastic RXES event irrespective of the incident X-ray energy.

Figure 2c shows the 2p;, XAS spectra of nanoparticle
batches I-V. In addition, literature reference 2p;,, XAS spectra
of cobalt metal taken from Chen et al>® and of cobalt
monoxide powder®” are shown. From the analysis, it is clear
that the nanoparticles in system I are cobalt monoxide. For II—
IV, the XAS spectra show weak fine structure and almost no
fine structure for system V. From such analysis, V seems to
consist of metallic cobalt, whereas for systems II-IV it is
unclear whether the cobalt nanoparticles are oxidized because
both cobalt oleate bonds,"> combinations of cobalt metal and
cobalt oxide, or combinations of all species could yield such
spectral fine structure. Whereas others have interpreted XAS
spectra obtained on complex chemical systems with fitting
procedures, we note that there is often no theoretical basis
provided for the number and the type of model spectra
included.

In Figure 3, we show the corresponding 2p3d RXES spectra.
The excitation energy of 778.4 eV at which the spectra were
acquired is indicated in Figure 2c. The RXES spectrum of the
deliberately oxidized cobalt nanoparticles of system I is
indicative of cobalt monoxide. The origin of cobalt monoxide
2p3d RXES peaks was discussed in the context of ligand field
multiplet (LEM) calculations.”* In short, cobalt monoxide has,
among others, characteristic d-d excitations at 0.1 and 1 eV.
Interestingly, system II also displays features at 0.1 and 1 eV,

dx.doi.org/10.1021/jz4002696 | J. Phys. Chem. Lett. 2013, 4, 1161—1166



The Journal of Physical Chemistry Letters

but they are less intense with respect to the elastic peak than for
system 1. Whereas system I was exposed to air for 3 weeks,
system II was exposed for a few hours. This result suggests that
2p3d RXES is sensitive to the degree of nanoparticle oxidation,
but this statement cannot be proven from the current data.
Although both measurements were acquired using the same
geometry and polarization, more quantitative measurements
that consider other intensity-influencing parameters, such as the
sample surface roughness, should be performed for this
purpose.

Systems III and IV display two low-energy resonant Raman
peaks at 0.3 and 0.75 eV. On the basis of LFM and time-
dependent density functional (TD-DFT) calculations, these
peaks were interpreted to originate from ligated cobalt ions in
the outer atomic layer of the nanoparticles or, alternatively,
from coexisting cobalt molecular complexes.>® The peaks are in
any case d-d excitations resulting from cobalt ions in a low
symmetric ligand field with a coordination number maximum
of four oxygen ions.”> Importantly, the presence of these peaks
and the absence of the features at 0.1 and 1 eV implies that the
probed nanoparticles are nonoxidized or only their outer
atomic layer is oxidized because they lack the d-d excitations for
Co" in cobalt monoxide. It is important to realize that in case
more than the first atomic cobalt nanoparticle layer would be
oxidized, the number of cobalt atoms with a six-fold oxygen
octahedral coordination (as is the case in cobalt monoxide)
would rapidly dominate the presence of cobalt ions in a lower
coordination environment. A surface with more than one cobalt
layer oxidized will then give rise to the d-d excitations at 0.1 and
1 eV, as shown for the cobalt monoxide particles in systems I
and II. The fine structure in the 2p;, XAS spectra of these
nanoparticle systems is thus also not a result of nanoparticle
oxidation but of nanoparticle ligation or the existence of a
minority of cobalt molecular complexes, the same 3possible
effects that give rise to the peaks at 0.3 and 0.75 V.’

The sensitivity of 2p3d RXES to surface oxidation holds
because a true metal exhibits no resonant Raman features but
only strong X-ray fluorescence. System V is indicative of the
typical 2p3d RXES spectra of a formal metal. These
nanoparticles were made large on purpose (15.2 nm diameter;
see Table 1) so as to enhance the chance of obtaining a large
fraction of formal cobalt. A strong X-ray fluorescence peak is
observed around 2.2 eV in its 2p3d RXES spectrum, which we
relate to metallic cobalt. The absence of resonant Raman
features in 2p3d RXES spectra of metallic cobalt was previously
observed but not reported.>* Another example of typical 2p3d
RXES behavior can be seen in Figure S2 in the Supporting
Information for 2p3d RXES at the nickel 2p;,, resonance in
cobalt—nickel nanoparticles, where the nickel is fully metallic
and the RXES spectra only show X-ray fluorescence.

The spectrum of system V, however, also shows resonant
Raman features at 0.1 and 1 eV, characteristic of cobalt
monoxide. This reveals that although the 2p;/,, XAS spectrum
of these materials indicates the particles to be metallic, the
surface of the particles must be oxidized. Such interpretation of
2p3d RXES spectra is especially possible for RXES spectra
acquired at excitation energies on the high-energy side of a
2p3/, XAS spectrum because here the X-ray fluorescence occurs
at higher transfer energies in the RXES spectra than the d-d
features at low transfer energies; therefore, they are not hidden
under the fluorescent signal.

The combination of the absence of d-d excitations in 2p3d
RXES spectra of a formal metal and the clear relationship
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. . . . . . 1
between ion coordination and energies of d-d excitations 3

results in an extraordinary sensitivity of 2p3d RXES with
respect to surface oxidation of transition-metal substrates in
general and transition-metal nanoparticles in particular. The
surface sensitivity of RXES is thus based on fundamentally
different principles than the surface sensitivity of (resonant)
XPS. Metal 2p3d RXES is best compared with valence XPS,
also called photoemission spectroscopy (PES), because both
measure valence electronic states. (RXES, measures however,
unoccupied and PES occupied states.) In XPS, it is the inelastic
mean free path of the emitted electron that restricts XPS to
probe the first ~5 nm of the material when soft X-rays are
used.®® In contrast, RXES is a photon-in photon-out experi-
ment in which the emitted photons can originate from a few
micrometers underneath the surface of a material. However,
metal 2p3d RXES is turned into a technique sensitive to surface
oxidation because (1) the metal bulk of the nanoparticles shows
only fluorescent decay that can be separated out of the low
energy d-d regime and (2) oxidized metal ions in low oxygen
coordination (first atomic surface layer incompletely oxidized)
generate different d-d states from fully oxidized metal ions.
Whereas the binding energy of electrons from Co** versus Co’
changes 1.3 to 2.3 eV in XPS as well,® here the separation
described under point (1) can be much larger and tuned as a
function of the excitation energy. When considering Co®" ions
in different ligand fields, metal 2p3d RXES will have a superior
discriminative power based on the appearance of characteristic
ligand field split d-d excitations,'® whereas (valence band) XPS
measures the electron emission spectrum that does not include
these d-d excitations.

For the here studied cobalt nanoparticles, RXES has a couple
of additional advantages over XPS. The RXES signal comes
from multiple layers of nanoparticles and from all sides of the
nanoparticles (not only the sides facing the detector as in XPS).
Furthermore, the relatively small electron inelastic mean free
path in XPS generates problems when studying buried surfaces.
Here the cobalt nanoparticles are coated with OA, which
consists of an array of 18 carbon atoms that stick out from the
nanoparticle surface. This implies that the electrons have to
travel through ~2 nm organic material, which drastically lowers
the signal. A related advantage of RXES is thus that is allows
measurements at 1 bar reactor conditions by the use of a
membrane between the detector and the sample.

In a broader context, it was stated that it is essential to
investigate chemical reactions during in situ conditions." Here
we add to the discussion that it is equally important to perform
data analysis that is based on sufficient theoretical insight into
the information content of a spectrum. The main advantage of
2p3d RXES over 2p XAS and 2p XES in this respect is that (1)
the spectral interpretation is more unique due to a combination
of tunable energy separation of certain features, less multiplet
states, and a better spectral resolution'® and (2) it does not
require fitting procedures. Fitting procedures based on
nonunique model spectra can yield wrong conclusions. The
technique therefore allows understanding of more complex
systems, as shown in the present study. Together with the rising
number of available high-resolution RXES beamlines'® and the
combination with other RXES experiments, such as O 1s2p
RXES, the technique will become an important analytical tool
for catalytic, fuel cell, and battery studies.

In conclusion, 2p;,, XAS and 2p3d RXES spectra on five
different oleate-coated cobalt nanoparticle systems were
presented. The 2p;/, XAS spectra show weak fine structure
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that differs from the spectra of formal cobalt metal or cobalt
monoxide. It is unclear from such spectra if the cobalt
nanoparticles are oxidized or metallic because cobalt oleate
bonds are also present. Corresponding high-energy resolution
2p3d RXES spectra allow for the discrimination of oxidized
from nonoxidized cobalt nanoparticles. This is the first study
where metal 2p3d RXES is used as a surface science tool,
making use of the observation that for purely metallic materials,
metal 2p3d RXES shows no d-d excitations. Cobalt nano-
particle oxidation gives rise to characteristic d-d features at 0.1
and 1 eV if more than the first atomic surface layer is oxidized
to cobalt monoxide. If only low-coordinated cobalt ions are
present, as a result of surface ligation or incomplete oxidation of
the first cobalt monolayer, then low-energy d-d excitations exist.
As an example of the oxidation sensitivity of 2p3d RXES, 15 nm
large cobalt nanoparticles that are concluded to be metallic
from the 2p;,, XAS spectra alone, are shown to be surface
oxidized when considering their 2p3d RXES spectra.

B ASSOCIATED CONTENT
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Experimental section describing nanoparticle syntheses, char-
acterization, and XAS/RXES acquisition. Description of
transfer tool for XAS/RXES measurements of atmosphere-
sensitive samples. Additional XAS/RXES data on CoNi alloy
nanoparticles. This material is available free of charge via the
Internet at http://pubs.acs.org.
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