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ABSTRACT: Alloyed materials are promising candidates to
improve catalytic processes. Ni—Cu nanoparticles are used for
various reactions, including processes with biomass-derived
components. However, dynamical restructuring effects alter the
catalytic properties and can deactivate the sample. To understand
these structural modifications, a multimodal investigation of
NiCu;/C was performed to determine compositional and
morphological changes during a redox cycle to simulate reduction
and oxidation of the catalyst during reaction. We exploit a novel
correlative, multimodal approach that combines in situ X-ray
absorption spectroscopy (XAS) and in situ scanning transmission
electron microscopy and electron energy-loss spectroscopy
(STEM-EELS) to describe changes that occur in the sample in
realistic conditions. In the fresh sample, there are two morphologies present: core—shell and hollow. Segregation of Cu was observed
in both types of particles after synthesis, with Cu being more oxidized in the hollow structures. Upon reduction for 2 h under H, at
400 °C, the Cu was reduced, although segregation of Cu and Ni was still observed. Subsequent exposure to O, at 400 °C led to a
strong reoxidation of Cu with the formation of hollow particles with compositional heterogeneities. The oxidation of metals and
segregation phenomena can be related to known catalytic properties of NiCu;/C particles, especially regarding the
hydrodeoxygenation of S-hydroxymethylfurfural to 2,5-dimethylfuran.

Fresh
After reduction

_____ After re-
oxidation

Normalized XANES

8980 9000 9020 9040 9060

Energy (eV)

1. INTRODUCTION The modification of Ni—Cu alloy nanoparticles in a reactive
environment is not well understood, as few studies have used in
situ diagnostics to track these phenomena. In addition, prior
studies provide contradictory explanations about the change of
valence states of Cu and Ni in Ni—Cu structures.>"” Finally,
the kinetics of reduction of this specific alloy has not been
investigated in nanoparticles. Exposure to a reactive environ-
ment impacts the electronic configuration of the Ni—Cu
ensemble, ultimately changing the adsorption and desorption
energies.'* "> Hence, a study of Ni—Cu systems under reductive
and oxidative atmospheres is relevant to understand these
phenomena. Furthermore, the freshly synthesized particles are
often pretreated under H, at an elevated temperature (typically
250 °C). Thereafter, the HDO reaction is usually performed at
160—200 °C, which tends to oxidize or reduce the particles,
depending on the reaction parameter.”® More generally, Ni—Cu

Alloyed materials are of great interest for heterogeneous
catalysis, as the synergy between metals can lead to improved
catalytic properties.' > In particular, Ni—Cu particles are
excellent candidates for upgrading lignocellulosic biomass into
fuels and other organic components.” In fact, Ni—Cu systems
are used for the hydrodeoxygenation (HDO) of S-hydrox-
ymethylfurfural (HMF) or the hydrogenation and hydra-
rearrangement of furfural (FFA).°”® For instance, Ni—Cu
nanocatalysts have a high yield for converting HMF to 2,5-
dimethylfuran (DMF) because the activity and selectivity of the
alloyed Ni—Cu is significantly improved compared to
monometallic Ni or Cu.”"” A reduction of activity and selectivity
is guided by the oxophilicity of the selected elements, as some
oxidized metals dramatically weaken the interaction between the
catalyst surface and the furan rings. This prevents the
overhydrogenation of DMF, thereby increasing the selectivity

of the catalyst.'"® This emphasizes the impact of the oxidation Received: December 24, 2021
state on the catalytic properties of Cu—Ni alloys. More Revised:  January 9, 2022
generally, the catalytic properties of alloy catalysts (including Published: January 21, 2022

NiCu) can be modified by changes in the size, shape, metal
segregation, and formation of heterogeneities, ultimately
impacting the activity and selectivity.'”~*
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systems are catalysts for a wide range of reactions crucial for
industrial processes, where reduction or oxidation of the samples
happens at different temperatures. Aside from the HDO of
HMF, one can cite the use of Ni—Cu alloys for ethylene
hydrogenation”' where the sample is reduced during pretreat-
ment or the reaction. Hence, long-term exposure to hydrogen
and oxygen is an effective and general way to characterize the
redox effects during reactions that utilize these materials.

In this work, a correlative, multimodal, in situ analysis was
performed on NiCuj particles supported on amorphous carbon.
In situ XAS and in situ STEM-EELS were used to provide
information during exposure to realistic conditions. Importantly,
this also mitigates the effects of humid air exposure and the
reducing environment of high-vacuum characterization when
performing ex situ characterization. We reduced and reoxidized
freshly synthesized particles to simulate the oxidation and
reduction of the system due to the reaction conditions. The goal
was to understand the changes in valence state, morphology, and
metal distribution that can be expected with NiCuj particles.
With this approach, we saw significant changes in the structure
that are likely responsible for the deactivation and reduction in
selectivity and activity.

To perform in situ analysis, the sample was sandwiched
between two 50 nm SiN windows. The resulting “microreactor”
was then inserted into a dedicated holder that allows a flow of
gases and controls the temperature using a resistive heating
element integrated into one of the two SiN windows.”* H, and
O, gases were inserted in the microcell through the holder, and
the same experimental procedure was performed for in situ XAS
and in situ STEM. The temperature was elevated by 50 °C every
30 min under H, until 400 °C was reached. The sample was kept
at 400 °C under H, for 2 h. After 2 h at 400 °C under H,, the
system was cooled to room temperature (RT). Then, the
temperature was elevated 50 °C every 30 min under O,. Once
400 °C was reached, the sample was maintained under these
conditions for 1 h. For all experiments, the pressure was 1 bar,
and only pure gases were used.

For in situ XAS, collection of data was performed by bringing
the specimen back to room temperature under He to suppress
noise due to thermal vibrations. In contrast, the sample was kept
under elevated temperature and H, or O, flow for in situ STEM
when the data were collected. Indeed, thermal vibrations do not
induce significant background signals with STEM-EELS/EDS,
so it was unnecessary to cool down the sample under an inert
atmosphere for data collection.

This multimodal approach has been developed in previous
work to characterize other monometallic or bimetallic samples,
such as Pt, Pd, or Pt—Ni nanoparticles.”> *° It is an
advantageous approach to collect data at both the micrometer
scale and the millimeter scale that can subsequently be
correlated. With in situ XAS, X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements can be performed to
determine the change in valence state and coordination
numbers.”” > With in situ STEM-EELS, valence states can be
tracked at the nanoscale level with EELS and elemental mapping
with EELS and EDS can determine the distribution of Niand Cu
within individual particles during the cycle.*”*' For XAS
analysis, the experiment was performed at the National
Synchrotron Light Source—II beamline for X-ray fluorescent
microscopy (XFM) with a 10 X 10 um?® beam size. As
demonstrated in our previous experiments with Pt—Ni nano-
catalysts,”* this beam size allows us to obtain maps of the sample
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and spectra from different spots to identify regions with distinct
valence states at the 10 ym size range.

2. EXPERIMENTAL METHODS

Particle Synthesis and Preparation. Nickel(II) acetyla-
cetonate (Ni(acac),, 96%) were purchased from Acros
Organics., trioctylphosphine (TOP, 97%), copper(II) chloride
dihydrate (CuCl,-4H,0, >99%), and oleylamine (OAm,
technical grade, 70%) were purchased from Sigma-Aldrich.

NiCu NPs were synthesized based on a previously reported
method.® Ni(acac), (0.1 mmol) and CuCl,-2H,0O (0.1 mmol)
were dissolved in a solution of OAm (20 mL). The reaction
mixture was kept at 100 °C for 15 min under vacuum. Then,
TOP (3 mmol) was injected into the reaction mixture. The
reaction mixture was heated to 230 °C at a rate of 10 °C/min.
After 1 h, the reaction mixture was cooled to room temperature.
The resulting NPs were purified by precipitation with ethanol
and centrifugation at 8000 rpm for 3 min. The precipitate was
washed three times with hexane/ethanol (1:3) mixtures, and the
final NPs were dispersed in hexane. The unsupported particles in
hexane were then mixed with carbon support to achieve a
loading of 10 wt % metal. After sonication for 15 min, the
solution was centrifuged at 6000 rpm for 1 min. The supernatant
was removed, and the precipitate was washed twice with
isopropanol, followed by centrifugation. After drying the sample
in a vacuum oven overnight at 50 °C, the samples were first
treated with an O, plasma cleaner (18 W, Harrick Plasma) for 15
min and then transferred for 1 min into a muffle furnace that had
been preheated to 500 °C to remove surface organic ligands.

Transmission Electron Microscopy. Scanning trans-
mission electron microscopy (STEM) was performed with an
aberration-corrected JEOL NEOARM, operating at 200 kV. A
condenser lens aperture of 40 ym was used. For imaging and
EDS, a camera length of 4 cm and a probe current of 150 pA
were used. For EELS, a camera length of 2 cm and a probe
current of 500 pA were used. EELS data were collected with a
Gatan K2 camera, a direct-detection camera, to obtain the best
signal-to-noise ratio (SNR). A GIF aperture of S mm was used,
and the energy dispersion was 0.1 eV for all EELS data. For in
situ studies (XFM, EELS), an environmental holder for gas-
heating experiments manufactured by Hummingbird Scientific
was used. The sample was enclosed in a microchip made of two
50 nm Si;N, windows. The lower window contains a heating coil
to elevate the temperature inside the cell. The mass flow of gases
was controlled with a gas system and software provided by
Hummingbird Scientific. The flow rate was 5 sccm. All
experiments were carried out under 1 bar.

X-ray Fluorescence Microscopy. XFM was performed at
Brookhaven National Laboratory (BNL) at the 4-BM (XFM)
beamline of NSLS-II. The Ni K edge (8332.8 eV) and Cu K edge
(8978.9 eV) were measured with the sample enclosed in the
microchip and the environmental holder provided by
Hummingbird Scientific. The gas flow was controlled with a
mass flow controller and set to 5 sccm. All in situ data were
obtained with a pressure of 1 bar. XFM data were plotted and
analyzed with the Athena/Artemis of the Demeter Package. The
amplitude reduction factor S, was 0.836, and all data were
collected in fluorescence mode. The beam size was 10 ym and
was monochromated by a Si(111) crystal pair. The energy range
of the beamline was 4—20 keV.

https://doi.org/10.1021/acs.jpcc.1c10824
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Figure 1. High-angle annular dark-field (HAADF)-STEM imaging and EELS analysis of the sample. (a and b) First morphology observed for most
particles. NiO shell envelops the Ni—Cu core. (c and d) Second morphology observed for a minority of particles. Hollow structure is distinguishable
with some segregation of Cu. (e) DE-STEM image of particles with the core—shell configuration. (f—h) Combined and separate EELS maps showing a
Cu-rich core and Ni-rich shell. (i) DF-STEM image of particles with a hollow structure. (j—I) Combined and separate EELS maps showing a mixed
Cu—Ni phase with some segregated Cu. Additional EDS maps are provided in Figures S4 and SS.
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Figure 2. EELS spectra for Niand Cu. NiL, ; edges at 855 and 872 eVand CuL, ; edges at 931 and 951 eV were used. (a) EELS analysis for Ni showing
no substantial change between the hollow and the core—shell structures. One can assume that the oxidation state of Ni remains very similar. (b) EELS
analysis of Cu showing a substantial difference between the hollow and the core—shell particles. Sharp peak at the L; edges indicates that Cu is more
oxidized in the former case. A previous publication on the same sample describes the presence of Cu,0.?

3. RESULTS AND DISCUSSION

In all studies shown in this section, NiCu, particles supported on
amorphous carbon were analyzed. Details about the synthesis
are provided in the Experimental Methods.

An initial ex situ STEM analysis was performed to understand
the structure of the as-synthesized NiCuy; particles deposited on
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carbon. High-resolution STEM imaging and EELS were
performed, and the results are summarized in Figures 1 and 2.
The EELS edges used for this analysis were the Ni L, ; edges at
855 and 872 eV and the Cu L, ; edges at 931 and 951 eV.

The high-angle annular dark-field (HAADF)-STEM images
in Figure 1 show two morphologies. Both core—shell (Figure 1a
and 1b) and hollow structures were observed (Figure 1c and

https://doi.org/10.1021/acs.jpcc.1c10824
J. Phys. Chem. C 2022, 126, 1991-2002
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Figure 3. XFM map from the microcell, with XAS signals collected from different spots in the microcell. (a) XFM map showing only the signal for Cu
and Ni and underscoring that some areas are very rich in Cu. The sample has compositional heterogeneities at the mesoscale. (b) Cu K edge for 6
clusters of material in the cell. It shows that Cu has different valence states. Some regions are heavily oxidized; others are reduced and nearly metallic.
Valence state is not correlated with the signal strength for Cu. (c) Ni K edge for four spots with the metallic Ni foil signal. In this case, Ni remains
oxidized with the same valence state, regardless of the location of the sample.
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Figure 4. XANES analysis of Cu K and Ni K edges demonstrating changes in the valence states of the two elements. (a) Cu K edge showing progressive
but incomplete reduction after prolonged exposure to H, at elevated temperature. Temperature was increased by 50 °C every hour until reaching 400
°C under H,, where the sample was left in these conditions for 2 h. (b) Ni K edges showing no change of the valence state after exposure to H, at 400
°C. Mechanism 1 explains the rapid oxidation of metallic Ni with Cu oxide, preventing the formation of Ni metal if the copper remains oxidized. Cu K-
edge data of Cu foil (a) exhibits visible self-absorption effects due to the fluorescence measurement mode.

1d). EELS analysis elucidates the composition of the particle: for
the core—shell configuration, NiO is present on the surface, and
a Ni—Cu mixed phase forms the core (Figure 1e—h). In contrast,
O was not very concentrated in the core (Figure S1). The core—
shell structure was present in most particles (see Figure S2), an
observation consistent with previous studies on the same
material.>> A minority of particles had a hollow configuration
with a mixed Cu—Ni phase, although some segregation of Cu
was observed (Figure 1i—I). An analysis of over 400 particles
showed that 78% were core—shell structures and 22% were
hollow structures (Table S1). The existence of the two different
configurations is due to the synthesis method as well as exposure
to air, as shown in previous publications.”> ™" Also, oxygen was
detected everywhere in the hollow particles, including in regions
with segregated Cu (Figure S1d). A measurement of 120
particles confirmed that the particles were well dispersed with an
average diameter of 12.7 & 2.6 nm (Figure S3). The particles
with the core—shell configuration had approximately the same
size as the particles with an empty core.

The hollow particles are formed due to a Kirkendall effect,
where oxidation of Cu leads to migration of Cu oxide from the
core to the surface. Although the synthesis can be improved to
limit this effect, the sample analyzed in this work is
representative of Ni—Cu systems, which are not always perfect.
Our aim is to study a typical catalyst under realistic conditions
instead of focusing on ideal nanoparticles that may not represent
the system. In addition, describing the evolution of hollow
particles is relevant to understand the evolution of the samples
under multiple redox cycles. In fact, prolonged exposure to
oxygen may lead to the conversion of core—shell particles into
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hollow particles, a result confirmed by further study. Thus, the
evolution of the hollow particles is also descriptive of a sample
with exclusively core—shell particles that became oxidized
during reaction.

In Figure 2, the EELS spectra for the two types of particles
indicate a difference in the oxidation state of Cu. Indeed, no
dramatic change in the shape of the Ni L, ; edges was observed.
However, a sharp peak for Cu L; could be clearly distinguished
for the hollow configuration and was not observed for the core—
shell structure. The sharp peak is called a “white line” and
represents energy losses linked to electron transitions from the
2p orbital of Cu to the 3d orbital of Cu(Il). Indeed, metallic Cu
and Cu(I) have no unoccupied state for the 3d orbital (10
electrons are present), whereas Cu + II has unoccupied states.
Hence, the presence of a white line is a signature of Cu(II)
oxides. On the basis of the shape of the EELS spectra, it is
impossible to determine whether Cu,O is present or absent in
the hollow structure. However, previous XAS studies on the
sample indicated the presence of Cu,O (i.e., Cu(I)). It is thus
reasonable to assume that both oxides [Cu(I) and Cu(II)] are
present.’” EELS analysis was also performed for the O K edge at
529 eV, but it was not possible to distinguish a clear difference
between the two types of particles (Figure S6).

Thus, hollow particles contain copper oxides, while core—
shell particles contain metallic Cu. Hence, we can conclude that
morphological differences in the two types of particles observed
in the sample are linked to different oxidation levels of Cu.

After completing the initial ex situ STEM study, the sample
was analyzed with in situ characterization techniques. First, the
NiCu; catalyst was examined at a beamline for X-ray

https://doi.org/10.1021/acs.jpcc.1c10824
J. Phys. Chem. C 2022, 126, 1991-2002
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Table 1. EXAFS Analysis of the NiCu; Sample during the Redox Cycle”

state Nica-m) N(cu-0) Ricu-m)
fresh 5(2) 2.4 (8) 261 (2)
reduced 5(1) 2.51 (1)
oxidized 0.7 (3) 2.6 (5) 247 (2)

Ricu-0) *(Cumr) *(cu-0)

2.07 (4) 0.010 (5)" 0.010 (5)"
0.010 (2)

1.87 (2) 0.001 (2)° 0.001 (2)°

“The sample was cooled to room temperature under helium to collect EXAFS data. Cu—M and Cu—O bonds were fitted with a theoretical model
for NiCus. N is the coordination number, R is the interatomic distance, and Debye—Waller factors are indicated by 6>. The uncertainties in the last
significant digits are shown in parentheses. A continuous drop of Cu—M coordination number (CN) suggests a change of morphology. For the re-
oxidized sample, a stronger signal was observed for the Cu—O bonds, indicating that Cu becomes more oxidized than in the as-synthesized form.

bVariable was constrained for both the Cu—M and the Cu—O paths.

fluorescence microscopy (XFM). To this end, the sample was
enclosed in a microcell made of two Siz;N, windows and exposed
to gases and elevated temperature while being irradiated with an
X-ray microbeam. The cell also contained a microcoil in one
Si3N, window and was mounted on a dedicated holder for gas
experiments. The beam had a diameter of 10 ym and could
spatially resolve aggregates of NiCu;/C sample in the cell. A
schematic of the microcell is shown in Figure S7.

Figure 3 provides XAS data from the fresh sample inside the
microcell, before in situ analysis was started. The investigation of
the origin of the Ni-rich regions will be the topic of a future work.
The Ni K edge (8332.8 eV) and Cu K edge (8978.9 eV) were
used in the in situ XAS study. In Figure 4a, an XAS map of the
microcell was collected and groups of NiCu; particles can be
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seen. These regions are aggregations of amorphous carbon
supporting many NiCu; particles. The data show that some
clusters are richer in Cu (green) and others are richer in Ni
(blue). Hence, it is possible to conclude that the sample has
compositional heterogeneity at a 10 um level. The origin of
compositional heterogeneities at the micrometer scale is not
clear to us, especially since the Ni/Cu ratio was the same for
hollow and core—shell particles.

Interestingly, some regions have metallic Cu while others have
oxidized Cu. The oxidation of Cu was not correlated with areas
where the Cu signal was stronger. We assume that the regions
with a higher oxidation state for Cu contain more hollow
particles, considering the STEM/EELS results shown in Figure
2.In contrast, regions with metallic Cu are more likely to display
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Figure 6. EELS spectra for the CuL, ; edges at 931 and 951 eV loss. For
each spectrum, a representative group of S—10 particles was used. Shifts
in the valence state of Cu can be observed with the disappearance and
reappearance of white lines at 931 and 951 eV. Cu was reduced upon
exposure to H, at 400 °C for 2 h and became heavily oxidized upon
reoxidation. These results are consistent with XANES data in Figure S.

mostly core—shell structures, as described in the ex situ STEM
analysis. This seems the most likely explanation for the spatial
differences of Cu oxidation state, especially since we observed
regions very rich in either core—shell or hollow particles (see
Figure S8). Ni remains oxidized regardless of the spatial position
of the sample. This observation is consistent with our initial ex
situ STEM-EELS data in Figure 2. Previous work showed that
NiO is the dominant oxide in fresh NiCu; and upon reduction.*”
In addition, a comparison of the Fourier transform magnitude of
the Ni signal with reference plots for metallic Ni and NiO
suggests that NiO is present in the sample (see Figure S9).

After XAS analysis of the fresh sample, the sample was
exposed to H, at 400 °C for 2 h, following the procedure
described in the Introduction. Data were collected 30 min after
the temperature reached 250 and 350 °C. Then, the sample was
exposed to O, at 400 °C for 1 h.

Figure 4 shows the XANES edge for Cu K and Ni K under H,
as the temperature was increased by 50 °C every hour. Cu is
reduced (Figure 4a), while Ni remains oxidized (Figure 4b) with
the same valence state. The reduction of Cu appears to
accelerate at temperatures above 250 °C. The Fourier
magnitude of the EXAFS data for the reduced sample (see
Figure S) is also consistent with a reduction of Cu. The
prominent peak at 2.1 A of the reduced sample is close to the
reference signal for metallic Cu. Although a clear reduction of
Cu s observed, it is not possible to rule out the presence of small
amounts of Cu oxides. This point will be addressed in the
STEM-EELS analysis, described below.

The selective reduction of Cu is not surprising: In fact, the
nobility of Cu is higher than that of Ni.’** However, one might
have thought that some Ni would be reduced too, as we
observed hollow structures with Ni on the surface (Figure 1j). A
mechanism leading to the formation of metallic copper in Ni—
Cu alloys has been proposed in previous publications, and we
believe it applies to the particles studied in this work."> A
diffusion-controlled displacement reaction happens according
to the following equation

Ni + Cu,0 = NiO + 2Cu (1)

At elevated temperature, reduction of Ni immediately leads to a
reaction with copper oxide to form nickel oxide and metallic
copper. Previous analyses have suggested that this reaction can
occur, leading to some segregation of nickel-rich and copper-
rich phases.” This is consistent with what we see here: it is

Under H2 at 200 °C
for 30 min

Fresh sample

50 nm

Under H2 at 300 °C
For 30 min

Under H2 at 400 °C
For 2 hours

50 nm

Figure 7. HAADF-STEM images showing the effect of reduction on the morphology of the two types of particles. (a—d) Core—shell particles. Core—
shell configuration is not visible on the images after prolonged exposure to H, at 400 °C. Many particles appear to become mixed Cu—Ni phases,
although it is possible that a thin layer of NiO on the surface might still be present. Some core—shell particles are still clearly visible in d. (e—h) Hollow
particles. Progressive and slow disintegration of the hollow structure was visible, although incomplete. Formation of solid spheres on the surface of the

hollow particles was also visible.
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Figure 8. EELS edges for the reduced NiCu; sample. (a) NiL, ; edges for the core—shell and hollow particles after reduction under H, at 400 °C. Shape
of the edges is similar to the edges collected for the fresh sample in Figure 2a. This is also consistent with Figure 3c. (b) Cu L, ; edges for the core—shell
and hollow particles after reduction under H, at 400 °C. Edges show the complete reduction of Cu and prove that core—shell and hollow particles
converge to the same valence state. (c) Tracked Cu L, ; edges of the same clusters of hollow particles being progressively reduced after exposure to H,.
Progressive reduction of the hollow particles correlates the average reduction of Cu observed in the XANES data. (d) Tracked NiL, ; edges of the same
clusters of hollow particles analyzed in c being progressively reduced after exposure to H,. No changes in the edge can be detected, underlining that Ni

does not seem to be changed during the reduction process.

consistent with the XANES data and the difficulty of reducing Ni
when metallic copper is produced. Once all of the copper has
been reduced, one can postulate that Ni will form a metallic
phase. This was observed in a controlled reaction where Ni
became metallic after a 2 h treatment under H, above 550 °C to
accelerate the process (Figure S10). Reaction 1 has been
postulated for large volumes of Ni—Cu alloy, and the XAS
experiments indicate that this reaction is still valid for
nanostructures.

After reduction under H, at 400 °C, the sample was exposed
to O, at 400 °C. Figure S provides XANES-EXAFS data of
reference Cu-based samples and the fresh, reduced, and
reoxidized NiCuj; sample. All XANES-EXAFS data in Figure 5
were obtained by merging multiple XANES-EXAFS spectra
from different locations in the cell in order to enhance the signal-
to-noise. Figure Sa provides reference spectra for metallic Cu,
Cu(I) oxide, Cu(II) oxide, and Cu(OH),. Figure Sb provides
XANES data of the whole sample at the beginning of the
experiment, after reduction, and after oxidation. At the
beginning (black curve in Figure Sb), Cu appears partially
oxidized. A subtle absorption peak at 8978 eV can be visible. The
presence of the absorption peak is a signature for reduced Cu. In
contrast, the absence of an absorption peak indicates an oxidized
state for Cu. After reduction (gray curve), this peak is more
prominent. After reoxidation (dotted curve), no absorption peak
is visible. Hence, one can conclude that the sample becomes
more oxidized upon reoxidation compared to the initial state.

1997

After reoxidation, the disappearance of the absorption peak at
8978 eV shows that Cu is as nearly completely reoxidized.

The EXAFS signals from the same spectra were then analyzed.
The results are summarized in Table 1, where the Cu—M
(Metal) and Cu—O bonds of NiCu, were used to fit the EXAFS
results. The local parameters, e.g., coordination numbers (CN)
and the bond lengths (R), are provided in Table 1 for both the
Cu—M and the Cu—O contributions. The magnitude of the
Fourier transform of the k*-weighted EXAFS data and k-
weighted fits are provided in Figure S11. Local parameters for
bulk Cu references are provide in Table S2.

For the fresh sample, EXAFS was fit with the Cu—O and Cu—
M contributions (M can be either Ni or Cu: they cannot be
distinguished), indicating a combination of alloy and oxide
phases. The oxide phase is in the Cu(II) oxidation state based on
the XANES data (Figure Sa and Sb). The Cu—M bond is much
shorter than expected for an oxide, and thus, it may be due to the
combination of Cu bonding in oxide and alloy phases. In
addition, the Cu—M CN is low (5 + 2 vs 12, which is expected in
the bulk fcc structure). There are various sources of under-
coordinated Cu in the sample, as evident by STEM. These
include small Cu regions with a high surface area to volume ratio
of Cu, the inside surfaces of the hollow spheres, and between the
alloy and oxide interfaces. Since the fresh sample is a
combination of alloy and oxide phases, we cannot comment
on the specific source solely from EXAFS analysis.

For the reduced sample, EXAFS was successfully fit with only
Cu—M contributions, which is not surprising given that XANES
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Nickel

Figure 9. EELS maps of the two types of particles after reduction under H, at 400 °C for 2 h. Red boxes in a and e indicate the regions mapped with
EELS. (a) Initial core—shell structure after reduction with no visible shell on the HAADF-STEM image. (b—d) EELS maps show the presence of a thin
Ni-rich surface. Thus, reduction did not completely destroy the core—shell configuration. (e) Initial hollow particle after reduction. Protuberance was
formed during reduction at elevated temperatures. (f—h) EELS maps indicate the segregation of Cu in the protrusion. Cu appears more exposed to the
environment, which could explain the complete reduction.

Copper

20 nm

Figure 10. HAADF-STEM image of the sample after reoxidation at 400 °C under O,. Change of morphology is rapid and happens within 30 min. (a—
c) Low- and high-magnification HAADF-STEM images showing the dominance of the hollow particle configuration. (d—f) EELS maps for Ni and Cu
showing compositional heterogeneities, as Cu and Ni do not remain fully mixed.

1998 https://doi.org/10.1021/acs.jpcc.1¢10824
J. Phys. Chem. C 2022, 126, 1991-2002



https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c10824?fig=fig10&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c10824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

indicates metallic Cu(0) (Figure Sa and Sb). Surprisingly, the
Cu—M coordination number remains very low, S + 1. One
would expect the reduction of Cu to increase the CN of the Cu—
M bonds at elevated temperatures under H,. In this case, we can
be sure that the source of undercoordination is coming from
metallic Cu or alloy Cu—Ni regions due to the lack of Cu—O
bonding. Small Cu regions, seen in Figure 1, and the high surface
area to volume ratio of the hollow particles are the likely source
of such a small coordination number. In addition, a decrease in
the Cu—M distances (from 2.61 to 2.51 A) is observed upon
reduction. This could be due to the removal of oxygen atoms in
the Cu—Ni random alloy.

For the reoxidized sample, EXAFS was fit with only Cu—M
and Cu—O contributions from the Cu oxide phase. While the
XANES (Figure Sa and Sb) and EXAFS (Figure Se) results of
the sample resemble Cu(Il) oxide, the fitted coordination
numbers of Cu—M (0.7 + 0.3) and Cu—O are smaller than
expected (2.6 + 0.5). While we cannot rule out the presence of
metallic Cu—M or alloy Cu—M contributions, we can say that
the reoxidized sample in EXAFS (and XANES) is dominated by
Cu(Il) oxide after the reoxidation process of the reduction—
oxidation cycle. This is consistent with subsequent in situ STEM
analysis, described below.

It is not possible to determine the morphology of the particles
during the redox cycle with the present EXAFS data. In addition,
the XANES-EXAFS data samples many nanoparticles, and it is
impossible to determine dynamical changes at the nanoscale
level on individual particles by an average method if a broad
distribution of particle sizes, different morphologies, and
compositional distributions are present. Finally, the total
reduction of Cu is unclear as it was not possible to rule out
the presence of Cu oxides solely based on XANES-EXAFS
analysis.

Hence, an in situ STEM-EELS analysis was conducted to
complement and refine the information obtained from XANES-
EXAFS. To this end, the same experimental procedure was
performed, a fresh sample was enclosed in the same micro-
reactor, and identical reaction conditions were utilized. EELS
data for the Cu L, ; edges at 931 and 951 eV during the redox
cycle are summarized in Figure 6. The spectra were collected on
5—10 particles with representative configurations. For the fresh
sample, a small white line was visible for the Cu L; edge,
indicating some oxidation of Cu. Theoretically, a white line is
also present for the Cu L, edge, but it is harder to distinguish
because the L, edge is smaller than the L; edge. After reduction,
no white line was present, indicating the reduction of Cu. The
absence of white lines indicates a complete reduction of Cu.
Hence, we concluded that Cu oxides were no longer present in
the sample. Upon reoxidation, the white lines are much more
prominent than at the beginning, indicating that more Cu is
oxidized after reoxidation than at the beginning. These results
are consistent with the XANES data in Figure 5. Hence, we can
conclude that shifts in the valence state of Cu are the same for a
large set of particles (thousands for XANES data) and a small
group of particles (5—10 particles analyzed with STEM-EELS).

The data shown in Figure 6 were collected from a group of
nanoparticles upon reduction and reoxidation without consid-
ering the impact of morphology. However, the preliminary ex
situ STEM-EELS study underlined a correlation between the
valence state of Cu and the morphology: Cu is more oxidized in
the hollow particles than in the core—shell structure. To explore
this further, STEM images were collected during the reduction
and reoxidation of the sample. In Figure 7, we show the

1999

structural changes for core—shell and hollow particles during
reduction. It is possible to notice the disappearance of the visible
core—shell structure, especially after prolonged exposure to H,
at 400 °C. Figure 7 also shows a reduction in the particles’
diameter upon reduction and destruction of the core—shell
morphology. This agrees with our hypothesis based on the
EXAFS analysis of the data after reduction. Indeed, the EXAFS
data showed no increase of the Cu—M CN after reduction.
Hence, we hypothesized a reduction of the diameter of the
particles is offsetting the increase in Cu—M CN due to the
reduction of Cu. Some core—shell particles remain unchanged at
the end of the reduction, as they keep a thick NiO shell (Figure
S12). A spherical structure with a solid core is also formed for the
hollow particles during the cycle, although the rate appears to be
slower. Some hollow particles remain after reduction.

Subsequently, an EELS analysis on the two types of particles
was performed after reduction. The EELS spectra for the NiL,
and Cu L, ; edges are shown in Figure 8 and again confirm the
reduction of Cu in both configurations. The results are
complementary with the XANES-EXAFS analysis, where it
was impossible to distinguish between core—shell and hollow
particles. Figure 8a shows no difference in the valence state of Ni.
Figure 8b indicates the absence of Cu oxides, as no white line can
be seen for the hollow and the core—shell particles. Thus, we can
conclude that Cu was fully reduced in both types of particles.
The collected EELS signal for Ni is very similar to that of the
fresh sample, indicating that Ni keeps the same valence state,
again consistent with the XANES-EXAFS results. In Figure 8c
and 8d, we specifically tracked the same cluster of hollow
particles during reduction. The changes in the shape of the Cu
L,; edges suggest a progressive reduction, while no changes
could be seen with the Ni L,; edges. This is consistent with
mechanism 1, which we suggested to explain the reduction of Cu
without altering Ni in hollow particles.

EELS maps were obtained to understand the NiO and Cu
distribution in the particles after reduction (Figure 9) for the two
types of particles. For the particles that initially had the core—
shell morphology (majority of particles), a thin shell of Ni
remains even after reduction (Figure 9a—d). Hence, the
HAADEFE-STEM images in Figure 7 correspond to a thinning
of the NiO shell enveloping the core, but it did not completely
disappear. Also, based on XANES, we know that Ni was not
reduced, so we can conclude that a NiO shell is still present on
the surface. Thus, the EELS maps appear to be a useful
complement to STEM imaging, as the NiO layer could not be
seen based solely on HAADF image contrast.

For the particles with an initial hollow structure, formation of
a protrusion with bulk Cu was observed (Figure 9e—h). The
segregation of Cu on the outside of the hollow structure may be
correlated with the reduction of the metal. Indeed, Cu atoms are
no longer embedded in a Cu—Ni phase, but a large volume of Cu
becomes clearly exposed to the surface and is quickly reduced by
the H,-rich environment. This explains the EELS data for the Cu
edge in Figure 8b.

After reoxidation, the shape of the particles changed
dramatically. The transformation is rapid and happens within
30 min after 400 °C under O, was reached. Nearly all particles
had a hollow structure, as shown in the HAADF-STEM images
in Figure 10, with segregation of Cu and Ni observed. The
morphology, combined with Cu segregation, could explain the
low coordination number for the Cu—M bonds calculated with
EXAFS. Indeed, the transformation from solid spheres to hollow
particles reduces the total number of Cu—M bonds. Most of the
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Cu atoms are exposed to the surface and can be easily oxidized.
The configuration also explains the sharp increase in the
oxidation state of Cu with the prominent white lines observed in
Figure 7.

Figure 10 shows trends observed for the majority of particles,
but some exceptions were observed. The in situ STEM images in
Figure S13 show that very small particles have formed in some
regions on the carbon support. These structures are formed
during the reduction of the sample at elevated temperatures but
do not disappear after oxidation. Hence, STEM imaging
indicates an irreversible change in the specimen. EDS and
EELS analyses show that the tiny particles are made of NiO (see
Figure S14), so one can conclude that some particles have an
increased Cu:Ni ratio upon cycling. The migration of Ni on the
surface of the amorphous carbon film also causes a reduction of
the size of the particles. This can also explain the EXAFS data
showing an unchanged coordination number of Cu—M bonds
upon reduction.

The substantial differences in the shape and composition can
be linked to the catalytic properties of the materials for the HDO
to HMF, as an example. It has been shown that this NiCu;/C
system is highly active for the HDO of HMF into DMF.® It has
also been shown that the activity of the Ni—Cu nanoparticles
slightly decreases after 4 h of reaction, without evidence of
sintering and with oxidation of the sample during reaction.’>*
This leads us to believe that the changes in the particles’
configuration observed during the redox experiment might be
the cause of the lower DMF yield. In fact, it is known that the
Ni—Cu systems exhibit enhanced catalytic properties for the
HDO of HMF compared to their monometallic parents. A
hypothesis for this improvement is the hindrance of furan rings
to lie down on catalysts that have an alloyed structure. This
prevents overhydrogenation of DMF into unwanted prod-
ucts.’”** Another explanation is the stronger adsorption of the
C=0 group on the alloyed surface compared to pure metals,
leading to a better activity.' Another assumption is the role of
the surface oxide that catalyzes HMF through the scission of C—
O bonds following a reverse Mars—Van Krevelen mecha-
nism, >+’

Since NiCu;/C particles exhibit high catalytic properties at
the beginning of the HDO of HMF, we can assume that the
core—shell configuration present in most particles is beneficial as
the presence of surface oxide leads to a reverse Mars—Van
Krevelen mechanism. Even though particles are pretreated
before reactions, we have shown that a very thin layer of NiO
remains on the surface of the particles. Most pretreatments were
performed under H, at temperatures below 400 °C. However,
the presence of initial hollow particles with a strong degree of
segregation between the two metals and the absence of a core—
shell configuration may reduce the activity. The presence of Cu
metal on the surface of hollow particles under reduction, as seen
in Figure 9f, may cause the furan rings to lie down on the metallic
Cu, leading to overhydrogenation. In addition, Cu and Ni
appear to be strongly segregated in the hollow particles after
reduction at 400 °C, which will impact the synergetic effects of
both metals.

Oxidation of the samples shows a loss of core—shell
configurations with a high degree of segregation between Cu
and Ni. This can cause the noticeable drop in activity observed
in a previous publication.’® Since strong segregation of Cu and Ni
was observed in the reoxidized sample, we can speculate that the
synergy between Ni and Cu is lost for the HDO and HMF and
that the sample acts as a monometallic system.
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Finally, it should be noticed that overoxidation of the sample
does not seem reversible. Hence, the deactivation of the catalyst
observed after prolonged exposure to reaction conditions might
not be offset with exposure to H, at elevated temperatures.
Indeed, most particles had a hollow structure after reoxidation,
as seen in Figure 10. When reduced, the data show that the
hollow structures have a high degree of segregation, as shown in
Figure 9e—h and the EXAFS analysis (Table 1). Hence, the
system will likely have an activity for the HDO of HMF
equivalent to monometallic Cu or Ni. Cu is more exposed to the
surface after reoxidation, so we expect this will change the yield
of DMF: it has been shown that greater interaction between the
furan rin§s and nonoxidated surfaces yields overhydrogenation
of DMF.™

4. CONCLUSION

In conclusion, this study demonstrates the complex dynamics
behind valence state changes and the composition of Ni—Cu
systems. The in situ XAS studies proved that the Ni valence state
is unchanged while Cu is reduced upon exposure to H, at 400
°C. It is in part due to a diffusion-controlled displacement
reaction where metallic Ni quickly reacts with copper oxide to
form metallic copper and nickel oxide. The reduction of Cu is
rapid, especially at temperatures above 250 °C. EXAFS analysis
underlines the reduction of Cu, and the low CN for Cu—M is
due to segregation between Cu and Ni in the fresh, reduced, and
reoxidized sample. In addition, hollow particles with a thin shell
contribute to the low CN for the Cu—M bonds. The in situ
STEM-EELS/EDS results confirm and refine the results
collected with in situ XAS. The shape of the initial core—shell
and hollow particles evolves differently. In both cases, full
reduction of Cu is achieved. Upon reoxidation, nearly all
particles display a hollow structure with a highly oxidized Cu
phase. During the whole redox cycle, full mixing of Cu and Ni
was never achieved and reduction of NiO was not possible. In
the specific example of the HDO of HMF, the presence of a NiO
shell enveloping a NiCu core seems to be beneficial to keep an
oxidized surface, preventing overhydrogenation of DMF.
However, strong segregation of Cu and Ni upon oxidation will
impact the catalytic activity of the sample as synergy between Cu
and Ni is lost.

This study underlines the complexity of alloyed catalysts,
which cannot necessarily be described with a single morphology
or chemical configuration. Understanding subtle heterogeneities
of nanostructures is a necessary step to improve functional
nanomaterials. This combined in situ studies with STEM-
EELS/EDS and XFM can be applied to a wide range of samples
used for industrial processes and can guide the desi%n of novel
materials with enhanced performance and stability.”~*
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