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Abstract

The design of selective and active heterogeneous catalysts for the hydrodeoxygenation (HDO) of
biomass-derived platform molecules requires understanding of the structure of the catalyst structure
under reaction conditions. In this work, we design, build and qualify an operando EXAFS cell and
characterize a highly selective NiCu catalyst under HDO conditions (16 bar H,, 433 K). We combine the
operando EXAFS measurements with XPS studies, theoretical calculations to show that in bimetallic NiCu
catalysts, Ni and Cu are segregated. As-made catalysts are mixed oxides, with a NiO shell over a NiCuOx
core. The core is partially reduced to the metal alloy after treatment with hydrogen at temperatures
below 473 K, while the shell becomes fully reduced at higher treatment temperatures. The liquid-phase
reaction results in the gradual reoxidation of the catalyst to a core-shell mixed oxide, in which the Cu in
the core is predominately Cu(l) and the Ni shell is predominately Ni(ll).



Introduction

The utilization of biomass in the production of fuels and chemicals requires the removal of a fraction of
the O atoms in the molecule. To achieve this, molecules derived from the primary processing of
biomass, such as pyrolysis,* fermentation®3 or acid hydrolysis* react with hydrogen over a catalyst in a

hydrodeoxygenation (HDO) process. Of these processes, the upgrade of acid hydrolysis-derived products

has garnered the most interest, as it takes place at low temperature compared to pyrolysis, and
achieves higher carbon yields compared to fermentation.”

Of particular interest in this field is the selective HDO of furfural and 5-hydroxymethylfurfural (HMF) to
form 2-methylfuran (2MF) and 2,5-dimethylfuran (DMF), respectively.®” The reason for that is the high
octane number of 2MF and DMF,? as well as their potential use as feedstocks for the production of
green aromatics.® ! In this chemistry, the key to an efficient process is the selective removal of the O
from the side groups of the platform molecules, with retention of the furan ring (Scheme 1).2 This is
often difficult to achieve by the use of monometallic catalysts, as the produced 2MF and DMF undergo
ring opening and ring hydrogenation reactions, resulting in the formation of undesired products and
increased consumption of valuable hydrogen.'3 1415

To prevent such undesired reactions, many researchers have investigated the use of bimetallic HDO
catalysts. Nishimura et al. achieved DMF yields above 95% using PdAu alloys as catalysts and HCl as
additive.?® Further investigations by Zhang et al. achieved high yields without the use of corrosive HCI.*
Our recent work showed that well-defined Pt-Co nanocrystals are efficient catalysts for the HDO
reaction of HMF, reaching DMF yields up to 98%. We attributed the high selectivity to the coverage of
Pt-rich core by a monolayer of Co30; oxide film, which catalyzed the HDO reaction via a reverse Mars-
van Krevelen mechanism.® Further work by Gorte, Murray and coworkers showed the generality of Pt-
3d metal alloying as a strategy for the selective formation of DMF from HMF.*®
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Scheme 1: Hydrodeoxygenation reactions of HMF.

Further research has investigated base-metal alloys for this reaction. NiCo and FeCo catalysts derived
from layered double hydroxides are active and selective catalysts for the vapor-phase HDO.2% 2! NiFe/C
catalysts have been proposed as highly selective catalysts,?> while NiCu catalysts supported on carbon
and TiO, have garnered extensive interest for the HDO of HMF,? furfural®* and mixtures of these with
lignin derivatives.?

Several possibilities have been put forth as the reasons for the increased selectivity of the NiCu alloys;

the prevention of side reactions has been attributed to the furan ring tilting away from the surface.?* An
alternative explanation put forth based on ultrahigh-vacuum (UHV) studies is that the C=0 group is more



strongly adsorbed to NiCu surfaces, compared to monometallic catalysts and the H; dissociation is faster
over the alloy surface.?® Yet another explanation is that the 3d metal forms an oxide shell around the Pt
core and catalyzes the HDO reaction via vacancy formation and C-O bond scission. & 2728

In order to differentiate between these possibilities and to establish the mechanism of HDO over NiCu
catalysts, information on the oxidation state and the coordination of the catalyst under reaction
conditions is required. In this study, we use operando X-ray absorption spectroscopy, combined with X-
ray diffraction and X-ray photoelectron spectroscopy to establish the reasons for the high selectivity of
NiCu catalysts.

Materials and Methods

Catalyst synthesis.

NiCusz nanocrystals (NCs) were synthesized as reported in our previous publication.?® Nickel(ll)
acetylacetonate (95%, Alfa Aesar, 0.2 mmol) and copper(ll) acetylacetonate (97%, Alfa Aesar, 0.2 mmol)
were dissolved in 20 mL of oleylamine (technical grade 70%, Sigma Aldrich) and kept at 100 °C for 15
min under vacuum. 1.5 mL of trioctylphosphine (90%, Sigma Aldrich) was injected into this mixture at
100 °C under a nitrogen atmosphere before heated to 230 °C. After 10 min at 230 °C, the reaction
mixture was cooled to room temperature and purified by centrifugation with hexane/methanol mixtures
3 times at 8000 rpm for 3 min. To prepare carbon-supported catalysts, NCs dispersed in hexane were
mixed with carbon powder (Vulcan XC72R) to a loading of 10-wt% metal and treated with plasma
cleaner and thermal annealing to remove surface ligands as reported in our previous publication.?

Catalyst characterization.

The TEM images of NCs were collected on a JEOL JEM-1400 microscope operating at 120 kV. The
elemental composition and concentration of NCs were determined by Inductively Coupled Plasma-
Optical Emission spectrometry (ICP-OES) performed on a Spectro Genesis spectrometer with a
concentric nebulizer. Ex situ X-ray absorption experiments were performed in the transmission mode at
beamline 5BM-D at the Advanced Photon Source, Argonne National Lab. In those experiments, the
samples were ground with boron nitride (Alfa Aesar) and pressed into self-supporting pellets in six-well
sample holders (3 mm “shooters”), for a total absorption px = 1 to 3. The sample holders were placed in
a 25.4 mm OD fused silica tube, which was sealed in both ends with 1” fittings, equipped with polyimide
windows and welded 3-way ball valves. Prior to measurement, the tube was purged with He gas (Airgas
99.999%). Spectra were recorded at ambient temperature and pressure. Spectra were recorded at the
Ni K edge (8333 eV) and the Cu K edge (8980 eV). The XANES region was fitted using Ni foil, Cu foil, NiO,
Cu,0 and CuO standards using the linear combination fitting algorithm within the Athena software of
the Demeter suite. EXAFS spectra were fitted using the Artemis software. The amplitude reduction
factors were calculated using Ni and Cu foils and assuming a coordination number of 12.

Spectra were also recorded after reduction at 523 and 673 K. In these experiments, the samples were
treated in the sample tube mentioned above in flowing H, (50 mL min). They were heated at 5 K min™*
to the reduction temperature and held for 30 min. They were subsequently cooled to ambient
temperature and the XAS spectra recorded.



Reaction simulation experiments were performed by injecting a mixture of furfuryl alcohol, water and
ethanol into flowing H, (50 mL mint). The samples were heated to 453 K under hydrogen and then the
flow of the liquid mixture was started. Spectra were recorded after 30 min of flow. To ensure the
transferability of the data to the actual system, we performed the experiments at a ratio of H,/H,0O
equal to that corresponding to 80% HMF conversion in the liquid phase reaction.

Operando XAS experiments were performed in a polyimide plug-flow reactor at SSRL beamline 2-2. The
requirement for simulation of reaction conditions precluded the use of tangential flow pellet cells*® and
the concomitant mass transfer limitation, while the requirement for liquid flow and the resulting high
pressure drop renders the use of flow-through pellet cells impossible.?° The design is similar to a Clausen
cell,® in terms of the plug-flow hydrodynamics and the placement of the cell perpendicular to the X-ray
source, but differs in that the tube is enclosed within a heated aluminum box and the use of polyimide
tube (3.06 mm OD, 2.77 mm ID, 0.147 mm wall thickness), which was obtained from American Durafilm
and was rated to 60 bar at room temperature. 1/8 inch graphite ferrules were used to seal the tubes to
standard compression fittings. The use of a stainless steel sleeve (12.7 mm length, 2.77 mm OD, 2.38
mm ID) was required to prevent the collapse of the tube during tightening. Sketches and photographs of
the cell can be found in the Supporting Information (Figure S1).

In the cell, the catalyst is supported by a quartz wool plug held in its place by a K type thermocouple (1.6
mm OD), which is also used to monitor the temperature, which is controlled via a PID controller. The
liquid reactant (0.1 M HMF in 1-propanol) was fed at 0.12 ml/min by an HPLC pump, while the hydrogen
(Airgas, 99.999%) was metered by a mass flow controller (12 ml/min). A back-pressure regulator was
placed at the reactor exit. In a typical experiment, the catalyst was reduced under hydrogen flow (12
ml/min) at 523 K for 30 min (ramp 5 K min'!) at ambient pressure. Following reduction, the catalyst is
cooled to 368 K and the flow of the liquid started. One spectrum is recorded at 368 K. Then, the system
is pressurized using a back-pressure regulator to 16 bar and heated to the reaction temperature (433 K).
Spectra are recorded for at least 3 h. No differences were observed in the spectra as a function of
recording time or space velocity. For cell qualification experiments, a stainless steel tube (20 cm length,
4.60 mm ID) was used to substitute the polyimide tube. The catalyst loading was 0.01 g.

X-ray diffractograms were collected using a Bruker D8 ADVANCE diffractometer equipped with a Cu
anode. Powdered samples were spread onto a glass slide and scanned from 26 = 20 to 70 degrees.

X-ray photoelectron spectroscopy (XPS) experiments were performed in a Thermo Scientific Kalpha+
instrument equipped with an Al anode. Prior to the analysis, the samples were spread on a conductive
carbon tape. The electron flood gun was used to prevent charging of the samples. When so indicated,
Ar* sputtering was performed for 5 min. Pseudo-in-situ experiments were performed by pretreating the
catalyst in a liquid-phase flow reactor (described elsewhere3?) and transferring the catalyst from the
reactor to a vacuum transfer module inside a glovebox. The sample was then transferred into the
instrument without exposure to ambient air.

Temperature-programmed reduction (TPR) spectra were recorded using a Q600 TGA instrument. In
these experiments, the sample was placed in an alumina sample pan and 5 cm® mg! min of a 5% H,/Ar
mixture were flowed through the sample compartment. Following that, the temperature was ramped up
to 1073 K at 5 K min', while monitoring the weight of the sample.



Computational

Density Functional Theory (DFT) calculations were performed using the Atomistic Simulation
Environment (ASE)3 with the Vienna ab-initio simulation package (VASP, version 5.4.1).3*3” The Perdew-
Burke-Erzenhof exchange-correlation energy functional (PBE)® was used to model the valence electrons
and the core electrons were represented using the projector augmented wavefunction (PAW)
method.3¥° All calculations were spin-polarized and Gaussian smearing with an electronic temperature
of keT = 0.1 eV was used.

The lattice constants of the bulk structures were optimized using a conjugate gradient algorithm
implemented by VASP until the forces converged within 0.01 eV A™. The electron density at each ionic
step was determined self-consistently with an energy tolerance of 10 eV. A plane wave basis set using
an energy cutoff of 600 eV was used for all bulk structures. The Brillouin zone was sampled using a
Gamma-centered grid with 7x7x7 k-point mesh for Cu and NiO and 9x9x9 k-point mesh for Ni along the
reciprocal vector distances.

The surface was modelled by using a 3x3 three-layer Cu(111) extended surface, a Ni monolayer and an O
monolayer where the O atoms are located in the face-centered cubic (FCC) sites of the Ni layer. The
lower two layers were fixed to their bulk positions while other layers were allowed to relax. Periodic
slabs in the z-direction were separated by a vacuum space of ~6.5 layers (13.8 A). For the surface
structures, we used a self-consistency criterion of 10* eV, an energy cutoff of 400 eV, a k-point mesh of
3x3x1 and a geometry-optimization force-criterion of 0.05 eV A,

To determine the formal oxidation state of Ni on the surface, Bader analysis was performed using code
developed by Henkelman and coworkers.*#? Linear regression was used to correlate the formal
oxidation number with the Bader charge using metallic Ni and NiO as references. DFT and experimental
lattice constants are shown in Table S1.

Results and discussion

Ex situ measurements

Monodisperse NiCus NCs was synthesized by solvothermal method as reported in our previous
publication.?® To establish the structure of the as-prepared catalyst, a combination of X-ray techniques
was employed to analyze the NiCus/C catalyst under ambient conditions. Based on the X-ray absorption
near edge spectra (XANES), the white line height and the position of the edge in the Ni K edge and Cu K
edge indicate that both Ni and Cu are oxidized (Figure 1). This is consistent with the XRD and XPS results.
The XRD patterns (Figure S2) show the coexistence of CuO, NiO and Cu,0 phases, while the XPS Ni 2p
spectra show peaks consistent with NiO (Figure S3 and S4). The combination of the Cu 2p and Cu LMM
Auger peaks show that Cu in the sample is oxidized to CuO; the Cu 2p spectrum shows shakeup peaks,
consistent with CuO, while the Auger parameter is equal to 1850.6, also consistent with CuO.
Comparison of the Ni:Cu ratio before and after sputtering shows increased Cu content (Figure 2, as-
prepared), suggesting that the bulk is more Cu-enriched than the surface,*® probably due to the
formation of a Cu,0 bulk covered by a NiO shell. Given that the nanoparticles are only surface-oxidized
after their wet-chemical synthesis,? this suggests that the oxidation of the nanoparticles takes place
during the plasma and annealing treatment. The surface segregation of Ni might be ascribed to the
higher binding energy of O with Ni compared with Cu.*
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Figure 1: (A) Cu K edge and (B) Ni K edge XANES spectra of as-prepared NiCus/C catalyst.

In situ measurements

We monitored the reduction of the NiCus catalyst using TPR and in situ XAS. In the TPR spectrum (Figure
S5), two peaks were observed at 533 K and 573 K. We tentatively attribute this to the reduction of CuO,
followed by the reduction of NiO. This is consistent with the picture afforded by the XAS data (Figure 3).
We observe a rapid reduction of CuO between 413 and 453 K. Concurrent with this, a portion of the NiO
is also rapidly reduced to Ni. The rest of the NiO is slowly reduced as the temperature is increased to



300 °C. The lower reduction temperature observed in the TPR, compared to the XAS, could be ascribed
to the use of 5% H,/Ar in the former case, compared to pure H, in the latter.

These findings are also consistent with the synchrotron-based XPS results (Figures S6-S9). After
treatment of the samples at 473 K and 1.5 Torr H,, we observe (Figure S6) the disappearance of the
satellite peaks of Cu and the sharpening of the main Cu peak. Both phenomena are consistent with the
reduction of Cu?* to Cu*/Cu(0). Moreover, the observation of increased Cu/Ni peak ratio with increasing
incoming beam energy (and hence increased depth probing) is consistent with Cu in the core of the
nanoparticles and the Ni being on the surface. Furthermore, the Cu:0 and Ni:O ratios are decreasing
with increased depth probing, showing that the core of the nanoparticles is reduced, compared to the

oxidized surface.
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Figure 3: In situ XAS monitoring of the oxidation states of Cu and Ni during reaction. 1 atm H;, 1 cm3 mg* min%, ramp rate 5 K
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The fitting of the EXAFS spectra (Table 1) for the catalyst after reduction shows that the surface
segregation of the Ni is maintained, even after reduction at 673 K. The Cu atoms are diffused into the
bulk, having an average coordination number equal to 12, while the Ni atoms are coordinatively
unsaturated and have an average coordination number equal to 8.8 The relatively high Debye-Waller
factors (greater than 102 A2) reflect the increased thermal motion of the atoms in the catalysts as a
result of the high temperature of the catalyst during the scans.

Table 1: Fitting of the EXAFS of Ni and Cu edges after reduction at 673 K and simulated reaction conditions. No signal was
detected in the Cu-O coordination range.

Conditions Shell N R (A) AE (eV) 0?(x 10 A?)
Reduced at 673 K Cu-M 12.0+1.3 2.507+ 0.008 0.47 £0.98 166 £ 13
Simulated reaction Cu-M 122+1.1 2.527+ 0.006 3.02+0.88 989
Reduced at 673 K Ni-M 8.8+1.5 2.490% 0.012 2.96 £1.51 127 £ 20
Simulated reaction Ni-M 8.3+2.9 2.514+ 0.020 -6.03+2.84 75+ 35
Simulated reaction Ni-O 1.0+1.2 1.998+ 0.056 0+176

Operando measurements

Following the reduction, we simulated the HDO reaction conditions in situ by flowing furfuryl alcohol,
water and ethanol in a stream of hydrogen over the catalyst. Under these conditions, the Cu remains
reduced and fully coordinated, while the Ni is reoxidized. Linear combination fitting of the Ni K edge



gives an apparent oxidation state of the Ni equal to 0.32, corresponding to 16% NiO and 84% Ni (Figure
S10).

Given the size of the nanoparticles (15 nm), if one assumes that all the Ni is on the surface of the
nanoparticles, one can conclude that 28% of all Ni is on the surface. This suggests that surface Ni has an
oxidation state of +1 during the simulated reaction, which is consistent with the DFT calculations
presented in Figure S11. In Figure S11, the Bader charge calculated for Ni atoms on top of a Cu lattice,
covered by a monolayer of O, corresponds to a +1 formal oxidation state. Based on this, one would
expect a 14% Ni oxidation state in the XANES, which agrees very well with the 16% measured oxidation.
The formation of this structure could be due to the C-O bond scission of furfuryl alcohol or the
dissociative chemisorption of water on the Ni surface. Contrary to monometallic Ni surfaces,* there is
no multilayer NiO formation, possibly due to the underlying Cu being less electronegative than Ni.

This analysis, while informative, does not capture the phenomena during reaction. For this reason, it is
necessary to conduct operando XAS experiments under reaction conditions. This presented a challenge,
given the high absorptivity of carbonaceous materials (including the reactant solution) at the energy
range of the 3d edges (Table S 2). This ruled out the use of batch reactor cells used in the past for
operando investigations.*® Also, our initial attempts to use off-the-shelf glassy carbon tubes were
unsuccessful because transmission of Ni K edge X-rays (8333 eV photon energy) through a 10 mm
reactor tube was below the detection limit. Reactor cells previously used*” in the operando investigation
of 3d metal edges use 1 mm ID glassy carbon tubes. However, these tubes are made only on special
order and may cost up to $1000 per tube (30 cm length). Given the cost and the need to qualify the cell
prior to experimentation at the synchrotron, we determined that this would not be a viable solution.
Instead, we determined to use polyimide as material of construction. We used polyimide tubes (3.06
mm OD, 0.147 mm wall thickness) and placed them in a heated aluminum block. While their operating
range is narrower than that of glassy carbon tubes, it is enough to support the operating conditions (1
bar H; at 523 K, 20 bar H; at 453 K). We qualified the cell by using the impregnated Pt/C catalyst used in
past studies®® and comparing the yields to those achieved with the stainless steel reactor (Table S 3).
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The behavior of the NiCu catalyst is radically different under operando reaction conditions (Figure 4),
compared to the simulated reaction conditions. Consistent with the ex-situ experiments, Cu is
completely reduced at the end of the pretreatment at 250 °C, while the Ni is approximately 66%
reduced. However, during the reaction, both the Ni and the Cu are extensively re-oxidized (Figures 4a
and 4b, respectively). Based on the XANES linear combination fittings, the oxidation state of the Ni and
Cu in the sample gradually increases during the reaction and reaches approximately 78% NiO and 22%
metallic Ni, while the Cu in the sample is at that point 62% Cu,0 and 38% Cu.

Further evidence for the oxidation of Cu can be found in the fitting of the EXAFS region for a
representative spectrum (Figure 4d, 150 min and Table 2). The Cu-Cu coordination numberis 3.3+ 1.1,
consistent with metallic Cu being a minority species, while the Cu-O coordination number equaling 1.60
+ 0.52 is consistent with Cu,0 being the major Cu species. Moreover, the Cu-O bond distance (1.824 +



0.027 A) obtained from the fit is consistent with the Cu-O bond distance in Cu,O (1.848 A)*® and
inconsistent with the presence of CuQ, in which the distances between Cu and O atoms in the plane are
1.959 and 1.961 A.* The Ni K-edge also shows extensive Ni-O coordination, along with Ni-Ni scattering,
at a distance consistent with the second shell of an oxide phase.

Table 2: Fitting of the EXAFS of Ni and Cu edges under operando conditions after 150 minutes.

Shell N R (A) AE (eV) o?(x 10* A?)
Cu-M 33+1.1 2.542 £0.024 4.45+3.46 104 + 32
Cu-0 1.6+0.5 1.824 +0.027 56 + 49
Ni-M 1.6+0.5 2.542 -2.60 +1.49 104

Ni-M (2" shell) 12.2+4.4 | 3.012+0.020 196 + 43
Ni-O 6.8+1.1 2.053 +0.015 92+24

Consistent with the XAS, pseudo-in-situ XPS results show that the Ni is partially oxidized (Figure S3c). We
also note the absence of CuO in the Cu 2p XPS spectra (Figure S4c), as there are no shakeup peaks in the
spectrum, which are characteristic of Cu(ll). Furthermore, the surface segregation of the Ni persists after
reaction, based on the increased Cu:Ni ratio after sputtering of the catalysts with Ar* (Figure 2).

It is moreover clear from figure 4c that the oxidation state of the catalyst is increasing with the reaction
time. This seemingly contravenes thermodynamics, given that the predominant phase under 16 bar of
hydrogen pressure is metallic Cu. A probable reason for the shift in the chemistry is that O is deposited
onto the metal surface by HMF, via a C-O bond scission step, with O possibly diffusing into the bulk of
the nanoparticles. The formation of a multilayer NiO structure on top of Ni upon exposure to O; is well-
documented in the surface science literature.*> We believe that at mild reaction conditions, such as
those encountered in the gas-phase experiments (high ratio of hydrogen to water and oxygenates), the
presence of Cu underneath the Ni layer prevents the formation of a multilayer oxide structure.
Conversely, at harsh reaction conditions, such as those encountered in the liquid phase, the oxidation of
the catalyst is deeper than the surface layer, giving the Cu,0 structure observed in the XAS.

Conclusions

In this study, we investigated a highly active NiCu HDO catalyst under reaction conditions, using
operando X-ray absorption spectroscopy. We showed that the catalyst consists of a Cu-rich core and a
Ni-rich shell under all investigated conditions. After the plasma pretreatment, the catalyst consists of Ni
and Cu oxides. The subsequent treatment in hydrogen results in the sequential reduction of Cu and Ni in
the material. The reaction of furanics over the catalyst results in its reoxidation; gas-phase reactions
result in the formation of a monolayer of oxygen on the Ni surface, while liquid-phase reactions result in
the formation of bulk Cu,O phase.
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