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r- and nickel-rich Cu–Ni
phyllosilicate catalysts for the liquid phase selective
hydrogenation of furfural to furfuryl alcohol†
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Thapong Teerawatananond,bc Takanori Miyake,d Joongjai Panpranot e

and Patcharaporn Weerachawanasak *ac

Bimetallic Cu–Ni phyllosilicates (Cu–NiPS) with various Ni/Cu ratios (5 : 15, 10 : 10, 15 : 5 wt%) were

synthesized using ammonia evaporation hydrothermal method to obtain copper-rich or nickel-rich Cu–

Ni alloys. These catalysts were evaluated for the selective hydrogenation of furfural (FF) to furfuryl

alcohol (FA) in the liquid phase under relatively mild conditions (100 °C, 20 bar H2). The bimetallic Cu–

NiPS catalysts exhibited excellent dispersion of the Ni–Cu alloy with average particle sizes ranging from

3.8 to 4.8 nm and demonstrated significantly enhanced catalytic performance over the monometallic

nickel phyllosilicate (20% NiPS). The copper-rich Ni–Cu alloy (15% Cu–5% NiPS) exhibited the highest FF

conversion efficiency (88%) and FA selectivity (90%). This superior performance is attributed to its

smallest particle size, higher proportion of Cu0 and the synergistic interactions between Ni and Cu. This

synergy effectively stabilizes the carbonyl group while promoting efficient H2 dissociation and FA

desorption, thereby facilitating the hydrogenation of FF to FA. Furthermore, the catalyst exhibited

excellent recyclability and maintained high conversion efficiency and selectivity over multiple cycles.
1. Introduction

Biomass is a potential and attractive chemical feedstock that
serves as a sustainable carbon alternative to the diminishing
fossil fuels, and hence, its demand is increasing. Oxygen-
containing chemicals are attractive high-value products
because of their versatile use as intermediates in the production
of sustainable fuels, green solvents, and medicines. Furfural
(FF) has been identied as one of the most important biomass-
derived platform molecules and can be obtained by the acid-
catalyzed hydrolysis and dehydration of hemicellulose.1–3 The
conversion of FF into various high-value products has been
explored via a variety of reactions, such as decarboxylation,
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oxidation, decarbonylation, and hydrogenation.4,5 Among these,
the selective hydrogenation of FF to furfuryl alcohol (FA) is
a signicantly important reaction since FA is widely used as
a green solvent, resin, binder, or fuel additive and in the
synthesis of lysine and vitamin C.6,7 Typically, Cu-chromite-
based catalysts have been employed as commercial catalysts
in the industrial production of furfuryl alcohol.8,9 However, the
main disadvantage associated with these catalysts is chromium
leaching, which causes high toxicity. Additionally, the nal
disposal of the catalyst leads to serious environmental pollu-
tion. For these reasons, Cr-free catalysts, such as supported Ni,
Cu, Co, Pt, Pd, Ir and their bimetallic combinations,10–16 have
been extensively explored for the selective hydrogenation of FF
to FA. Although precious metal-based catalysts have shown
outstanding catalytic activity in this reaction, their high costs
limit their wide application. Much effort has been devoted to
developing efficient non-precious metal catalysts, such as Cu-
and Ni-based catalysts. Cu-based catalysts usually show high
selectivity to the hydrogenation of the carbonyl group of FF
rather than the furan ring, resulting in highly selective FA
production.17 Ni-based catalysts oen possess high catalytic
activity in the liquid-phase hydrogenation of FF but present
moderate to low selectivity to FA and favor the formation of
tetrahydrofurfuryl alcohol (THFA).18,19 Monometallic Ni- or Cu-
based catalysts demonstrate either low activity or poor selec-
tivity. Consequently, the development of efficient, stable, and
environmentally benign non-noble bimetallic Ni–Cu catalysts
© 2024 The Author(s). Published by the Royal Society of Chemistry
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for the selective hydrogenation of FF to FA is both economically
and scientically advantageous. These bimetallic catalysts offer
a promising alternative to non-noble metal-based systems,
combining improved performance with cost-effectiveness and
sustainability.

Conventional catalysts prepared by the impregnation
method oen exhibit weak metal–support interactions and low
metal dispersion, especially at high metal loading. Hence,
a preparation method for highly dispersed small metal particles
is signicantly desired. Metal phyllosilicates (PS) prepared by
the hydrothermal method are interesting catalysts because they
exhibit high dispersion of metal even at highmetal loading. The
high surface area of the metal phyllosilicate catalyst with strong
interactions between the metal and silica would contribute to
the high hydrogenation activity.20,21 Metal phyllosilicates have
a unique layered structure consisting of a SiO4 tetrahedral layer
and an MO6 octahedral layer, which provide more stability than
the catalysts prepared by impregnation. Monometallic NiPS
have been widely used for the hydrogenation of xylose,22

dimethyl oxalate,23 and CO2,24,25 and dry reforming of CH4.26

Because of the peculiar structure of metal phyllosilicates, we
can expect a high surface area at high metal loading, strong
metal–support interactions, and good stability. However,
a bimetallic Ni–CuPS has never been applied to the catalytic
hydrogenation of FF to FA.

Therefore, this work aims to synthesize bimetallic Cu–NiPS
catalysts for the liquid phase selective hydrogenation of furfural
to furfuryl alcohol. The catalytic activity of monometallic 20%
NiPS was compared with bimetallic Cu–NiPS samples with
various Ni/Cu ratios. Moreover, the characteristics of the Cu–
NiPS catalysts were determined, and the stability of catalysts
was investigated.
2. Materials and methods
2.1 Materials

Nickel(II) nitrate hexahydrate ((Ni(NO3)2$6H2O), 99.5%), cop-
per(II) nitrate trihydrate (Cu(NO3)2$3H2O, 99.5%), ammonia
solution 30% (NH4OH, 30%), n-propanol (C3H8O, 99.5%),
toluene (C6H5CH3, 99.8%), and methanol (CH3OH, 99.9%) were
obtained from CARLO ERBA. LUDOX® AS-40 colloidal silica
(SiO2, 40%) and furfural (C5H4O2, 99%) were obtained from
Sigma-Aldrich.
2.2 Catalyst preparation

2.2.1 Preparation of monometallic 20% NiPS by the
ammonia evaporation hydrothermal method. Briey, a 20%
solution of nickel phyllosilicate by weight was rst prepared by
dissolving 3.71 g of Ni(NO3)2$3H2O in 30 mL of deionized water.
Then, 9.60 mL of the ammonia solution NH4OH (aq.) was added
([Ni] : [NH3] = 1 : 12) and stirred at room temperature for
10 min. To this, 5.77 mL of a colloidal silica solution (40 wt%)
was introduced, and the mixture was continuously stirred at
room temperature for 24 h. The pH of the solution was
controlled at around 11 to 12. Then, the mixture was heated to
80 °C in a water bath to evaporate ammonia until pH ∼ 7 was
© 2024 The Author(s). Published by the Royal Society of Chemistry
reached. The obtained mixture was transferred to a Teon
autoclave reactor for hydrothermal treatment at 150 °C for 24 h.
Then, the product was ltered, washed with deionized water,
and dried in an oven at 60 °C overnight. The obtained solid was
calcined in a tube furnace at 400 °C with a heating rate of 1 °
C min−1 under a 60 mL min−1 air ow for 4 h. The catalyst was
denoted as 20% NiPS.

2.2.2 Preparation of bimetallic Cu–NiPS by the ammonia
evaporation hydrothermal method. Briey, 20% solutions of
copper–nickel phyllosilicates (Cu–NiPS) by weight were rst
prepared by dissolving appropriate amounts of Cu(NO3)2$3H2O
and Ni(NO3)2$3H2O in 30 mL of deionized water. To each
mixture, NH4OH (aq.) was added ([Ni] : [NH3] = 1 : 12) and
stirred at room temperature for 10 min. Here, 5.77 mL of
a colloidal silica solution (40 wt%) was introduced, and the
mixture was continuously stirred at room temperature for 24 h.
The pH of the solution was controlled at around 11 to 12. Then,
the mixture was heated to 80 °C in a water bath to evaporate
ammonia until pH ∼ 7 was reached. Thereaer, the obtained
mixture was transferred to a Teon autoclave reactor for
hydrothermal treatment at 150 °C for 24 h. Then, the product
was ltered, washed with deionized water, and dried in an oven
at 60 °C overnight. The obtained solid was calcined in a tube
furnace at 400 °C with a heating rate of 1 °C min−1 under a 60
mLmin−1 air ow for 4 h. The catalysts were denoted as x%Cu–
y% NiPS (5% Cu–15% NiPS, 10% Cu–10% NiPS, 15% Cu–5%
NiPS).
2.3 Catalyst characterization

The XRD patterns of monometallic 20% NiPS and the bimetallic
Cu–NiPS catalysts were measured by an X-ray diffractometer using
Cu Ka radiation. Each sample was packed in a sample holder, and
then the surface was made smooth under pressure. The
measurement was carried out under the following conditions: 40
kV, 30 mA, scan range = 20–80°, and step size = 0.0200°. The
chemical composition of the catalysts was determined by
wavelength-dispersive X-ray uorescence spectrometers (WD-XRF).
Each sample was prepared by mixing 4.5 grams of boric acid and
0.5 grams of the catalyst, followed by manual grinding. The
mixture was packed in the sample holder and then compressed at
150 kN. The Cu Ka was used as the radiation source for XRF
measurement at 50 kV and 60 mA. The specic surface areas, pore
volumes, and average pore size diameters were determined by N2

physisorption using an Autosorb (Quantachrome) instrument.
Each sample was degassed under a vacuum at 300 °C for 12 h prior
to N2 physisorption. The surface area was analyzed by employing
the Brunauer–Emmett–Teller (BET) method. The average pore size
was calculated using the BJH desorption method. The reducibility
of the metal was determined by temperature-programmed reduc-
tion using H2 gas (H2-TPR). The measurement was performed in
a quartz tube connected to a thermal conductivity detector (TCD).
Prior to analysis, approximately 0.03 g of the sample was activated
in the air (ow rate of 30 mL min−1) from room temperature to
400 °C at a heating rate of 1 °C min−1. The system was naturally
cooled down under N2 ow at 30 mL min−1 to room temperature.
Then, the gas was switched to 10% H2 in Ar for 30 min. The H2-
RSC Adv., 2024, 14, 38232–38244 | 38233
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TPR proles were obtained in 10% H2 in Ar at the heating rate of
10 °C min−1 from 80 to 900 °C. The TCD signal was calibrated by
employing a knownmass of CuO as the standard, considering that
CuO is reduced stoichiometrically and completely to Cu and H2O.
Internal TCD calibration was performed aer each run by pulsing
1% H2/Ar in the xed loop. In the reduction prole of CuO,
hydrogen consumption is equal to the number ofmoles of reduced
copper. The amount of consumed H2 is expressed as mmol of H2

per unit mass of the catalyst (mmol H2 per g). Scanning electron
microscopy (SEM) was used to observe the morphology of the Cu–
NiPS catalyst using a JEOL JSM-6400 scanning electron micro-
scope. To prevent charge-up, the sample was coated with gold
using an ion-sputtering device. Energy-dispersive X-ray spectros-
copy (EDS) was applied for elemental mapping of the samples
using the ISIS Series 300 program at Scientic Instruments Center,
KMITL. The Ni–Cu nanoparticle size was measured by trans-
mission electron microscopy (TEM) on a JEM-2010. The sample
was dispersed in ethanol, deposited on copper grids coated with
transparent carbon foil and dried in a vacuum. The electronic state
of the catalysts was determined by X-ray photoelectron spectros-
copy (XPS). The XPS analysis was performed using a Kratos Axis
Ultra DLD spectrometer with a monochromatic Al Ka X-ray source
(75–150 W) and analyzer pass energies of 160 eV (for survey scans)
or 40 eV (for detailed scans).
2.4 Liquid-phase selective hydrogenation of FF to FA

The liquid-phase hydrogenation of FF was carried out in a batch
reactor. Prior to catalytic testing, the catalyst was packed in
a quartz tube (0.60 mm ID) and reduced at 600 °C in a H2 ow at
30 mL min−1 for 2 h. Then, 25 mg of the catalyst, 200 mL of FF
and 10 mL of the solvent (n-propanol) were loaded into the
reactor. To remove moisture and air, the reactor space was
purged thrice with N2 prior to the reaction. The reaction was
carried out isothermally at 100 °C at 20 bar H2 with stirring at
a speed of 600 rpm for 2 h. Then, the reactor was quenched to
15 °C in an ice bath and carefully depressurized. The liquid
product was separated from the solid catalyst by centrifugation.
The supernatant was analyzed using a SHIMADZU-2014 GC-FID
equipped with an Rtx-5 capillary column. The percentage
conversion of FF and selectivity of FA were calculated as follows:

% conversion of FF ¼ mole of FF inlet�mole of FF outlet

mole of FF inlet

� 100

% selectivity of FA ¼ mole of FA in product

mole of FF inlet�mole of FF outlet

� 100
Fig. 1 XRD patterns of monometallic 20% NiPS and bimetallic Cu–
NiPS catalysts (a) calcined at 400 °C and (b) reduced at 600 °C.
3. Results and discussion
3.1 Characterization of catalysts

The XRD patterns of the calcined monometallic 20% NiPS and
bimetallic Cu–NiPS catalysts (as illustrated in Fig. 1a) showed
38234 | RSC Adv., 2024, 14, 38232–38244
the same diffraction peaks at 2q= 33.7° and 60.9°, which can be
assigned to the Ni phyllosilicate structure, indicating the
successful synthesis of the 20% NiPS and Cu–NiPS catalysts.22,27

However, the intensity of the bimetallic Cu–NiPS peaks
decreased when the amount of Ni loading decreased from 20%
to 5%, suggesting low crystallinity in bimetallic 15% Cu–5%
NiPS. Moreover, the XRD pattern of the chrysocolla structure of
CuPS (Cu2Si2O5(OH)2), which should be observed at 2q = 30.8°,
35.0°, 57.5°, and 62.4°, was not observed in the bimetallic Cu–
NiPS patterns even when Cu loading was increased from 5% to
15%. Thus, it can be said that Cu was highly and probably
uniformly dispersed in bimetallic Cu–NiPS. Aer reduction at
600 °C, two diffraction peaks at 2q = 44.5°, and 51.8° attributed
to the metallic Ni0 species were clearly seen for the mono-
metallic 20% NiPS catalyst, as shown in Fig. 1b. Both peaks
slightly shied to lower angles in the patterns of the bimetallic
Cu–NiPS catalysts. This shi demonstrates the creation of
defective sites in the metallic Ni0 phase by the Cu species,
resulting in the formation of NiCu alloy species.28,29

The morphology and metal dispersion of the calcined
monometallic 20% NiPS and bimetallic Cu–NiPS catalysts were
evaluated by SEM. Fig. 2 shows the SEM images of the (a) 20%
NiPS, (b) 5% Cu–15% NiPS, (c) 10% Cu–10% NiPS, and (d) 15%
Cu–5% NiPS catalysts along with EDX mappings. A similar
© 2024 The Author(s). Published by the Royal Society of Chemistry
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dense solid morphology was clearly observed for all catalysts. In
the EDX mappings, all samples showed uniform Ni and Cu
dispersion corresponding to the amount of metal loading. The
TEM analysis conrmed the layered structure of the phyllosili-
cate, metal dispersion and the average metal particle sizes (Fig.
3). For all calcined catalysts, the formation of a layered structure
with randomly oriented bers could be observed, while no
metal particles were observed, indicating high dispersion of
Fig. 2 SEM images and EDX mappings of (a) 20% NiPS, (b) 5% Cu–15%

© 2024 The Author(s). Published by the Royal Society of Chemistry
Ni2+ and Cu2+ in the phyllosilicate structure. On the other hand,
the metal particles were clearly observed when the catalysts
were reduced at 600 °C. This might be because the layer struc-
ture of phyllosilicate is decomposed, and the metals are
exposed on the surface of the catalysts. The black spherical
particles can be metallic Ni0 or Ni–Cu particles uniformly sup-
ported on silica. The average metal particle size was around 3.8–
4.8 nm. The lattice patterns of both the monometallic 20% NiPS
NiPS, (c) 10% Cu–10% NiPS, and (d) 15% Cu–5% NiPS.

RSC Adv., 2024, 14, 38232–38244 | 38235
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Fig. 3 TEM images andmetal particle size distributions of the calcined and reduced catalysts: (a) 20%NiPS, (b) 5% Cu–15% NiPS, (c) 10% Cu–10%
NiPS, and (d) 15% Cu–5% NiPS.
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catalyst and bimetallic 15% Cu–5% NiPS catalyst were deter-
mined by high-resolution transmission electron microscopy
(HR-TEM), and the results are illustrated in Fig. S2.† The lattice
38236 | RSC Adv., 2024, 14, 38232–38244
spacings (d-spacing) of both samples were measured at around
30 points in each sample. The d-spacing for Ni in the mono-
metallic 20% NiPS catalyst was found to be 0.204 ± 0.004 nm,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 H2-TPR profiles of catalysts (a) 20% NiPS, (b) 5% Cu–15% NiPS,
(c) 10% Cu–10% NiPS, and (d) 15% Cu–5% NiPS.
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which aligns closely with the expected value (Ni-PDF: 00-004-
0850). Furthermore, in the bimetallic 15% Cu–5% NiPS catalyst,
the lattice spacing for the NiCu alloy was measured as 0.206 ±

0.007 nm. This value shows a slight shi from the expected d-
spacings of pure Ni (PDF: 00-004-0850) and Cu (PDF: 00-004-
0836). These results conrm the formation of a NiCu alloy in the
bimetallic catalyst, highlighting the interactions between Ni
and Cu at the atomic level.

Table 1 summarizes the physicochemical properties of
monometallic 20% NiPS and the bimetallic Cu–NiPS catalysts.
The actual amount of total metal loaded on the catalysts
determined by XRF was close to 20 wt% for every catalyst, which
corresponds well with the intended metal loading. All the
catalysts showed type IV N2 adsorption–desorption isotherms
(Fig. S3†) with an H-type hysteresis loop, indicating that the Ni
and Cu–Ni phyllosilicate structures were mesoporous. The BET
surface area of the bimetallic Cu–NiPS catalysts increased
signicantly to ca. 320–380 m2 g−1 compared with the mono-
metallic 20%NiPS (313 m2 g−1) catalyst, except for 10% Cu–10%
NiPS (281 m2 g−1). However, 15% Cu–5% NiPS exhibited the
highest BET surface area (378 m2 g−1) while 10% Cu–10% NiPS
showed the lowest BET surface area. Moreover, the crystallite
sizes of Ni and NiCu were determined by XRD using the
Scherrer equation at 2q = 43.7–43.8°, and the results coincided
with those calculated based on TEM. The smallest NiCu crys-
tallite size of around 4.0 nm was obtained for 15% Cu–5% NiPS,
whereas the largest NiCu metal crystallite size of around 5.2 nm
was obtained for 10%Cu–10%NiPS. This shows that the ratio of
Ni and Cu inuenced NiCu alloy formation. Particularly, in 10%
Cu–10% NiPS, an equal amount of Ni and Cu loading tended to
complete NiCu alloy formation, leading to the largest particle
size.

The reduction behaviors of the monometallic 20% NiPS and
bimetallic 5% Cu–15% NiPS, 10% Cu–10% NiPS, and 15% Cu–
5% NiPS catalysts were investigated by the H2-TPR technique,
and the results are illustrated in Fig. 4. 20% NiPS showed one
reduction peak in the 300–700 °C range centered at around
600 °C, indicating the reduction of NiO species to metallic Ni0.30

The NiO species on general Ni/SiO2 catalysts are usually reduced
at 400 °C, which is lower than the temperature required for 20%
NiPS,31 indicating that the NiO species in the phyllosilicate
structure has a strongmetal–support interaction (SMSI). For the
Table 1 Physicochemical properties of the monometallic 20% NiPS and

Catalysts

% Elemental compositionsa

Ni Cu Total (Ni + Cu)

20% NiPS 19.1 — 19.1
5% Cu–15% NiPS 14.3 4.6 18.9
10% Cu–10% NiPS 9.8 9.7 19.5
15% Cu–5% NiPS 5.0 13.3 18.3

a Determined by XRF. b Determined by N2 physical adsorption.
c Determi

© 2024 The Author(s). Published by the Royal Society of Chemistry
bimetallic Cu–NiPS catalysts, two reduction peaks were
observed. The rst reduction peak at around 190–205 °C was
ascribed to the reduction of CuO to Cu+/Cu0 species, and the
second one at around 617–650 °C was assigned to the reduction
of NiO to metallic Ni0. However, the second reduction peaks of
the bimetallic Cu–NiPS catalysts were at remarkably higher
temperatures than that of monometallic 20% NiPS, suggesting
strong synergetic interactions between Ni and Cu or the
formation of the NiCu alloy.

The electronic states and surface compositions of mono-
metallic 20% NiPS and the bimetallic Cu–NiPS catalysts were
investigated by XPS analysis. The synergetic interactions between
Ni andCu in the bimetallic Cu–NiPS catalysts were also evaluated.
Doublet peaks for Ni 2p and Cu 2p spectra in the calcined and
reduced catalysts are demonstrated in Fig. 5. The binding energy
(B.E.) of the Ni 2p peaks of the calcined catalysts were found at
around 858.0–858.8 eV, which can be attributed to the Ni2+

species. These Ni 2p peaks shied to the lower B.E. region at
855.1–856.4 eV aer the reduction of catalysts at 600 °C, sug-
gesting that Ni2+ was reduced to metallic Ni0. Particularly, the Ni
2p peak of the bimetallic Cu–NiPS catalysts shied remarkably to
lower B.E. values than that of monometallic 20% NiPS. This can
be ascribed to electron transfer from Cu to Ni due to the forma-
tion of the Ni–Cu alloy.32,33 The B.E. of the Cu 2p peak of calcined
bimetallic Cu–NiPS catalysts

N2 physisorption
b

Avg. crystallite size c (nm)
Average pore size
diameter (nm) SBET (m2 g−1)

12.7 313 4.3
11.8 319 4.4
13.8 281 5.2
13.6 378 4.0

ned from XRD data using the Scherrer equation at 2q = 43.7–43.8°.
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Fig. 5 XPS spectra: (a) Ni 2p and (b) Cu 2p of the calcined catalysts; (c) Ni 2p and (d) Cu 2p of the reduced catalysts.
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Cu–NiPS was found at around 935.4–936 eV and could be
assigned to the Cu2+ species. The Cu 2p peaks aer reduction
shied to lower B.E. values at 932.7–933.4 eV, corresponding to
the Cu+/Cu0 species. Moreover, these Cu 2p peaks of bimetallic
Cu–NiPS catalysts signicantly shied to higher B.E. than that of
monometallic 20% CuPS (not used in this study), and the results
are shown in Fig. S4.† From these ndings, it can be conrmed
that electron transfer occurs from Cu to Ni to form the Ni–Cu
alloy. The deconvoluted peaks of the copper species can be
assigned to metallic Cu0 (B.E. 932.7–932.9 eV), Cu+ (B.E. 934.4–
934.9 eV), and Cu2+ (B.E. 936.4–936.9 eV). The percentages of
metallic Cu0 and Cu+ species (as illustrated in Fig. 5d) gradually
increased when the amount of Cu loading was increased from 5
to 15%. Although Cu2+ species always appear on the surface of
reduced Cu–NiPS catalysts, they were not considered in this work
because the Cu–NiPS catalysts were subjected to ex situ reduction
before the XPS analysis. The remaining Cu2+ species were formed
from the partial oxidation of Cu0/Cu+ on the catalysts aer
reduction.

The surface composition data obtained aer the reduction of
the monometallic 20% NiPS and bimetallic Cu–NiPS catalysts
38238 | RSC Adv., 2024, 14, 38232–38244
are summarized in Table 2. The total atomic concentration ratio
of the Ni and Cu species on silica the surface (Ni + Cu)/Si was
not signicantly different among the Cu–NiPS catalysts (around
0.23–0.27%). However, Cu showed higher dispersion on the
catalyst surface than Ni considering the Cu/Si and Ni/Si ratios at
the same metal loading. Furthermore, the Cu/Ni ratios repre-
sented two different Ni–Cu alloy types: (i) a nickel-rich Ni–Cu
alloy appeared on 5% Cu–15% NiPS and (ii) a copper-rich Ni–Cu
alloy appeared on the 10% Cu–10% NiPS and 15% Cu–5% NiPS
catalysts. The exact amounts of Cu0 and Cu+ on the catalyst
surfaces were calculated in terms of atomic concentration ratios
of Cu0/Si and Cu+/Si. 15% Cu–5% NiPS had the highest atomic
concentration ratios of Cu0/Si (0.14) and Cu+/Si (0.04), whereas
5% Cu–15% NiPS had the lowest atomic concentration ratios of
Cu0/Si (0.05) and Cu+/Si (0.02) on the surface.
3.2 Catalytic performance of the monometallic 20% NiPS
and bimetallic Cu–NiPS catalysts in the liquid-phase selective
hydrogenation of FF to FA

The catalytic performance of the monometallic 20% NiPS and
bimetallic Cu–NiPS catalysts in the liquid-phase selective
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Surface composition of the monometallic 20% NiPS and bimetallic Cu–NiPS catalysts determined by XPS

Catalysts

Binding energy (eV) Atomic concentration ratio

Ni 2p Cu 2p Si 1s Ni/Si Cu/Si (Ni + Cu)/Si Cu/Ni Cu0/Si Cu+/Si

20% NiPS 856.4 — 106.3 0.20 — — — — —
5% Cu–15% NiPS 856.1 933.4 106.0 0.14 0.09 0.23 0.64 0.05 0.02
10% Cu–10% NiPS 855.8 933.2 106.9 0.11 0.16 0.27 1.45 0.10 0.03
15% Cu–5% NiPS 855.1 932.7 105.3 0.02 0.21 0.23 10.50 0.14 0.04
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hydrogenation of FF to FA was evaluated in a batch-type stain-
less steel reactor under mild reaction conditions (H2 pressure =
20 bar, 100 °C with n-propanol as the solvent). The results are
shown in Table 3. To make the activity difference clear, the
conversion of FF was kept low. For a reaction time of 30 min,
20% NiPS gave the highest conversion of FF at around 41%,
while bimetallic Cu–NiPS gave lower FF conversion rates (22–
33%). The TOFs of the catalysts calculated from moles of FF
converted to moles of metal were in the range of 0.34–0.60 h−1.
The highest TOF was obtained on monometallic 20% NiPS.
Similar results have been reported for FeNi/SiO2 and Ni/SiO2.34

FA selectivity was the lowest on monometallic 20% NiPS.
Among the Cu–NiPS catalysts, the highest FF conversion (33%)
and highest selectivity to FA (94%) were achieved on the 15%
Cu–5% NiPS catalyst. Thus, the combination of Cu reduced the
hydrogenation activity but increased the selectivity to FA by
suppressing consecutive hydrogenation of FA. Increasing Cu
loading on the bimetallic Cu–NiPS catalysts improves the
selectivity to FA because surface enrichment of Cu and electron
transfer from Cu to Ni contribute to the stabilization of the
adsorbed C]O group of FF. Moreover, the metallic Cu0 species
on bimetallic Cu–NiPS facilitate H2 dissociation, while the Cu+

species can stabilize the carbon atom of the carbonyl group (C]
O).35 Thus, hydrogen is easily transferred to hydrogenate C]O
in FF to FA, and then FA is immediately desorbed from the
surface of the catalysts by the synergetic interaction between Ni
and the Cu0/Cu+ species.

To clarify the catalytic performance of themonometallic 20%
NiPS and bimetallic Cu–NiPS catalysts in the liquid-phase
selective hydrogenation of FF to FA, their time on stream (15–
240 min.) behavior was studied (Fig. 6). For monometallic 20%
Table 3 Liquid-phase selective hydrogenation of FF on the mono-
metallic 20% NiPS and bimetallic Cu–NiPS catalystsa

Catalyst Conversion (%)

Selectivity (%)

TOF (h−1)FA THFAb FEc

20% NiPS 41 61 37 2 0.60
5% Cu–15% NiPS 22 76 24 0.0 0.34
10% Cu–10% NiPS 27 93 7 0.0 0.40
15% Cu–5% NiPS 33 94 6 0.0 0.53

a Reaction conditions: catalyst 25 mg, furfural 2.4 mmol, n-propanol 10
mL, H2 pressure 20 bar, reaction temperature 100 °C and reaction time
30 min. b THFA: tetrahydrofurfuryl alcohol. c FE: furfuryl propyl ether.

© 2024 The Author(s). Published by the Royal Society of Chemistry
NiPS, FF conversion increased from 27% to 98% and the
selectivity to FA remarkably decreased from 71% to 23%, when
the reaction time was prolonged from 15 to 240 min. For
bimetallic Cu–NiPS, FF conversion signicantly increased when
the Cu loading was increased from 5% to 15%, but their FF
conversion efficiency was lower than that of monometallic 20%
NiPS. However, the FA selectivity of bimetallic Cu–NiPS was
higher than that of monometallic 20% NiPS, especially for 15%
Cu–5% NiPS (90% @ 240 min). Generally, Ni catalysts exhibit
good activity in the hydrogenation of C]C of aromatic rings or/
and C]O of aldehyde groups since the Ni surface prefers h2

(C]C, C]O) adsorption to form a hydroxyalkyl intermediate,
resulting in high FF conversion. However, the selectivity to FA
decreased due to the over-hydrogenation of FF to THFA on 20%
NiPS.14,36,37 The selectivity to THFA of all catalysts are given in
Fig. S5.†

Fig. 7 shows the catalytic performance of the monometallic
20% NiPS and bimetallic Cu–NiPS catalysts in the liquid-phase
selective hydrogenation of FF to FA. In the case of monometallic
20% NiPS, FA selectivity decreased while the FF conversion
increased. Among the Cu–NiPS catalysts, the highest catalytic
performance was achieved on the 15% Cu–5% NiPS catalyst.
The FA selectivity of 15% Cu–5% NiPS and 10% Cu–10% NiPS
catalysts were almost constant at around 90%. The over-
hydrogenation of FA to THFA was suppressed by the presence
of more Cu0/Cu+ on the NiCu alloy particles.17 Due to the
synergetic interaction between Ni and Cu, Ni–Cu alloy forma-
tion (evidenced by XRD and XPS) and the Cu+ species changed
the adsorption behavior on the catalyst surface.38 The copper-
rich Ni–Cu alloy catalysts (15% Cu–5% NiPS and 10% Cu–10%
NiPS) showed excellent FA selectivity since they had more
metallic Cu0 species that could absorb carbonyl groups by the h1

(C]O) mechanism. At the same time, the Cu+ species could
stabilize the carbon in the carbonyl group. Moreover, electron
transfer from Cu to Ni led to the formation of a copper-rich
NiCu alloy, thus reducing the adsorption strength of FF and
FA on metallic Ni0. Therefore, the hydrogenation of C]O was
favored over the hydrogenation of C]C in the furan ring. At the
same FF conversion rate, the preference for C]O due to the
effect of Cu was evident. Therefore, 15% Cu–5%NiPS illustrated
the best catalytic performance in the liquid-phase selective
hydrogenation of FF to FA. The formation of the smallest
copper-rich NiCu alloy particles on 15% Cu–5% NiPS also
contributed to their high dispersion, forming a copper-rich
surface structure that yielded better catalytic performance.
RSC Adv., 2024, 14, 38232–38244 | 38239
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Fig. 6 The catalytic conversion of FF (a) and the selectivity to FA (b) in the liquid-phase selective hydrogenation of FF to FA on the monometallic
20% NiPS and bimetallic Cu–NiPS catalysts.

Fig. 7 Catalytic performance of the monometallic 20% NiPS and
bimetallic Cu–NiPS catalysts toward the liquid-phase selective
hydrogenation of FF to FA.
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Scheme 1 shows the possible pathways for the hydrogena-
tion of furfural to furfuryl alcohol on the monometallic 20%
NiPS and 15% Cu–5% NiPS catalysts. On monometallic 20%
NiPS, H2 is dissociated from the metallic Ni0 surface, and the FF
molecules are then strongly adsorbed in the h2 (C]C, C]O)
conguration39 The hydride species (H−) can attach to the
carbon of the carbonyl group (C]O), as well as the carbon in
the furan ring (C]C), and hydrogenation occurs on both sites
to form FA and THFA, respectively.40–42 On 15% Cu–5% NiPS,
which consists of small particle sites due to the highly dispersed
copper-rich NiCu alloys, the co-existence of Cu0/Cu+ in the NiCu
alloy is responsible for the superior catalytic conversion of FF to
38240 | RSC Adv., 2024, 14, 38232–38244
FA. Metallic Cu0 and Ni0 facilitate the dissociation of H2. At the
same time, the Cu0/Cu+ species stabilize the carbonyl group,
promoting hydrogen spillover to form FA. Furthermore, the
electrons transferred from Cu to Ni cause weak adsorption of
FF/FA on the metallic Ni0 sites compared with those on the
monometallic 20% NiPS catalyst. Thus, the over-hydrogenation
of FF to THFA is suppressed. Therefore, the 15% Cu–5% NiPS
catalyst gives the best catalytic performance in the liquid-phase
selective hydrogenation of FF to FA.

Table 4 shows the catalytic performance of some reported
NiCu catalysts in the liquid-phase selective hydrogenation of FF
to FA compared with the 15% Cu–5% NiPS catalyst synthesized
in this work. According to the literature, the composition of the
NiCu alloy on the support affects the catalytic activity and
selectivity. Moreover, most of the NiCu catalysts [entries 1–5]
need high H2 pressure (H2 = 3–5 MPa) and high reaction
temperatures (120–190 °C). In comparison, the 15% Cu–5%
NiPS catalyst developed in this work gives the best catalytic
activity at mild reaction conditions (100 °C, H2 = 2 MPa),
similar to 2% Ni–5% Cu/SiO2.

The reusability of the 15% Cu–5% NiPS catalyst was inves-
tigated, and the results are shown in Fig. 8 Aer each reaction,
the spent catalyst was separated and washed with n-propanol to
remove residual compounds on the catalyst. Over three
consecutive cycles, the FF conversion efficiency of the catalyst
slightly decreased from 73% to 64%, while the FA selectivity
remained at over 90%. To investigate the decline in FF conver-
sion aer four cycles, the spent catalyst was analyzed using X-
ray photoelectron spectroscopy (XPS) to assess its surface
composition and metal species. Additionally, inductively
coupled plasma (ICP) analysis was performed to investigate
metal leaching into the liquid products. Fig. S6† displays the Ni
2p, Cu 2p, and C 1s XPS spectra of the spent 15% Cu–5% NiPS
catalyst in comparison with the fresh catalyst. The Ni 2p spectra
of the spent catalyst exhibited a peak shi to a higher B.E. of
856.7 eV, indicating the transformation of metallic Ni0 to Ni2+.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Possible pathways for the hydrogenation of furfural to furfuryl alcohol on the monometallic 20% NiPS and 15% Cu–5% NiPS catalysts.

Table 4 The catalytic performance of other NiCu catalysts in the liquid-phase selective hydrogenation of FF to FA compared with the 15% Cu–
5% NiPS catalyst developed in this work

Entry Catalyst Temp. (°C) Pressure (MPa) Time (min) Conv. (%) FA sel. (%) Ref.

1 Ni–Cu sol–gel 130 5 — 70 100 43
2 Cu3Ni1/MgAlO 150 3 180 100 55 44
3 Cu1Ni3/MgAlO 150 3 180 100 69 44
4 Ni1Cu1Al1 190 5 240 100 61 45
5 CuNiOx 120 3 45 20 98 35
6 2% Ni–5% Cu/SiO2 100 2 120 94 64 46
7 15% Cu–5% NiPS 100 2 240 88 90 This work

Fig. 8 Reusability test of the 15% Cu–5% NiPS catalyst used for the
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Similarly, the Cu 2p spectra showed a shi to a higher B.E. of
933.8 eV, which reects the conversion of metallic Cu0 to Cu+/
Cu2+. Furthermore, the C 1s peaks found at B.E. 285.4, 287.4,
and 289.2 eV could be assigned to different types of carbon,
namely C–C, C]O, and O–C]O, respectively. Table S1† pres-
ents the surface concentrations of elements in both the spent
and fresh 15% Cu–5% NiPS catalysts. To evaluate the carbon
content in the spent catalysts, Ag tape was used to prepare the
XPS samples, and the Ag 3d peak at B.E. 368.2 eV was used as
the reference. The results indicated that the atomic concentra-
tion of (Ni + Cu)/Si in the spent catalyst decreased by approxi-
mately 12.5%, from 0.24 to 0.21, compared with the fresh
catalyst. This suggests that Ni and/or Cu may be leaching or
their surfaces could be obscured by other substances. Notably,
carbon was detected on the surface of the spent catalyst (C/Si =
0.53), while it was absent in the fresh catalyst. This carbon likely
originates from the strong adsorption of the substrate (FF/FA),
leading to the blockage of the active sites and a reduction in
catalytic performance. Furthermore, the liquid products aer
four cycles were analyzed via ICP to assess Ni and Cu leaching;
the analysis revealed that 0.4 wt% of Ni and 0.2 wt% of Cu had
leached into the liquid phase. Consequently, the decrease in FF
conversion from 73% to 64% aer four successive cycles can be
attributed to both leaching of Ni and Cu and the deposition of
carbon on the catalyst surface. However, 15% Cu–5% NiPS has
© 2024 The Author(s). Published by the Royal Society of Chemistry
very good stability due to the synergetic effect between Ni and
Cu in the bimetallic alloy and the strong metal–support inter-
action between the highly dispersed NiCu alloy particles and
SiO2.
hydrogenation of FF to FA.
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4. Conclusions

Monometallic 20% NiPS and bimetallic Cu–NiPS catalysts with
various Ni/Cu ratios were synthesized by the ammonia evapo-
ration hydrothermal method and tested in the liquid phase
selective hydrogenation of FF to FA. Compared with mono-
metallic 20% NiPS, all bimetallic Cu–NiPS catalysts demon-
strated improved catalytic performance. The 15% Cu–5% NiPS
catalyst exhibited the best catalytic performance. Surface
enrichment of Cu was observed to inuence the electronic
nature of the NiCu alloy in 15% Cu–5% NiPS, which further
improved the adsorption of FF, dissociation of H2, and
desorption of FA, resulting in higher FF conversion and higher
FA selectivity.
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