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Paris Cedex 05, France
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ABSTRACT: Metal borides have mostly been studied as bulk
materials. The nanoscale provides new opportunities to
investigate the properties of these materials, e.g., nanoscale
hardening and surface reactivity. Metal borides are often
considered stable solids because of their covalent character, but
little is known on their behavior under a reactive atmosphere,
especially reductive gases. We use molten salt synthesis at 750 °C to provide cobalt monoboride (CoB) nanocrystals embedded
in an amorphous layer of cobalt(II) and partially oxidized boron as a model platform to study morphological, chemical, and
structural evolutions of the boride and the superficial layer exposed to argon, dihydrogen (H2), and a mixture of H2 and carbon
dioxide (CO2) through a multiscale in situ approach: environmental transmission electron microscopy, synchrotron-based near-
ambient-pressure X-ray photoelectron spectroscopy, and near-edge X-ray absorption spectroscopy. Although the material is
stable under argon, H2 triggers at 400 °C decomposition of CoB, leading to cobalt(0) nanoparticles. We then show that H2
activates CoB for the catalysis of CO2 methanation. A similar decomposition process is also observed on NiB nanocrystals under
oxidizing conditions at 300 °C. Our work highlights the instability under reactive atmospheres of nanocrystalline cobalt and
nickel borides obtained from molten salt synthesis. Therefore, we question the general stability of metal borides with distinct
compositions under such conditions. These results shed light on the actual species in metal boride catalysis and provide the
framework for future applications of metal borides in their stability domains.

■ INTRODUCTION

Synthetic routes toward nanocrystalline metal borides are
drawing increasing interest1−8 because of the properties of
these materials, which differ from those of other solids,
including magnetism, plasmonics, thermoelectricity, super-
conductivity, and superhardness.2,9−18 Nanoscaled metal
borides are also attractive as heterogeneous catalysts of the
selective hydrogenation of various functional organic
groups.8,19,20 Moreover, cobalt, nickel, iron, and palladium
borides8 are currently considered for the production of
hydrogen, by catalysis of the hydrolysis of sodium borohydride
(NaBH4)

21,22 and electrocatalysis of the hydrogen evolution
reaction.23−26 In all cases, the nanoscale provides a parameter
to influence or enhance properties, but it has been only scarcely
explored because of the difficulty in synthesizing nanoscaled

metal borides. Assessing the chemical stability and structural
evolution of these nanomaterials is of utmost importance to
identify suitable temperature ranges for operation as thermo-
electric materials, hard coatings, or heterogeneous catalysts, for
instance.22,27 Such applications require chemical and thermal
stability that is not met by readily available amorphous boride
nanoparticles but should be strongly improved in crystalline
nanoparticles. Although the stability of borides under air and
inert atmospheres has been examined,1,13,28−31 compositional,
structural, and morphological evolutions of nanocrystalline
metal borides in contact with other gases, especially the
reductive atmosphere encountered in catalytic processes, are
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unknown because of the scarcity of crystalline boride
nanomaterials.1−8

Herein we use inorganic molten salts as media to synthesize
crystalline cobalt and nickel monoboride (CoB and NiB)
nanoparticles embedded in an amorphous layer comprising
cobalt(II) species and partially oxidized boron.5,6 We then
explore the reactivity of these nanomaterials, exposing high
surface areas. Our multiscale in situ analytical methodology
combines two techniques enabling studies under reactive
atmospheres. First, environmental transmission electron
microscopy (TEM) enables one to investigate the nanoscale
morphology evolution at pressures of up to 1 bar.32,33 Second,
ensembles of nanoparticles are analyzed by synchrotron-based
near-ambient-pressure X-ray photoelectron spectroscopy
(NAP-XPS)34 and near-edge X-ray absorption spectroscopy
(NEXAFS) to provide information on chemical and structural
evolutions occurring at the surface and in the core of the
material, respectively, under a few millibars of several gases,
especially hydrogen. On CoB, we demonstrate that the boride
is surprisingly decomposed under reducing conditions, yielding
cobalt particles at a relatively low temperature of 400 °C. We
then show that hydrogen treatment activates CoB for the
catalysis of carbon dioxide (CO2) methanation, through these
cobalt(0) species. Similar decomposition occurs in NiB
nanocrystals exposed to oxidizing conditions, suggesting that
this behavior may be generalized to many other metal boride
nanomaterials under a reactive atmosphere, thus providing the
frame for their future use as catalysts and functional coatings.

■ RESULTS AND DISCUSSION

CoB Nanoparticles Synthesized in Molten Salts. CoB
nanocrystals were synthesized under argon at 750 °C from the
reaction between cobalt(II) chloride (CoCl2) and NaBH4 in a
lithium chloride (LiCl)/potassium chloride (KCl) mixture (45/
55 wt %; melting point of 353 °C). After cooling to room
temperature (RT), the frozen salt medium was washed with
deionized water. A black powder was recovered and stored in
air.
X-ray diffraction (XRD; Figure 1a) shows that CoB is the

only crystalline phase. The apparent size is 14 ± 2 nm
according to the Scherrer formula. TEM and high-resolution
TEM (HRTEM; Figure 1b,c) reveal that the sample is
composed of single-crystal CoB nanoparticles with diameters
ranging from 4 to 20 nm, in agreement with XRD. These
particles are smaller than any other CoB nanoparticles reported
in the literature to date (18−22 nm).35 The particles are
dispersed in an amorphous matrix exhibiting a lower contrast
and a 2−5 nm thickness. High-contrast inclusions of ca. 1 nm
(black arrows in Figure 1b) are detected in the amorphous
matrix. Z-contrast pictures acquired by high-annular-angle dark-
field detection in scanning TEM mode (STEM-HAADF;
Figure 1d) highlight cobalt-rich regions as bright areas
corresponding to the CoB nanoparticles and to subnanometric
cobalt-rich inclusions in the amorphous layer. These latter
species are not detected by XRD. Energy-dispersive X-ray
analysis indicates that cobalt, boron, and oxygen are the only
elements present in the material (data not shown). The
measured composition of Co0.30B0.53O0.17 is in accordance with
the Co/B ratio of 0.6 measured by inductively coupled plasma
(ICP). On the basis of a previous study, oxygen is expected to
be located in the amorphous matrix.5 Brunauer−Emmett−
Teller analysis of the dinitrogen sorption isotherms indicates a

specific surface area of 71 m2 g−1, more than twice the highest
value reported in the literature (32 m2 g−1) for CoB materials.36

Compositional information on the superficial amorphous
layer was further provided by XPS under ultrahigh vacuum
(UHV; Figure 2). Using synchrotron-based radiation (TEMPO
beamline at Synchrotron SOLEIL, Gif sur Yvette Cedex,
France) enabled changing of the inelastic mean-free path of the
photoelectron, and, hence, the depth of analysis,37−39 by
varying the incident photon energy (IPE):40−42 1.7 nm for O 1s
and B 1s photoelectrons (IPE 1050 and 725 eV, respectively);
1.1 and 2.1 nm for Co 2p3/2 photoelectrons (IPE 1050 and
1500 eV, respectively). Under IPE 1500 eV, the Co 2p3/2
region shows a peak at 778.4 eV attributed to CoB43 and
accompanied by a broad signal between 776 and 785 eV
characteristic of cobalt(II).44 The O 1s contribution at 532.0 eV
is consistent with oxidized cobalt species, confirming the
oxygen environment surrounding cobalt(II). The O 1s
contribution at 533.0 eV corresponds to oxygen species linked
to boron in agreement with the B 1s contribution at 193.0 eV,45

attributed to partially oxidized boron(II). The two other B 1s
contributions at 189.2 and 187.9 eV correspond to elemental
boron (B0) and CoB,43 respectively. The high binding energy
(BE) for B0 compared to the reported values22,45 is due to the
nanostructure that yields charge effects.46 CoB is detected in
the B 1s region but also in the Co 2p3/2 region for a photon
energy of 1500 eV. At a lower photon energy of 1050 eV
probing a thinner layer of ca. 1.1 nm, cobalt(II) is the only
species detected in the Co 2p3/2 region, with peaks more
resolved than those at a photon energy of 1500 eV: 779.3 eV

Figure 1. (a) Powder XRD pattern of a CoB sample synthesized in
inorganic molten salts at 750 °C for 1.5 h. Scheme of the sample
nanostructure deduced from XRD, TEM, and XPS. (b) TEM picture
of CoB nanoparticles embedded in an amorphous matrix. Black arrows
highlight subnanometer inclusions in the matrix. (c) HRTEM picture
of a CoB nanoparticle. (d) Z-contrast picture from STEM-HAADF.
White arrows indicate bright cobalt-rich inclusions in the superficial
layer.
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and a broader satellite at 782.5 eV (Figure 2).44 These XPS data
provide strong support to XRD and STEM-HAADF analyses,
showing that molten-salt-derived CoB is a nanocomposite
made of CoB nanocrystals buried below a ca. 2-nm-thick
amorphous layer, composed of partially oxidized amorphous
boron (B0 and BO2 species) and cobalt oxide and/or
(oxyhydr)oxide inclusions (scheme in Figure 1).
Because the synthesis was performed in oxygen-free

conditions, the oxidized boron and cobalt(II) species in the
amorphous layer originate from exposure of the material to
water during the washing step and air during storage.
Interestingly, the cobalt(II) species may be interesting
precursors to cobalt(0) catalysts, especially for carbon
monoxide (CO) or CO2 methanation, like cobalt oxides.47

We thus explore in the following parts how a catalyst activation
procedure, namely, reduction under hydrogen gas, impacts the
nanostructure and local structure of the material. Then, as an
example, we examine how a typical gas reagent mixture used for
methanation [dihydrogen (H2)/CO2] can impact the activated
material.
Both morphological and compositional evolutions were

characterized using (i) environmental STEM with Z-contrast
HAADF imaging, (ii) XPS under UHV and NAP conditions,
which is sensitive only to modifications of the superficial layer
(1−2 nm), and (iii) NEXAFS for a complementary
spectroscopic characterization to a depth of approximately 10
nm, i.e., comprising the CoB nanocrystals. Although there is a
pressure gap between environmental TEM (1 bar) and NAP-
XPS/NEXAFS (a few millibars), in the latter case, the material
surface is fully saturated with adsorbates, thus providing
relevant information on the actual state under higher
pressure.48−51

Morphology Evolution of Nanoscaled Cobalt Boride
under H2. STEM (Figure 3, left) and STEM-HAADF (Figure

3, right) images of the nanocomposite powder were recorded
under environmental conditions. Under 0.3 bar of argon at 150
°C (Figure 3a,b), the morphological characteristics of the
powder are similar to those of the pristine sample (Figure 1):
CoB nanoparticles are surrounded by the amorphous layer
containing cobalt-rich inclusions. The same region is observed
under reducing conditions (Figure 3c,d). Upon exposure to 0.9
bar of H2 at 400 °C, core−shell particles reorganize into
nanoparticles with homogeneous contrast, thus demonstrating
strong morphological reconstruction of the initial crystalline
particles (Figure S1), with fragmentation into smaller nano-
particles. Chemical and structural evolutions accompanying
these morphological changes under reactive gases were then
investigated using XPS.

Surface Reactivity of Nanoscaled Cobalt Boride under
Hydrogen. XPS under UHV conditions was performed on the
CoB powder after exposure to a static atmosphere of 1 bar of
pure H2 at 400 °C (Figure 4). The spectra in the Co 2p3/2, O
1s, and B 1s regions were recorded with photon energies of
1050, 725, and 725 eV, respectively, corresponding to
approximate depths of analysis of 1.1, 0.9, and 1.7 nm. The
Co 2p3/2 region shows one peak at ∼779.0 eV corresponding to
reduced cobalt, in accordance with the absence of (H)O−Co
species in the O 1s region.52 One single peak is detected in the
B 1s region at 195.4 eV. Similarly, in the O 1s region, one single
peak is detected at 535.0 eV. Both signals correspond to fully
oxidized boron. Compared to the usual BEs assigned to
oxidized boron in previous literature data, they are shifted by
1.8 eV to higher BEs.53 This discrepancy may originate from
charge effects due to the nanostructure. Compared to the initial
material in the B 1s region, no B0 or BII is observed after H2
treatment.

Surface Reactivity of Nanoscaled Cobalt Boride under
a Mixture of H2 and CO2. The nanomaterial treated under 1
bar of H2 at 400 °C and then analyzed by XPS under UHV
conditions was exposed to a H2/CO2 gas mixture (4:1 volume
ratio) at 400 °C during analysis. To enable NAP-XPS
acquisition (Figure 4), the pressure in the chamber was kept
at 2 mbar. Boron remains fully oxidized, as shown by the B 1s
and O 1s contributions at 195.4 and at 534.8 eV, respectively.
The absence of a peak at lower BEs in the B 1s region indicates

Figure 2. UHV-XPS spectra of the CoB nanocomposite in the Co
2p3/2, O 1s, and B 1s regions in the initial state. hν = photon energy.
The approximate depths of analysis are also given.

Figure 3. In situ STEM (left) and STEM-HAADF (right) images of
the nanocomposite under different conditions: (a and b) under 0.3 bar
of argon at 150 °C; (c and d) under 0.9 bar of H2 at 400 °C. The four
micrographs are taken from the same region with an identical scale.
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that neither CoB nor elemental and partially oxidized boron is
present on the surface of the material (depth of analysis of 1.7
nm). In the O 1s region, the contribution at 537.4 eV
corresponds to gas-phase CO2. The shoulder of weak intensity
at 532.0 eV is ascribed to (H)O−Co species (inset). In the Co
2p3/2 region, the broad satellite of oxidized cobalt is detected
between 781 and 785 eV, despite a poor signal-to-noise ratio
due to the gas phase absorbing most of the emitted
photoelectrons. Oxidized cobalt species thus form on the
surface of the material when exposed to H2/CO2 at 400 °C.
Back to RT and under UHV conditions (Figure 4), the signal

in the Co 2p3/2 region shows the exclusive presence of metallic
cobalt, while the shoulder at 532.0 eV in the O 1s region
disappears. Thus, the (H)O−Co species formed under NAP
conditions are not stable under UHV conditions, and fully
reduced cobalt species are restored, as observed after exposure
to 1 atm of pure H2 at 400 °C (Figure 4). Note that two
additional species (“BOx” in Figure 4) are detected. They are
attributed to UHV-specific species and not representative of the
material exposed to environmental conditions (discussion in
the Supporting Information and Figure S2). All in all,
zerovalent cobalt species are formed on the surface of the
material initially composed of partially oxidized boron and CoII

species. The contribution of deeper CoB in the B 1s region also
disappears, but the changes of the monoboride core cannot be
fully assessed using XPS. Indeed, XPS is only able to probe the
first 1−2 nm beneath the surface. Hence, to probe the core of
the material, especially the CoB nanoparticles buried under the
superficial layer, we have performed NEXAFS on the same
synchrotron beamline and the same materials as XPS
measurements, also in NAP conditions. The total electron
yield mode of NEXAFS was used to provide a depth of analysis
of ca. 10 nm, 1 order of magnitude deeper than that of
XPS.54,55

Core Reactivity of Nanoscaled Cobalt Boride under H2
and a H2/CO2 Mixture. NEXAFS spectra have been recorded

to probe both crystalline nanoparticles and the amorphous
component (analysis depth ∼10 nm) at the Co L-edge, O K-
edge, and B K-edge (Figure 5). The spectra for the initial state
show contributions of CoB, oxidized and nonoxidized (broad
signal) of amorphous boron, and oxidized cobalt inclusions.
Hence, NEXAFS confirms the conclusions obtained from XRD,
TEM, and XPS: the initial material is constituted of CoB
nanocrystals embedded in a ∼2-nm-thick amorphous layer,
containing cobalt(II) in the form of oxides or (oxyhydr)oxides
(scheme in Figure 1), dispersed in partially oxidized boron,
with BO2, BO3, and B

0 species. Between the initial state and the
sample exposed to H2 at 400 °C, the contributions of oxidized
cobalt56 and elemental boron55 have disappeared, in agreement
with UHV-XPS. NEXAFS thus confirms that the whole CoB
core is converted into oxidized boron and metallic cobalt after
exposure to the reducing atmosphere. NEXAFS spectra of the
sample under H2/CO2 (NAP conditions) at 400 °C are also
displayed. Although poorer signal-to-noise ratios are obtained,
they are similar to those in the spectra after the reducing
treatment. This indicates that no further change happens in the
core of the material upon exposure to the H2/CO2 mixture, in
agreement with XPS.
In brief, combined TEM, XPS, and NEXAFS studies

demonstrate that the oxidized cobalt inclusions in the
superficial layer, as well as the CoB nanoparticles, are converted
into metallic cobalt nanoparticles during a H2 pretreatment,
while boron is further oxidized by surrounding oxygen species
initially bound to cobalt and possibly adsorbed water molecules.
After the reducing treatment, the compositional homogeneity
between the initial core and superficial layer observed by XPS
and NEXAFS is in accordance with the TEM observations:
core−shell nanoparticles turning to homogeneously contrasted
ones.

Reactivity of Nanoscaled Nickel Boride under Hydro-
gen and a Mixture of H2 and Dioxygen (O2). To assess the
generality of the structural modifications evidenced on CoB

Figure 4. XPS spectra in the Co 2p3/2, O 1s, and B 1s regions of the CoB nanocomposite. From top to bottom: initial state under UHV; after
exposure to 1 bar of H2 at 400 °C under UHV; near-ambient-pressure conditions of 2 mbar of H2/CO2 (4:1 volume ratio) at 400 °C; under UHV at
RT after exposure to H2/CO2 (4:1 volume ratio) at 400 °C. hν = photon energy.
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upon exposure to a reactive gas atmosphere, NiB was
investigated. The nanoparticles were synthesized using the
same inorganic molten salt route. The NiB nanocomposite is
described in detail elsewhere.6 This material is made of NiB
nanocrystals surrounded by an amorphous layer. The XRD

pattern of the as-obtained powder highlights the presence of
NiB crystallites with apparent sizes of 9 ± 2 nm6 together with
traces of Ni4B3 (Figure 6b, top). In contrast to CoB, it has been
shown recently by TEM that no nickel atom resides in the
superficial amorphous layer6 and that all the nickel atoms are
involved in NiB. The NiB nanoparticles are exposed
consecutively to reducing and oxidizing conditions at 1 atm.
The different steps are schematized in Figure 6a. Chromatog-
raphy analysis of the exhaust gas does not show any H2

consumption during all reducing steps (not shown). Oxygen
depletion from 320 to 420 °C during the first oxidation step
(Figure 6c) indicates oxidation of the nanocomposite. No
further O2 consumption is observed in the subsequent oxidizing
steps (Figure 6d), despite the intermediate reducing treatments.
The first oxidation process is thus irreversible. After subsequent
cycles, the NiB black powder turns into a black monolith and a
white powder deposits onto the reactor walls. The XRD pattern
of the monolith highlights the presence of metallic nickel and
traces of Ni3B instead of the parent NiB and Ni4B3 (minor
amount) material (Figure 6b, bottom). The resulting nickel
particles exhibit a crystallite size of ca. 30 nm. Segregation of
nickel and boron can then be correlated to boron oxidation
during the first oxidation treatment. The O/B molar ratio is 1.5
according to O2 consumption in the first oxidation step, in
good agreement with the expected stoichiometry of B2O3. The
white powder deposited on the reactor walls is therefore B2O3,
which is known to melt at 450 °C and shows high volatility in
this temperature range.57

Catalysis of CO2 Methanation over CoB-Derived
Cobalt Nanoparticles. In situ studies shown above
demonstrate that exposure to H2 at 400 °C triggers phase
segregation of CoB into oxidized boron and cobalt(0), a typical
catalyst of carbon (di)oxide methanation. Hence, we assessed
the catalytic activity of our CoB material toward CO2
methanation. The material was deposited on TiO2-P25 Degussa
(mixture of 20−50 nm rutile/anatase titania nanoparticles in a
20/80 mass ratio; specific surface area of about 60 m2 g−1) as a
support already used for CO2 methanation.

58,59 The supported
material (10 wt %) was treated in situ under H2 (1 atm) at 400
°C for 2 h and then exposed to a H2/CO2/helium mixture with
a 4:1:5 volume ratio at 1 atm. The gas outlet was analyzed by

Figure 5. NEXAFS spectra at the Co L-edge, O K-edge, and B K-edge.
From top to bottom: the initial CoB nanocomposite under UHV; after
exposure to 1 bar of H2 at 400 °C under UHV; near-ambient-pressure
conditions with 2 mbar of H2/CO2 (4:1 volume ratio) at 400 °C.

Figure 6. Destabilization of NiB nanoparticles during reduction and oxidation treatments. (a) Consecutive treatments under gases. The oxidation−
reduction treatment was repeated four times. (b) XRD patterns of a sample composed of NiB nanoparticles (top) synthesized in inorganic molten
salts at 750 °C for 1.5 h and the sample after the reducing−oxidizing treatments (bottom). (c and d) Elemental hydrogen and oxygen balances
during the two first consecutive oxidizing heat treatments of NiB nanoparticles: H2/O2/helium mixture (2:2:96 volume ratio) to 580 °C at 3 °C
min−1. Two oxidizing treatments are separated by exposure to H2/helium (2:98 volume ratio) at 500 °C for 2 h, not showing any consumption of
hydrogen (not shown). Elemental balances during the third and fourth oxidation treatments are similar to that shown in part d.
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gas-phase chromatography. No species other than methane
(CH4) and those present in the gas feed were detected.
The CH4 production rate measured after 20 min on stream

strongly depends on the temperature (Figure S3). It is
maximized between 400 and 500 °C. Figure 7 shows the

CH4 production rate as a function of the time on stream at 400
and 500 °C. Deactivation occurs at 500 °C, but the behavior at
400 °C is drastically different: the CH4 production rate
continuously increases during the whole experiment. Increases
of 2- and 3-fold are observed after 2 and 10 h on stream,
respectively. Note that, after 10 h on stream, the production
rate of CH4 has not yet reached a steady state, but it is still
increasing over ca. 30 mol s−1 gCo

−1. In comparison, a reference
Co/TiO2-P25 sample with the same cobalt content, formed by
wet impregnation of Co3O4 supported on titania,60 shows a
constant CH4 production rate of 50 mol s−1 gCo

−1. Activation of
the CoB sample with time on stream at 400 °C therefore
indicates that significant modifications of the catalyst occur,
with the activity trend toward the behavior of cobalt, in
accordance with the structural evolutions described in the
previous sections. To confirm such changes, TiO2-supported
CoB materials have been extracted after each step of the
catalysis test (Figure S4). Indeed, powder XRD patterns show
phase segregation from CoB to cubic cobalt. The generality of
the decomposition process has been confirmed by using silica
as an alternative support (Figures S5 and S6).
Instability of Metal Borides Exposed to Reactive

Atmospheres. The experiments reported above clearly
demonstrate both chemical and morphological changes of the
CoB-based nanocomposite due to exposure to H2. These
changes are schematized in Figure 8. In the superficial
amorphous layer, the formation of cobalt nanoparticles occurs
through borothermal reduction: reduction of cobalt(II) oxides

and/or (oxyhydr)oxides by the initially present elemental
boron and partially oxidized boron species.
In the core, elemental segregation leads to metallic cobalt,

while boron is oxidized either in boron oxide or in boric acid.
Heat treatments of amorphous cobalt−boron thin films under
various atmospheres were shown by Patel et al. to lead to
metallic cobalt only under pure O2.

61 In our case, treatment
under H2 diluted in argon (5 vol %) does not destabilize CoB
up to 800 °C (Figure S7). Hence, temperature is not the only
parameter explaining decomposition of CoB nanocrystals, but
the atmosphere is important: strong reducing conditions are
also required to form cobalt nanoparticles. On the other side,
NiB undergoes decomposition when exposed to oxidizing
conditions, through the formation of boron oxide. Metallic
nickel is the major phase obtained and boron is irreversibly
oxidized, as was already seen for CoB.19,61 Our original
observation is the generality of the decomposition of metal
boride nanomaterials previously handled under air and
moisture, when they are exposed to gas-phase treatment, in
strongly oxidizing and reducing conditions.
In the catalytic hydrolysis of NaBH4 by cobalt−boron

materials, the nature of the active site has been extensively
discussed,21,22,27,36,61 whether it is composed of cobalt only,
cobalt and boron in an amorphous alloy, or one of the known
crystalline cobalt−boron phases. Besides, boron (0.5 wt %) is
known to act as a promoter of cobalt catalysts of the Fischer−
Tropsch process by hindering coking.62 Our results provide
evidence for the instability of crystalline cobalt boride under a
H2 atmosphere and at relatively low temperatures (400 °C)
compared to the temperature of synthesis (750 °C), yielding
metallic cobalt as the only cobalt species. Our results put also
into perspective that the intrinsic activity of cobalt−boron
materials in the hydrolysis of NaBH4 may result from its
segregation to metallic cobalt nanoparticles. Indeed, Arzac et
al.27 highlighted the presence of cobalt particles through ex situ
characterization in such systems. In the present study, NAP-
XPS experiments unravel the true nature of the active surface
composed of elemental cobalt, Co−O(H) in small proportions,
and oxidized boron. Similar in situ studies applied to
amorphous cobalt boride should provide useful information
on the real active site in these systems, for which no consensus
has been reached so far.22 In the mechanism of CO2
methanation, the detection of Co−O(H) during in situ NAP-
XPS is in favor of a steady state comprising partially oxidized
cobalt. This is in accordance with previous works describing the
dissociation of CO2 by cobalt through the formation of CoO.63

Under the catalytic conditions of methanation, the surface
concentration of oxidized cobalt might be even higher than that
during NAP-XPS experiments (2 mbar) because the CO2
partial pressure is much higher (0.1 bar).

Catalytic Activity of Metal Cobalt Nanoparticles
Surrounded by Oxidized Boron. Cobalt nanoparticles
obtained from CoB decomposition during the H2 pretreatment
are the actual active species catalyzing CO2 methanation. After
H2 pretreatment, the size of the cobalt nanoparticles varies
from 15 to 20 nm when supported on silicon dioxide (SiO2),
according to the XRD data (Figure S6), in agreement with the
particle sizes reported for cobalt nanoparticles supported on
SiO2 and titanium dioxide (TiO2).

64 Interestingly, NAP-XPS in
the B 1s region during exposure to H2/CO2 indicates no
specific species involving boron in the steady state.
The nature of the support onto which CoB was deposited

has a drastic influence on the CO2 methanation reaction. CoB/

Figure 7. CH4 production rate as a function of the time on stream for
TiO2-supported CoB at 400 and 500 °C. The behavior of a Co/TiO2
reference sample is also shown for comparison. Inner gas mixture: H2/
CO2/helium (4:1:5 volume ratio), 1 atm, 20 mL min−1. Pretreatment:
H2, 1 atm, 30 mL min−1 at 400 °C for 2 h.

Figure 8. Chemical and morphological modifications of the CoB
nanocomposite upon exposure to H2.
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TiO2 indeed shows a CH4 production rate up to 5 times higher
than that found on CoB/SiO2 at a reaction temperature of 400
°C. The CH4 production rates for the cobalt reference and the
CoB-based/TiO2 samples are of the same order of magnitude
after almost 14 h on stream at 400 °C, in agreement with the
formation of dispersed cobalt nanoparticles from segregation in
the CoB precursor upon in situ exposure to H2. The
continuous activity increase with the time on stream for
TiO2-supported CoB at 400 °C should be related to
reorganization of boron (hydr)oxide, leading to a better
exposure of cobalt nanoparticles. Such a rearrangement could
facilitate interactions between cobalt particles and the TiO2
support. For cobalt-based catalytic materials, Riva et al. showed
that TiO2 favored the dispersion of cobalt nanoparticles during
the reduction treatment thanks to metal−support interactions,
while the cobalt particles sinter on SiO2 due to the lack of
significant interactions.60 In the present case, TiO2 might also
favor dispersion of cobalt nanoparticles after elemental
segregation occurred.

■ CONCLUSION
To conclude, we have exploited in situ ensemble and local
analyses to unravel the formation of metal nanoparticles upon
exposure of nanocrystalline CoB to a reducing gas phase.
Similarly, nickel borides decompose under oxidizing conditions.
Such a decomposition at relatively low temperatures (400 °C)
under a reactive atmosphere appears as a general process for
metal borides obtained from the molten salt synthesis. In this
process, boron is fully and irreversibly oxidized by oxygen
species from the gas phase or from exposure to water and air
prior to thermal treatment. Accordingly, our study points out
strong morphological, chemical, and structural evolutions,
which stress the special care that must be taken to attribute
the measured properties, especially catalytic properties, to these
crystalline materials. From these observations, the general
instability of metal boride nanomaterials at relatively low
temperatures (400 °C) under reactive atmospheres is
questioned. By exploring with this study the stability ranges
of boride nanomaterials, we delineate their acceptable ranges of
study and application and we uncover the possible use of
reducing atmospheres to exploit decomposition in boron
compounds to yield complex materials.65

■ EXPERIMENTAL SECTION
Synthesis. The reaction medium was prepared in an argon-filled

glovebox (M-Braun). A total of 4 mmol of NaBH4 (min 98%, Alfa
Aesar) and 2 mmol of anhydrous CoCl2 (99.99%, Alfa Aesar) were
mixed with 5 g of a vacuum-dried LiCl/KCl mixture at the eutectic
composition (45/55 wt %). The powders were finely ground in a
ballmill (Retsch MM400) for 2 min at 20 Hz and then transferred into
a glassy-carbon crucible. The crucible was maintained in a quartz tube,
which was connected to an argon ramp. The medium was heated in a
vertical oven (Carbolite) from RT to 750 °C (10 °C min−1) and
maintained at 750 °C for 1.5 h. The medium was stirred with a glassy-
carbon rod rotating at 100 rpm. After the apparatus cooled to RT, the
frozen salt medium was washed with deionized water, the suspension
was centrifuged for 15 min at 20 krpm (Nalgene), and the powder was
separated from the supernatant. This washing procedure was repeated
three times. The black powder was finally evacuated at 40 °C
overnight.
H2 Reduction and H2/O2 Oxidation Treatments. A total of 50.6

mg of NiB powder (synthesis described in ref 6) was introduced into a
continuous-flow quartz reactor. First, the powder was treated under
100 mL min−1 of H2 (1 atm) for 2 h at 500 °C. After cooling to RT,
the sample was exposed four times to oxidation (120 mL min−1 of a

H2/O2/helium mixture; volume ratio of 2:2:96; heating at 3 °C min−1

from RT to 580 °C) and reduction treatments (115.2 mL min−1 of a
H2/helium mixture, volume ratio of 2:98, 3 °C min−1 from RT to 500
°C and 2 h at 500 °C). H2, O2, and H2O concentrations were
measured using a CP4900 microchromatograph (Varian).

CO2 Methanation. Supported CoB Materials. A total of 40.0 mg
of the cobalt boride powder was dispersed in deionized water and
added dropwise to 360.0 mg of TiO2-P25 (Degussa) or SiO2-Aerosil
200 (Degussa; 10 nm nanoparticles; specific surface area of 200 m2

g−1) suspended in deionized water during stirring. The resulting
mixture was then sonicated in a USC100TH bath (VWR) for 5 min
and stirred for 5 min three times. The dispersion was dried using a
rotary evaporator (Büchi) at 60 °C. The reference-supported cobalt
material was obtained from Co3O4 supported on TiO2. This precursor
was synthesized by the following procedure: 341.3 mg of Co(NO3)2·
6H2O was dissolved in deionized water and added dropwise to 735.8
mg of TiO2-P25 (Degussa) suspended in deionized water during
stirring. The suspension was stirred for 48 h at RT and then dry-
evaporated at 95 °C. The powder was then annealed at 500 °C during
20 h in air.

Methanation Experiments. A total of 200 mg of precatalyst with
particle sizes between 100 and 315 μm was loaded into a continuous-
flow fixed-bed reactor and reduced in situ at 400 °C for 2 h under 30
mL min−1 of H2 (1 atm) prior to the catalytic reaction. The reaction
was carried out at 1 atm from 200 to 500 °C under a reaction mixture
composed of CO2/H2/helium (1:4:5 volume ratio) at 20 mL min−1.
The exhaust gases were quantified using a gas chromatograph (Varian
CP3800), equipped with Hayesep Q, Molsieve 5 Å, and CP-Sil-5CB
columns. The reactants and products were detected with a flame
ionization detector (CH4) and a thermal conductivity detector (CO
and CO2). The exhaust gases were analyzed every 19 min with ∼1%
(relative) accuracy for the CH4 production rate (moles of CH4
produced per gram of cobalt per second). All transfer lines were
maintained at 110 °C to avoid water condensation.

In Situ TEM. STEM-HAADF and environmental TEM were
performed at the Institut de Physique et de Chimie de Strasbourg on a
200 kV JEOL 2100 F instrument [METSA (Microscopie Electronique
et Sonde Atomique) national network] equipped with a Cs probe
corrector, allowing one to achieve spatial resolutions down to 0.11 nm.
For environmental TEM, the sample was exposed to a continuous 0.01
mL min−1 gas flow. The sample holder was an Atmosphere model
from Protochips able to withstand pressures of up to 1 atm and
temperatures of up to 1000 °C (±3 °C and with high heating/cooling
speeds of 50 °C s−1) under gas flow. These severe conditions do not
alter the microscope performances in terms of spatial and energy
resolution. The main drawback of the environmental TEM is electron
beam damage, which may impact the microstructural changes within
the region of interest during the treatment. To overcome this,
specimen exposure to the electron beam was minimized, by carrying
out all preliminary alignments away from the areas examined during
the tests.

XPS. Most XPS experiments were performed on the NAP-XPS end
station (SPECS) on the TEMPO beamline of the Synchrotron
SOLEIL (Gif sur Yvette Cedex, France). The hemispheric electron
analyzer was a Phoibos 150 NAP apparatus (SPECS). The samples
were prepared by the dip-coating technique using a dip-coater
(SolGelWay). Nanoparticles suspended in ethanol (30 mg mL−1) were
deposited on a silicon wafer coated with a 50-nm-thick gold layer. The
XPS spectra were calibrated according to the Au 4f7/2 signal at 84.0 eV.
Data analysis was performed on the CasaXPS software. Peaks were
fitted using GL(30) component line shapes with linear (B 1s and O
1s) and Shirley (Co 2p3/2 and Au 4f7/2) background types. The BE and
full width at half-maximum (BE, eV; fwhm, eV) of the contributions
are as follows: (i) in the B 1s region, CoB (187.9, 1.8), B0 (189.2, 2.0),
BO2 (193.0, 2.1), BO3 (195.4, 2.2), and the high-BE BO3 species
(197.1, 1.5) and (198.1, 2.5); (ii) in the O 1s region, Co−O(H)
(532.0, 2.3), BO2 (533.0, 2.4), BO3 (534.9, 2.4), CO2 (537.4, 1.3), and
the high-BE BO3 species (536.9, 1.4) and (537.9, 2.3). The spectrum
recorded at 1500 eV was obtained on an Omicron Technology
apparatus at the IMPC. It was equipped with a hemispheric analyzer

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b01279
Inorg. Chem. 2017, 56, 9225−9234

9231

http://dx.doi.org/10.1021/acs.inorgchem.7b01279


(SPECS) and an aluminum cathode with an Al Kα monochromator. In
this case, the XPS spectrum was calibrated according to the C 1s signal
at 285.0 eV. The depth of XPS analysis in each region was evaluated by
calculating the inelastic mean-free path of electrons extracted with a
given kinetic energy from a given material.66 Because the superficial
layer is mainly composed of boron and oxygen, it is approximated to
boron oxide for the calculations (considering that only boron yields
similar values).
NEXAFS. NEXAFS spectra were recorded on the TEMPO

beamline at Synchrotron SOLEIL (see above) in the total electron
yield mode. The studied energy windows were as follows: (i) B K-
edge, 185−205 eV with 0.1 eV steps and 205−220 eV with 0.2 eV
steps; (ii) O K-edge, 525−530 eV with 0.2 eV steps, 530−540 eV with
0.1 eV steps, and 540−555 eV with 0.2 eV steps; (iii) Co L-edge, 770−
774 eV with 0.2 eV steps, 774−785 eV with 0.1 eV steps, and 785−810
eV with 0.2 eV steps.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.7b01279.

Characterization methods and Figures S1−S7 (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: david.portehault@upmc.fr.

ORCID
Damien P. Debecker: 0000-0001-6500-2996
Cyril Thomas: 0000-0003-4224-6095
David Portehault: 0000-0003-4914-4913
Present Addresses
‡G.G.: Institut de Chimie de la Matier̀e Condenseé de
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