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It is highly desirable but quite challenging to replace precious metals with cheaper elements in the cat-
alytic selective hydrogenation of unsaturated aldehydes. Herein, we report the preparation of a series of
Cu,Ni;_AlO, mixed-metal oxides (x = 0.5, 1, 2) derived from CuyNi3_,Al hydrotalcite to be used as cat-
alysts for the promotion of the selective hydrogenation of furfural (FAL) to furfuryl alcohol (FOL). It was
found that the catalyst with the Cu,Ni;AlOy stoichiometry exhibited the best performance, with 98% FAL
conversion and 99% selectivity toward FOL after 1.5 h at 120 °C and under a H, pressure of 1.6 MPa, and
also good reusability. On the basis of the combined results from catalyst characterization studies using
XRD, H,-TPR, TEM, XPS, and in-situ FT-IR, it was concluded that the CuOy species on the surface of the
CuxNis_»AlOy catalysts can be reduced in situ to metallic copper during reaction, and that this Cu® species
is likely the responsible for the adsorption and conversion of FAL. The addition of Ni to these mixed-metal
oxides helps disperse the Cu phase and hence make it easier to reduce and activate. It may also be that
NiO can promote H, dissociation to aid with the hydrogenation catalysis. Our work advances a new strat-

egy for the design of simple, cheap, and efficient catalysts for the hydrogenation of FAL to FOL.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

In a quest for clean and pollution-free energy sources, biomass
has become a promising candidate [1-3]. Some work has been
aimed at the use of biomass for direct energy generation, but addi-
tional interest has been directed at using specific building blocks
from biomass to produce other chemical of interest. Furfural
(FAL) in particular is an important platform compound derived
from lignocellulose that can be further converted into various
non-petroleum valuable chemicals such as methylfuran, methylte-
trahydrofuran, valerate esters, and ethylfurfuryl and ethyltetrahy-
drofurfuryl ethers [4,5]. These compounds are in turn used for the
direct or indirect synthesis of a variety of chemical products used
as pharmaceuticals and pesticides, and in other fine chemicals
applications [6,7].

Furfuryl alcohol (FOL) is one of the most desirable products
from the selective hydrogenation of FAL (Scheme S1). Numerous
monometallic and bimetallic catalysts have been tested for this
process, including catalysts based on Ru, Pd, Pt, Ni, Cu, Pd-Cu and
Pt-Cu [8-11], but, to date, those mostly include at least one noble
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metal. Indeed, Pt-based catalysts have been widely used in the
selective hydrogenation of unsaturated aldehydes in general
because of their excellent catalytic activity under mild reaction
conditions [12-17]. Unfortunately, those metals are scare and
costly; it would be desirable to find alternative materials for these
processes.

In recent years, some non-noble metal catalysts have been suc-
cessfully tested for the hydrogenation of FAL to FOL, the most com-
mon of which are Ni- and Cu-based. Although Ni-based catalysts
exhibit relatively good catalytic performance [18-20], there are
some issues that limit their application: metallic Ni is too active
and tend to dehydrogenate and decompose the reactants, and it
is difficult to store the catalyst in a way that avoids its oxidation.
Cu-based catalysts such as CuCr,04 show good activity as well,
but are not environmentally safe due to the poisonous nature of
the Cr species. In order to get around this problem, researchers
have tried chromium-free Cu-based catalysts such as Cu/C [21],
Cu/Al,05 [22] and CuAl,04 [23], but on the whole, the catalytic effi-
ciency of those Cu-based catalysts has proven to be low. Effectively
improving the catalytic efficiency of Cu-based catalysts still
remains a challenge.

Another problem is that both Ni- and Cu-based catalysts require
relatively harsh conditions such as high reaction temperatures and
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H, pressures for their operation, adding to the operational cost of
the process and incorporating certain safety hazards. Moreover,
most of the catalysts developed so far require pre-reduction treat-
ments, which not only prolong the reaction process but also con-
sume energy. Prior to this, there were some reports on the use of
Cu-Ni alloy catalysts in the selective hydrogenation of furfural
[24-26]. Facts have shown that the formation of Cu-Ni bimetallic
alloy catalysts is indeed beneficial to the improvement of catalytic
activity compared to Cu or Ni single-metal catalysts, but the condi-
tions for forming alloys are relatively harsh. With that in mind, the
primary goal of this work has been to design a catalyst based on
unalloyed non-noble metals with high catalytic efficiency and
operability for catalytic hydrogenations under relatively mild reac-
tion conditions.

Several steps are involved in the hydrogenation of carbonyl-
containing products such as FAL, and it is not always easy to find
a simple catalytic phase that can promote all in an optimal way.
For selective hydrogenations in particular, there is a need to have
one type of sites that efficiently dissociate hydrogen molecules to
produce adsorbed hydrogen atoms and another that helps incorpo-
rate those H atoms into the unsaturated bonds of the reactant in a
selective way. Single atom alloy (SAA) catalysts, where an active
diluted metal such as Pt is used for the H, activation and a second,
milder, metal such as Cu is employed to carry out the hydrogena-
tion steps, have proven a promising solution [14,27]. However, in
the case of Cu- and Ni- based catalysts, oxidation of the surface
is always a potential issue. For catalysts inspired on the SAA idea
to be successful, a way to stabilize the active metallic phase is
required.

Inspired by these ideas, a series of CuyNi;_,AlO, mixed-metal
oxides (MMO) derived from hydrotalcite were designed and devel-
oped for the hydrogenation of FAL to FOL. It was found that with
such catalysts the reaction can be operated under relatively mild
reaction conditions, and that the catalyst can be used as prepared,
without any pre-treatment. With the aid of results from using var-
ious experimental characterization techniques, a reaction process
is proposed where highly dispersed CuO species on the surface of
the catalyst can be reduced in situ to form and stabilize the Cu®
species that adsorb and selectively hydrogenate FAL to FOL.

2. Experimental
2.1. Materials

Copper (II) nitrate trihydrate (Cu(NOs),-3H,0) was purchased
from Basf Chemical Limited Company (Tianjin, China). Nickel (II)
nitrate hexahydrate (Ni(NOs),-6H,0) and FAL were obtained from
Guangfu Fine Chemical Research institute (Tianjin, China). Alu-
minum nitrate nonahydrate (Al(NOs);-9H,0) was bought from
Kemiou Chemical Reagent Co. Ltd. (Tianjin, China). Sodium carbon-
ate anhydrous (Na,CO3) and 1-octanol were got from Tianli Chem-
ical Reagent (Tianjin, China). Sodium hydroxide (NaOH) was
purchased from Tianda Chemical Reagent Factory (Tianjin, China).
Isopropanol was purchased from Fuyu Fine Chemical Reagent
(Tianjin, China). FOL was obtained from Zhanyun Chemical Reagent
(Shanghai, China). All of them were of analytical grade purity and
used as received without further purification.

2.2. Catalysts preparation

The CuyNis_xAl-LDH (layered double hydroxides) aluminum-
only hydrotalcites were synthesized by a co-precipitation method.
Typically, Cu(NOs),-3H,0, Ni(NOs3),-6H,0 and Al(NO3)3-9H,0 were
dissolved in 100 mL deionized water in 0:3:1, 0.5:2.5:1, 1:2:1,
2:1:1 or 3:0:1 Cu/Ni/Al molar ratios (for x =0, 0.5, 1, 2, and 3,
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respectively) and total metal concentration of 0.15 mol/L to get
the initial Solution A. NaOH and Na,CO3; were dissolved in
100 mL deionized water to get Solution B, in which the molar con-
centration of NaOH is 1.8 times that of all metal cations, and the
molar concentration of Na,CO; is twice that of ALI**. Solution B
was then added slowly into Solution A while stirring at 500 rpm
until the pH value of the mixed solution reached 9.5 + 0.2. The
resulting suspension was aged at room temperature for 24 h, then
filtered and washed several times with deionized water until the
pH of the filtrate was 7.0. The resulting precipitate was dried at
80 °C overnight to obtain the Cu,Nis;_xAl-LDH hydrotalcites. They
were put in crucibles and calcined to 500 °C for 4 h at a heating rate
of 2 °C/min under air to obtain the final Cu,Ni;_,AlOy mixed-metal
oxides which we here denote as CuyNi;_4AlOy (x =0, 0.5, 1, 2, 3)
according to their Cu/Ni/Al molar ratio.

2.3. Catalyst characterization

The X-ray diffraction (XRD) measurements were performed on a
Rigaku D/max - IIIB diffractometer using a Cu Ko radiation (4 = 1.
5418 A) source operated at 40 kV and 20 mA. The patterns were
recorded from 20 = 5° to 20 = 80° at steps of 0.02°. The N, adsorp-
tion desorption isothermals were measured at 77 K using a Micro-
metrics Tristar II 3020 analyzer, and the specific surface areas were
calculated using the Brunauer-Emmett-Teller (BET) method. The
samples were degassed under vacuum at 150 °C for 8 h before
analysis. X-ray photoelectron spectroscopy (XPS) and Auger elec-
tron spectroscopy (AES) data were acquired using a Kratos-AXIS
ULTRA DLD system with a monochromatic Al Koo X-rays source.
All binding energies (BEs) were referenced to a C 1s BE value of
284.6 eV for adventitious carbon. The contents of Cu, Ni and Al
were determined by inductively coupled plasma-optical emission
spectrometry (ICP-OES), using a PerkinElmer Optima 7000DV ana-
lyzer. Before each ICP-OES test, a weighted amount of the sample
was dissolved in aqua regia and diluted with water. Transmission
electron microscopy (TEM) analysis was carried out on a JEOL
model JEM-2100 electron microscope with an acceleration voltage
of 200 kV.

Two types of H, temperature programmed reduction (H,-TPR)
experiments were performed on a Tianjin XQ TP5080 instrument
with a thermal conductivity detector (TCD), with fresh and once-
used samples, respectively. In a typical H,-TPR experiment,
20 mg catalyst was first pretreated at either 300 or 120 °C for
30 min and in a stream of either O, (fresh sample) or He (the sam-
ple used once) flowing at a rate of 30 mL/min and then cooled
down to 30 °C under the same conditions. Afterward, the sample
was heated from 30 °C to 800 °C at a rate of 10 °C/min in a stream
of 5% Hy/N; gas at a rate of 30 mL/min.

The dispersion of Cu was measured by a reduction-oxidation-
reduction method. First, 20 mg of fresh catalyst was pretreated
for 30 min at 120 °C in a He atmosphere and then cooled to room
temperature in the same He gas in order to remove water and
other impurities adsorbed on the surface. Afterward, the sample
was heated from 30 °C to 350 °C at a rate of 10 °C/min in a stream
of 5% H,/N, gas with a flow of 30 mL/min, then cooled down to
room temperature (during which the H, consumption was
recorded as A;). Third, the catalyst was oxidized with 0.8% N,O/
N, gas at 50 °C for 1 h and then cooled down to room temperature.
Finally, the sample was heated from 30 °C to 350 °C at a rate of
10 °C/min in 5% Hy/N, gas with a flow of 30 mL/min and then
cooled to room temperature (during which the H, consumption
is recorded as A;). The Cu dispersion was calculated by using the
formula:

Cu dispersion = [2A,/A1] x 100% (1)
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In situ FT-IR measurements of FAL adsorption were performed
using a Nicolet 6700 FTIR spectrometer equipped with a diffuse
reflectance (DRIFT) cell (Harrick) and a mercury-cadmium-
telluride (MCT) detector cooled by liquid N,. The samples were first
purged in N, at 200 °C for 30 min. After cooling to 25 °C under a
continuous flow of N, a DRIFT background spectrum was col-
lected. Subsequently, FAL was introduced into the cell at 25 °C with
the aid of a stream of N: the surfaces of the catalysts were exposed
to the vapor of FAL carried out by the N, stream for 60 min, after
which the cell was purged with pure N, for another 30 min to
remove any physisorbed FAL. Finally, a second DRIFT spectrum
was collected. The final traces were obtained by ratioing the sec-
ond (sample) spectrum by the first (background). 32 scans were
added during the acquisition of each spectrum.

2.4. Hydrogenation of FAL to FOL

Catalytic FAL hydrogenation runs were performed in a 100 mL
stainless steel high-pressure reactor with a Telfon liner. The cata-
lyst (0.0500 g), furfural (0.2525 g) and isopropanol (15 mL) were
loaded into the reactor, and the mixture was purged five times
with H, after sealing the reactor volume to remove any residual
air trapped inside the reactor. The reactor was first filled with some
H, and heated to the predetermined temperature (80-140 °C),
after which the H, was adjusted to the final desired pressure
(1.0-1.8 MPa). After reactions, the reactor was cooled down to
room temperature in water, and the liquid products were analyzed
by gas chromatography (BFRL SP-3420A, China) using a HP-5 col-
umn (30 m x 0.32 mm x 0.25 pm) and a flame ionization detector
(FID). A fixed small amount of 1-octanol was added to the liquid
samples as an external standard. In the recyclability tests, the cat-
alyst was reused after washing it with isopropanol and water and
drying it overnight in a vacuum oven. Catalytic activities were esti-
mated in terms of furfural consumption rates using the formula
[28]:

{[FAL], — [FAL],} x V

Reactioncrate =
Meatalyst ¥ €

(2)

where [FAL], and [FAL], correspond to the initial concentration of
furfural and that at reaction time t (h), respectively; V represents
the solution volume, and mcyqys: represents the mass of the catalyst.
An experimental error of less than + 5% was estimated in all the
activity tests. Turnover frequency (TOF) was here defined by equa-
tion (3) [29]:

FOLiciged

TOF= ———————
t(mcatalystX/M)D

3)
Where FOLyi4eq is the amount of FOL produced (in moles), t is the
reaction time (h), Mcgays: is the amount of catalyst (g), X is the Cu
content in the catalyst (wt.%), D is the Cu dispersion (%), and M is
the molar weight of Cu (M = 63.5 g/mol).

3. Results and discussion
3.1. Textural properties

A series of CuyNiz_AlOy (x = 0, 0.5, 1, 2, 3) mixed-oxide cata-
lysts was prepared by using the corresponding CuyNis_xAl-LDH
hydrotalcite compounds as precursors. As displayed in Table 1,
the actual Cu/Ni/Al atomic ratios in the CuxNis_xAlO, catalysts
measured by ICP are quite close to their corresponding theoretical
value.

The XRD patterns of all CuyNis_xAl-LDH precursors, shown in
Fig. S1, display characteristic diffraction peaks at 20 = 11.5, 23.1,
35.0,39.2, 47.5, 61.1, and 62.4°, which are identified here as corre-
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sponding to the (003), (006), (012), (015), (018), (110), and
(113) crystal planes of hydrotalcite-like compound (JCPDS 15-
0087/37-0630) [30], respectively. The XRD patterns of NisAlOy
and Cu3AlOy, on the other hand, present characteristic diffractions
peaks at 20 = 37.5, 43.5 and 63.5°, belonging to the NiO phase
(JCPDS 75-0197), and at 20 = 35.5, 38.8 and 48.7°, associated with
the CuO phase (JCPDS 89-5899) (Fig. 1A). It is noteworthy that only
characteristic diffraction peaks for NiO, and not CuO, are observed
with CugsNi; 5AI0y and Cu;Ni»AlOy, indicating that CuO species, if
present in those catalysts, are either highly dispersed or in non-
crystalline form. On the other hand, mixed phases of CuO and
NiO are clearly observed in the XRD patterns of Cu,Ni;AlOy. More-
over, the intensity of the diffraction peaks attributed to NiO
decreases gradually with increasing Cu content. The XPS results
reported in Fig. S2 indicate that both Cu and Ni in the fresh catalyst
are mainly in oxidized (CuO and NiO) form, consistent with the
XRD results.

Results from isothermal N, adsorption-desorption experiments
on the CuyNi;_xAlO, samples show a typical IV isotherm shape
with an H2 hysteresis loop, except for the Cu3AlO, sample, which
displays an H3 hysteresis loop instead (Fig. 1B); the latter may
reflect a different pore shape after calcination. As displayed in
Fig. 1C, the pore diameter of all samples calculated from those iso-
therms cover a range from 2 nm to 50 nm, as expected from meso-
porous structures derived from nanoparticles accumulation. The
BET surface areas were found to increase in the Cu-Ni mixed-
oxide samples with increasing Ni content, but to decrease slightly
for the Ni-only sample (Table 1).

3.2. Catalyst reducibility

H,-TPR experiments were carried out to evaluate the reducibil-
ity of the CuyNis_xAlO, catalysts; the results are displayed in
Fig. 1D. For Ni3AlOy, only one wide reduction peak is observed
around 525 °C, associated with the reduction of the NiO species
[31]. With the CuyNi;_xAlOy and CusAlOy catalysts, by contrast,
several peaks are seen below 320 °C, assigned to the progressive
reduction of the CuO species to Cu® [32,33]; the low-temperature
(214/218 °C) peak is attributed to the reduction of highly dispersed
surface CuO species on the catalyst, whereas the feature seen at
medium temperatures (about 225-247 °C) may be associated with
reduction of CuO clusters, and the peak at higher temperatures
(>270 °C) to the reduction of crystallized CuO species. Specifically,
with Cug5Ni; 5A10y, only reduction of highly dispersed surface CuO
is seen, at 214 °C (together with a peak at 480 °C due to reduction
of NiO species). As the copper content increases, the CuO reduction
peak shifts to high temperatures and becomes broader, suggesting
the formation of CuO clusters, and even some crystallization. These
results are in good agreement with the XRD results (Fig. 1A), and
suggest that the mixed NiO phase may help with the reduction
and dispersion of the Cu phase.

The extent of reduction was also calculated from the data in
Fig. 1D by performing a peak fitting and integration; the results
are reported in Fig. S3 and Table S2; the peaks for highly dispersed
CuO species, CuO clusters of different sizes, and CuO species with
various crystallinities were denoted as o, B-5 and &-0, respectively.
In general, the total H, consumption increases with increasing cop-
per content, but the nature of the species being reduced evolves as
the Ni-to-Cu ratio varies. Given that the higher the reduction peak
temperature the larger the particle size, it can be concluded that
the CuO species are highly dispersed and have small size clusters
in the CugsNi; 5AI0y and Cu;Ni,AlO, catalysts but form larger clus-
ters with different particle sizes in the Cu,Ni;AlOy catalyst. More-
over, in the CusAlO, catalyst, the majority of the copper is in the
form of crystallized CuO species; its reduction temperature is the
highest, and it is the most difficult sample to reduce.
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Table 1
Physical properties and catalytic activity of the CuxNiz_,AlOy catalysts.
Entry Catalysts Sger (M?/g) Actual atom ratio (Cu/Ni/Al) ¢ Conversion (%) © Selectivity (%) © Yield (%) © TOF (h™ 1)
1 CusAlOy ? 66 3.10/0/1 31 7.8 24 11
2 Cu,Ni;AlOy © 79 1.94/0.94/1 90 82 74 14
3 CuyNiAIO, * 128 1.00/1.89/1 60 88 53 8.2
4 CugsNiy sAIO, 175 0.50/2.28/1 34 54 18 5.0
5 Ni3AlOy * 115 0/2.76/1 25 34 0.85 -
6 CuzNilAlOy‘J 79 1.94/0.94/1 9.6 8.3 0.80 0.20
7 Cu,Ni;AlO,° 79 1.94/0.94/1 98 99 97 18
Reaction conditions: FAL (0.2525 g), catalyst (50 mg), isopropanol (15 mL), 1.5 h.
2 H, (1.4 MPa), 110 °C.
> N, (1.6 MPa), 120 °C.
¢ H, (1.6 MPa), 120 °C.
4 Actual bulk atom ratio of Cu/Ni/Al was measured by ICP-OES.
¢ Experimental error < * 5%.
f Yield = Conversion of FAL x Selectivity of FOL.
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Fig. 1. (A) XRD patterns, (B) N adsorption-desorption isotherms, (C) Pore size distribution and (D) H,-TPR profiles obtained with the Cu,Ni;_,AlO, catalysts (a: NizAlOy, b:

CugsNiz5A10y, c: CuyNizAlOy, d: Cu,Ni;AlOy, e: CusAlOy).

3.3. Catalytic hydrogenation performance

3.3.1. Catalytic activity over Cu,Nis_,AlO,

Next, we examined the catalytic activity of the CuxNiz_xAlOy
catalysts. A summary of the results is provided in Table 1, in the
form of total conversion and selectivity toward FOL production
after 1.5 h at 110 °C and under a H, pressure of 1.4 MPa (additional
conditions are indicated in the footnotes of Table 1). Some conver-
sion was seen with the Cu3AlO, and Ni3AlO, catalysts, but signifi-
cantly better performance was obtained with the CuxNiz_xAlOy
samples. As listed in Table S1, we replaced H, by N, to investigate
the catalytic performance of the Ni3AlO, and CusAlO, catalysts

423

under the same conditions above. The results showed similar activ-
ity regardless of either in H, or N, atmosphere over the NizAlOy
catalyst. Therefore, we believe that what happens on the surface
of the Ni3AlO, catalyst is a hydrogen transfer reaction [34,35]. It
can be seen from Table S1 that the activity of the CusAlOy, catalyst
under N, atmosphere is significantly lower than that of the reac-
tion in Hy, and there is no formation of FOL. This indicates that
the hydrogenation reaction mainly occurs rather than the hydro-
gen transfer reaction on the Cu3AlO, catalyst. In addition, higher
activity and selectivity were observed as the Ni content was
decreased, with the Cu,Ni;AlO, catalyst exhibiting the best cat-
alytic activity: a 90% FAL conversion of FAL with 82% FOL selectiv-
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ity was measured in that case. A slightly better selectivity was
obtained with Cu;Ni,AlOy, but the difference is not large, and
comes at the expense of a decrease in total activity. We also tested
the conversion to FAL and distribution of FOL with reaction time
over the CuyNi3_,AlOy catalysts. As shown in Fig. S4, we can find
that the conversion and selectivity of all the catalysts in the first
hour are relatively low, and the conversion of FAL and selectivity
of FOL increase sharply with reaction time after 1 h over all the
CuxNi;_4AIOy catalysts. In addition, we performed the reactions
by using benzene to replace isopropanol under N, over NizAlOy
and CusAlOy, respectively. It is observed that nearly 11% conversion
to FAL is obtained without formation of FOL, and the color of solu-
tion becomes dark. So, we think FAL may be polymerization itself
under the such reaction conditions of high pressure and
temperature.

On the basis of the conversion data in Table 1 and the Cu disper-
sion information available from the characterization of the Cuy-
Ni;_xAlOy catalysts, initial TOF values were estimated for the FAL
hydrogenation reaction (Table 1, last column). The TOFs are
ordered, from high to low, following the Cu;Ni;AlOy (14 h™') > Cu;-
NiAIOy (8.2 h™") > Cug5Niy5AlO0y (5.0 h™') > CusAlOy (1.1 h™'), it
can be seen that the TOF value of the Cu;Ni;AlOy catalyst is 12.7
times higher than that of the Cu3AlO, sample, an observation that
points to the beneficial effect of the added Ni in the mixed-oxide
samples. The mixed oxide catalysts perform much better in terms
to the weight of the catalyst used as well: the reaction rate over
Cu,Ni;AlOy (32 mmol-g~'h™') is 2.9 times higher than that over
CusAlOy (11 mmol-g 'h™").

3.3.2. Effect of reaction conditions over Cu,Ni;AlO,

We also investigated the effects of reaction temperature, reac-
tion time, and H, pressure on activity over the Cu,Ni;AlOy catalyst.
As expected, the conversion of FAL increases gradually with
increasing reaction temperature from 80 °C to 120 °C, but, interest-
ingly, so does the selectivity toward FOL production (Fig. 2A); only
after reaching 140 °C did both activity and selectivity started to
decrease, possibly because of catalyst poisoning from reactant
decomposition. Similar trends were seen at a fixed set temperature
as a function of either reaction time (Fig. 2B) or H, pressure
(Fig. 20).

3.3.3. Reusability of Cu,Ni;AlO,

The reusability of the Cu;Ni;AlOy catalyst for FAL hydrogenation
was briefly tested. After every run, the catalyst was washed with
isopropanol and water to remove the organics adsorbed on the sur-
face of catalyst, and dried overnight in a vacuum oven. Fig. 2D
shows how the Cu,Ni;AlOy catalyst retains most of its activity
and selectivity after three runs.

3.4. Characterization of the catalysts after reaction

3.4.1. Reaction under N, atmosphere

To test that the hydrogen atoms in the FAL hydrogenation come
from H, and not via a hydrogen transfer reaction from isopropanol
(the solvent) [28], a reaction was run under a N, atmosphere: vir-
tually no activity was detected in that case (Table 1, Entry 6), con-
firming that this is a H, driven reaction.

3.4.2. XRD patterns after reaction

The Cu,Ni;AlOy catalyst was also characterized by XRD after
treatment under different conditions, including by imitating the
activity tests but without the addition of FAL. As shown in
Fig. 3A, exposure to a mixture of N, + isopropanol leads to virtually
no changes in the structure of the fresh catalyst: neither N, nor iso-
propanol are capable of reducing the CuO species to Cu®. In another
experiment, isopropanol was replaced with xylene, a non-reducing
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and high-boiling-point (>120 °C) solvent that is also inert in the
presence of H,: the crystalline structure of the Cu,Ni;AlOy catalysts
is basically the same after exposures to the H, atmosphere in both
solvents: the characteristic diffraction peaks at 20 = 35.5 and 38.8°
seen with the fresh sample, corresponding to CuO (PDF JCPDS 89-
5899), are replaced by new features at 20 = 43.5, 50.5 and 74.1°,
which are associated to Cu® (PDF JCPDS 89-2838). On the other
hand, the characteristic diffraction peak at 26 = 37.5° attributed
to NiO (PDF JCPDS 75-0197) is still observed. This indicates that,
regardless of the nature of the solvent (isopropanol or xylene),
the CuO species can be reduced to Cu® in situ at 120 °C under a
1.6 MPa H, atmosphere in 1.5 h. All these results confirm that, in
addition to serving as the hydrogen donor for FAL hydrogenation,
H, also acts as a reducing agent for the CuO species.

All the five samples were also characterized by XRD after reac-
tion. The results are shown in Fig. 3B, with the once-used CuyNiz_x-
AlOy catalysts denoted as CuyNi3_xAlOy-1. The spectra from
CugsNiy 5A104-1 and Cu;NiAlOy-1 display mainly the characteris-
tic diffraction peaks of NiO; those from Cu phases are not dis-
cernible, perhaps because of the low amount of CuO in these
catalysts, and/or because any reduced Cu® species may be highly
dispersed on the surface of the catalyst (a conclusion confirmed
by XPS and AES below). This result also reiterates the fact that
NiO cannot be reduced in situ under the reaction condition. With
Cu,Ni;AlOy-1, similar peaks to those observed with the previous
samples are detected, but they are weaker and broader. It appears
that in this case there is less crystallinity, and much of the NiO
phase is in the form of small crystallites (no CuO-containing crys-
tallites are seen). Complementary H,-TPR data obtained for this
catalyst after having used it once (Cu,Ni;AlOy-1) show a reduction
peak at 214 °C (Fig. S5), demonstrating that the dispersed CuO spe-
cies in Cu,Ni;AlOy are only partially reduced after reaction,
although the low value of this temperature also indicates that
the unreduced CuO species are re-dispersed on the catalyst surface
during reaction. We conclude that, under reaction conditions
(110 °C, 1.4 MPa H,, 1.5 h), any CuO clusters (the peaks
at < 250 °C, see H,-TPR in Fig. S3) can be reduced at least in part
in situ during reaction, but that the large CuO crystallites
(>265 °C in the H,-TPR in Fig. S3) cannot. Finally, in the case of Cus-
AlOy, no obvious changes are seen after versus before catalysis: the
copper species still remain in the form of CuO. An important con-
clusion from these observations is that the NiO phase appears to
aid in the copper reduction process.

3.4.3. XPS of catalysts after reaction

XPS characterization of our CuyNis_xAlO, catalysts used once
(CuyNiz_»AlOy-1) was carried out as well (Fig. 4A). The traces in
the 930-937.5 eV binding energy (BE) XPS region, which corre-
spond to Cu 2ps), photoelectrons [36], were fitted to two charac-
teristic peaks, of which the feature at BE = 932.0 eV comes from
the low oxidation state species (Cu® and/or Cu") [37], and the
one at BE = 934.5 eV is assigned to the Cu?* species [36]. In addi-
tion, the satellite peak seen at BE = 942.5 eV also belongs to Cu®*
species [38,39]. Spectra for the Cu LMM AES were also acquired
to carry out a more definitive oxidation state assignment
(Fig. 4B). Two peaks were again extracted by peak fitting from
the traces in the of 905-925 eV kinetic energy (KE) range, charac-
teristic of Cu® (KE = 917.6 eV) and Cu" (KE = 913.8 eV) species [40].
The detection of significant intensities for the Cu® and Cu* species
clearly indicates that the original CuO species on the surface of
these catalysts are reduced in situ to low-oxidation-state copper
species during reaction. Further quantitative analysis of the inten-
sities of all these XPS and AES features, summarized in Table 2,
shows that much of the copper in the used mixed-oxide samples
is in fact in metallic state, and that both the absolute coverages
and the fractions of Cu in zero and +1 oxidation states (relative
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Fig. 3. (A) XRD patterns of the Cu,Ni;AlOy catalyst after different treatments: a: fresh catalyst; b: N, + isopropanol; c: H, + isopropanol; d: H, + xylene (Treatment conditions:
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Cu;Ni;AlOy-1, e: CusAlO,-1 (Reaction conditions: 0.2525 g FAL, 50 mg catalyst, 15 mL isopropanol, 110 °C, 1.4 MPa H,, 1.5 h).

to the total amount of Cu) increase with decreasing Ni content (the
latter trend being less pronounced); the Cu,Ni;AlOy-1 sample has
the most surface Cu® species among these catalysts. With the Cus-
AlOy-1 catalyst, however, a much smaller fraction of the CuO spe-
cies can be reduced to Cu® species in situ during the reaction. We
speculate that this may be due to the higher crystallinity of the
CuO species and the larger particle size in the Cu-only solid, as con-
firmed by the XRD results (Fig. 3B); such large CuO crystallites are
difficult to reduce in situ, a conclusion also consistent with the H,-
TPR results (Fig. 1D). It is important to highlight that one role of the

425

NiO component in our catalyst is to help keep the initial CuO
domains small, aiding in this way with their reduction. It may be
that NiO also aids with H, dissociation, as reported in other con-
texts [41], and therefore with the copper oxide reduction as well
as with FAL hydrogenation steps.

Cu® species have been reported to facilitate the formation of FOL
from FAL hydrogenation by favoring adsorption via the oxygen
atoms [42-44]. With this in mind, in Fig. 4C we have plotted the
conversion of FAL against the amount of Cu® on the catalyst surface
in search of any meaningful correlation. It can be seen in that figure
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Table 2

Surface elemental composition of the CuyNis_,AlO, catalysts after being used once for catalysis.

Samples Surface composition (at%) (Cu® + Cu®)/Cu (%) ° Cu®/(Cu® + Cu*) (%) ° Surface Cu® coverage (%)
Cu Ni Al 0

CugsNiz sA10,-1 3.66 25.61 16.66 54.07 69.8 60.0 1.53

Cu;NiAlOy-1 4.36 16.92 25.87 52.85 74.0 64.5 2.08

Cu,Ni;AlOy-1 5.32 8.92 33.59 52.17 71.4 67.1 2.55

Cu3AlOy-1 10.44 - 44.98 44.58 23.5 51.5 1.27

3 (Cu® + Cu*)/Cu surface atom ratio calculated from the XPS data.
b Cu®/(Cu® + Cu*) surface atom ratio calculated from the AES data.

¢ Surface Cu® coverage = Cu surface composition x [(Cu® + Cu*)/Cu] x [Cu®/(Cu® + Cu*)].

that, indeed, there is a close linear relationship between the two
parameters, with the extent of FAL conversion increasing with
the amount of Cu® atoms exposed. This corroborates that the Cu®
species on the surface of the catalyst may play a central role in
the hydrogenation of FAL. We also investigated the effects of the
surface Cu” species on the catalytic activity of the CuxNiz_xAlO,
catalysts, and the results are shown in Fig. S6A. The Cu® species
on the catalyst surface is positively correlated with the FAL conver-
sion, which indicates that the Cu* species may be beneficial to the
FAL hydrogenation reaction.

As shown in Fig. S2B and S7, we can find that the binding energy
and peak shape of the NiO species on the used CuyNi;_,AlOy cata-
lysts do not change significantly compared with the fresh Cuy-
Ni;_,AlOy catalysts (Fig. S2B). In addition, no signal for Ni° (BE =
852.5 eV) [45,46] was detected in any of the catalysts used in this
study; clearly, the NiO species in these catalysts cannot be reduced
in situ during reaction. Moreover, the amount of NiO species on the
surface of the CuyNi;_xAlOy-1 catalysts is negatively correlated
with the conversion of FAL (Fig. S6B), so surface NiO species does
not directly contribute to the catalytic activity.

3.4.4. TEM images of catalyst after reaction

The structure of the Cu,Ni;AlOy catalyst used once (Cu,Ni;AlOy-
1) was further characterized by electron microscopy. The TEM
(Fig. 5A) and high-resolution TEM (HRTEM) (Fig. 5B) images show
typical NPs with lattice distances of 0.21 and 0.24 nm, correspond-
ing to the (111) planes of Cu and NiO, respectively. Furthermore,
the selected area electron diffraction (SAED) pattern in Fig. 5C
show three regular diffraction rings assigned to the (111) crystal
plane of NiO (20 37.5°), the (111) crystal plane of Cu
(20 = 43.5°), and the (220) crystal plane of NiO (20 = 63.5°); these
results are consistent with the XRD results (Fig. 3A). High-angle
annular dark-field scanning TEM (HAADF-STEM) imaging
(Fig. 5D) and energy dispersive X-ray spectroscopy (EDS) mapping
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(Fig. 5E-H) also reveal the homogeneous distribution of the ele-
ments (Cu, Ni, Al, and O) in the Cu,Ni;AlOy-1 catalyst; the two
Cu and Ni phases seem to be well intermixed, an arrangement ben-
eficial for the promotion of the FAL hydrogenation.

3.4.5. In situ FT-IR spectra of FAL adsorption

In situ FT-IR spectroscopy was used to determine the adsorption
mode of FAL on the surfaces of our catalysts (Fig. 6). In all cases,
strong peaks are seen in the 1600-1720 cm™! region associated
with C = O stretching modes in FAL [47-49]. With the fresh Cus-
AlOy, Cu,Ni;AlOy, and Ni3AlOy catalysts (Fig. 6A), the main feature
is centered at 1670, 1664, and 1673 + 1679 cm™ ', respectively, and
all the spectra show a second blue-shifted feature at 1693 cm™".
Once the catalysts are used, their capacity for adsorption decreases,
and consequently the intensity of the adsorbed FAL IR peaks
decreases in absolute terms (notice the change of scale in
Fig. 6B). We think that the redispersion of the Cu® species obtained
by in-situ reduction on the surface of the catalyst, covering NiO
and other species, which leads to a decrease in the adsorption
capacity to FAL derived from NiO of the Cu,Ni;AlOy catalyst. Nev-
ertheless, some FAL uptake is still detected, manifested by the
same strong band at 1670 cm™! and the second weaker one at
1695 cm~! with both Cu;Ni;AlOy-1 and Cu3AlOy-1 catalysts. The
similarity of the spectra obtained with the two used catalysts,
and the significant differences seen between those and the one
recorded with fresh Ni3AlO, (in which the C = O main peak is split
and blue-shifted, and where the 1693 cm™! feature is much more
intense in relative terms, compared with the main peaks), suggests
adsorption on the Cu phase. Moreover, the frequency values and
relative intensities reported in Fig. 6 indicate an adsorption geom-
etry on Cu® with the carbonyl bond oriented perpendicular to the
surface, likely via the oxygen atom; this adsorption geometry is
typical of oxygenates on coinage metals, as reported before, and
is what justifies the high selectivity exhibited by Cu surface toward
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hydrogenation at the carbonyl group [50-54]. The peaks are much
more intense on Cu,;Ni;AlOy-1 than on CusAlO,-1, but that differ-
ence is easily explained by the larger amount of Cu® atoms exposed
in the former case, as indicated by the XPS/AES data in Table 2. It
may be that this high FAL adsorption capacity is one of the reasons
that make Cu;Ni;AlOy-1 such an active catalyst for its hydrogena-
tion. Therefore, we think the main adsorption sites is the Cu® spe-
cies obtained by in-situ reduction on the Cu,Ni;AlOy-1 catalyst
surface instead of the NiO or other species.

On the basis of the results from all of these post-catalysis char-
acterization experiments, the different activity seen with the vari-
ous CuyNi;_,AlO, catalysts can be explained mainly by the
differences in the amount of CuO species on the catalyst reduced
to Cu® in situ during reaction. As indicated by the H,-TPR data in
Fig. S3, the Cu species associated with the three o, B, and y peaks
can be fully reduced at relatively low temperature, and even the
oxide associated with peak & can be partially reduced by H,
in situ during the reaction process. Moreover, the interaction
between CuO and NiO appears to enhance the dispersion of the
copper species on the catalyst, and with that reduce the crys-
tallinity and particle size of the CuO species. This lower crys-
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tallinity and smaller particle size make the CuO species on the
catalyst surface easier to reduce in situ under reaction conditions.
The data from the isothermal adsorption-desorption experiments
further indicate that the addition of nickel increases the specific
surface area of the catalysts, and a larger specific surface area is
also conducive to a higher dispersion of the Cu species. All of these
effects are maximized in the Cu,Ni;AlOy-1 catalyst, which exhibits
the largest surface coverage of metallic copper, and consequently
the highest activity and selectivity for FAL hydrogenation. A quan-
titation of the amount of Cu® species exposed on the surface and
available for catalysis, afforded by the XPS experiments (Table 2),
make the connection between Cu® site availability and catalytic
performance more evident and quantitative, and, moreover, the
FT-IR results (Fig. 6) directly prove that the FAL adsorption occurs
mainly on the surface of Cu® species. The relationship between
reaction time and product distribution (Fig. S4) can also confirm
this conclusion. We believe that the amount of Cu® species
obtained by in-situ reduction of the CuO species on the catalyst
surface should gradually increase with the reaction time. Thus,
the FOL selectivity is low due to less amount of Cu® species formed,
and the polymerization of furfural should be primary over the sur-
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face of catalyst with metal oxidation state in 1 h. When enough Cu®
species obtained by in-situ reduction, the FAL hydrogenation reac-
tion is dominant, increasing the conversion of FAL and selectivity
of FOL quickly. It is also found that the catalytic activity for FAL
hydrogenation is linearly correlated to the content of Cu® species
on the catalyst surface (Fig. 4C). Furthermore, the difference in
the selectivity to FOL over the CuyNi;_AlOy catalysts is directly
related to the amount of their surface Cu® species. In other words,
the content of Cu® species on the catalyst surface is positively cor-
related with the selectivity of FOL. The main role of the added NiO
is to facilitate Cu dispersion and reducibility, and maybe also to
help with H, activation during catalysis.

As for the effect of reaction conditions on the catalytic perfor-
mance over the Cu,Ni;AlOy catalyst, the data in Fig. 2 indicates that
the CuO surface species cannot be effectively reduced at low reac-
tion temperature or low H, pressure; in-situ reduction of the CuO
phase to create the Cu® sites responsible for the promotion of
hydrogenation catalysis requires specific minimum temperature
and pressure reaction conditions. It can be said that, in general,
hydrogenations with Cu-based catalysts are limited by the diffi-
culty to reduce CuO to Cu® species, more so with larger and crys-
talline metal oxide nanoparticles. Thanks to the increased Cu-
phase dispersion achieved here by adding NiO to our mixed-
oxide catalysts, that reduction is facilitated, and thus hydrogena-
tion catalysis can be carried out more efficiently and under milder
(low temperature) conditions.

4. Conclusions

In summary, a series of CuxNi;_,AlO, mixed-oxide catalysts was
designed and prepared by using Cu,Ni3_,Al-LDH hydrotalcites as
precursors, and employed to promote the selective hydrogenation
of FAL to FOL. The Cu,Ni;AlO, catalyst was found to exhibit the
best catalytic total activity as well as a high selectivity toward
the production of FOL, a behavior that can be ascribed to the
in situ formation of a large coverage of Cu® species on the catalyst
during the catalytic reaction. By combining results from a variety
of catalyst characterization experiments, it was determined that
higher surface Cu® content results in a higher uptake of FAL, which
in turns leads to higher catalytic activity. As a result, the reaction
rate measured with the Cu,Ni;AlOy catalyst was 2.9 times larger
than that obtained with the Cu-only CusAlO, catalyst, and the
TOF value was 12.7 times larger. Compared with other catalysts
made with traditional non-precious metals, the advantage of our
samples is that they can be used without any pre-reduction treat-
ment; that speeds up the reaction process and saves energy. In
addition, our Cu,Ni;AlOy catalyst operates selectively and effi-
ciently under relatively mild reaction conditions.
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