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Abstract: A direct alkaline hydrothermal method was used to synthesize mono- and bimetallic
Ni and Cu on mesoporous silica (m-SiO2) as catalysts for the hydrogenation of furfural (FAL) to
cyclopentanone (CPO). The catalysts were characterized by XRD, FTIR, H2-TPR, SEM, TEM, HR-TEM,
XPS, ICP, BET, and CHN analysis. The results demonstrate that the addition of Cu metal improved the
reducibility of Ni catalysts and revealed Ni-Cu alloy formation over m-SiO2. Furthermore, XPS and
FTIR results reveal that the silanol groups on the catalyst surface play an important role in the ring
rearrangement of furfuryl alcohol. Hence, the effect of silanol groups in the FOL rearrangement was
studied in detail. Among the catalysts at fixed metal loading of 20 wt.%, Ni5Cu15/m-SiO2 catalyzed
the formation of CPO as the main product due to the synergy of Ni-Cu alloy and surface silanol
groups. Ni5Cu15 supported on a commercial mesoporous silica (Ni5Cu15/C-SiO2) showed inferior
performance compared with the Ni5Cu15/m-SiO2 catalyst for the FAL hydrogenation. Reaction
temperature and time were also optimized for the enhanced CPO yield over Ni5Cu15/m-SiO2.
The Ni5Cu15/m-SiO2 catalyst is durable, as demonstrated by stability tests over multiple reuses.
This effective and flexible NixCuy on m-SiO2 catalyst provides an effective candidate for efficient
upgrading of furanics in selective hydrogenation reactions.

Keywords: biomass; hydrogenation; furfural; cyclopentanone; Ni-Cu alloy; surface silanols

1. Introduction

Producing biofuels and biochemicals from cellulosic biomass feedstock is a green
approach to address the energy and environmental challenges associated with the large
consumption of fossil resources [1]. Furfural (FAL), the most abundant platform chemical
derived from hemicellulose, can be transformed into a number of valuable compounds,
including furfuryl alcohol (FOL), 2-methylfuran (2-MF), α,ω-pentanediol(PeD), cyclopen-
tanone (CPO), and cyclopentanol (CPL) [2–5]. Of particular importance, CPO is a high-value
chemical intermediate for synthesizing perfumes, cosmetic goods, and agrochemicals [6].
Industrially, CPO is produced from intramolecular decarboxylation of adipic acid or sequen-
tial hydration and dehydrogenation of cyclopentene [7]. Adipic acid mainly comes from
non-renewable fossil resources through multistep synthesis, generating significant waste
streams during the process [8]. Sequential hydration and dehydrogenation of cyclopentene
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to CPO requires a noble metal catalyst operating at high temperatures (280–300 ◦C) and
high pressures (25–40 MPa) [9].

Recently, biomass-based furfural was shown to be a suitable feedstock to produce
CPO in aqueous medium. Hronec et al. first reported 81.3% overall yield of CPO and CPL
by using 5% of Pt/C catalyst at 160 ◦C and 8 MPa H2 pressure [10]. Other precious metal
catalysts (Au, Ru, Rh, and Pt) have also been widely studied in this reaction with excellent
catalytic performances [9]. However, the processes carry the cost associated with the
noble metals [11–13]. Recently, non-noble metal catalysts such as Cu, Co, Fe, and Ni have
been reported to be active catalysts for the hydrogenation of FAL with promising catalytic
activity [9]. In addition, it has been reported that bimetallic catalysts performed better than
monometallic catalysts and showed high selectivity and activity for the hydrogenation
of FAL to CPO in the aqueous phase through the formation of alloys [14–16]. Li et al.
reported that a Ni-Co/TiO2 catalyst with 10 wt.% of Co and 10 wt.% of Ni showed a CPO
productivity of 2.3 mmol gcat

−1 h−1 with 53.3% selectivity to CPO [15]. However, the
catalyst was deactivated due to the leaching of active metals in water medium. Later, Xu
et al. reported that a Ni-Cu/SBA–15 catalyst with an equal molar of Cu and Ni showed
a CPO productivity of 5.8 mmol gcat

−1 h−1 with 62% selectivity to CPO, where three
key intermediates, furfuryl alcohol (FOL), 4-hydroxy-2-cyclopentenone (4-HCP) and 2-
cyclopentenone (2-CPEO), were identified [17]. In another study, Xu et al. reported the
CPO productivity of 6.3 mmol gcat

−1 h−1 with 83.6% selectivity to CPO using a Ni-Cu/Al-
MCM-41 catalyst [18]. It was proposed that the formation of Ni-Cu alloy may suppress
the hydrogenation of C=C bonds in the furan ring of furfural and the sintering of Cu
species in an aqueous medium. The acid sites appear to play an essential role in the
formation of CPO by rearrangement of FOL. Sitthisa et al. [19] reported that FAL mainly
interacted with silanol groups through hydrogen bonding. The weak acid associated with
the silanol groups on the surface of silica has been reported as the active sites in Beckmann
rearrangement and cumene cracking [20,21]. Sun et al. [22] reported that in situ synthesized
Fe and Co on silica by direct alkaline hydrothermal method contain silanol groups after
doping the metals. In the earlier works, the in situ incorporation of metal ions (Ni, Cu,
Co, and co-metals) into the tetrahedral framework positions of the siliceous material was
successfully achieved and applied in various applications such as catalytic reduction of
4-nitrophenol, conversion of methane to syngas, carbon dioxide reforming, etc. [23–26].
The in situ prepared catalysts have shown high catalytic activity and stability due to the
dispersion of active sites on silica matrices [22,27]. We also found that the in situ prepared
catalysts exhibited excellent catalytic performance in the hydrogenation of FAL to THFA in
water solvent [28].

Inspired by the above works, we prepared NixCuy uniformly distributed in silica
matrix by using an in situ direct alkaline hydrothermal method, specifically for the hy-
drogenation of FAL to CPO through the formation of Ni-Cu alloy with the presence of
abundant surface silanol groups. In this study, the monometallic Cu, Ni, and bimetallic
Ni-Cu on m-SiO2 catalysts were investigated for their catalytic activities. XRD, H2–TPR,
SEM, XPS, FTIR, and HR-TEM were used to investigate the Ni-Cu interaction and the
effect of silanol groups on the silica surface. In comparison, a catalyst with the same metal
loading was prepared by the wet impregnation method and studied for FAL hydrogenation.
The conversion of FAL and the selectivity of CPO were optimized over temperature and
time. The stability of optimized bimetallic catalysts was also evaluated by recycling tests.

2. Results and Discussion
2.1. Characterization Results

The XRD patterns for calcined and reduced samples of monometal (Ni, Cu) and
bimetal Ni-Cu (total metal loading fixed at 20 wt.% with varied relative Ni and Cu load-
ing) on m-SiO2 are illustrated in Figure S1 from Supplementary Materials and Figure 1,
respectively. For the calcined samples, all samples show a broad peak at 22◦, which is
attributed to the amorphous silica (JCPDS 29-0085) [29]. A significant difference is observed
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in monometallic and bimetallic catalysts on m-SiO2 in different loadings of Ni and Cu by
direct alkaline hydrothermal method. The XRD profile of Ni20 on m-SiO2 did not show
any peak corresponding to the NiO phase (JCPDS 04-0835). As for the XRD patterns of
Cu20/m-SiO2 catalyst exhibit peaks at 2θ values of 35.5◦ and 38.8◦, which correspond to
the monoclinic CuO lattice plane (JCPDS 48-1548) [30]. The crystalline phase evolution of
reduced NixCuy/m-SiO2 (Figure 1) shows CuO appears nearly fully reduced to metallic
Cu, exhibiting peaks in 2θ values of 43.6◦ and 50.6◦ (JCPDS 04-0836). In the bimetallic
catalysts, the metallic Cu shifted towards a higher 2θ value than the Cu20/m-SiO2; the
shift is indicative of the formation of Ni-Cu alloy on silica support [18]. For comparison,
a Ni5Cu15/C-SiO2 prepared by wet impregnation on a commercial SiO2 showed the cor-
responding XRD pattern in Figure S2, exhibiting various peaks related to metallic Cu (2θ
values of 43.6◦ and 50.6◦, JCPDS 04-0836) and Ni (2θ values of 44.6◦, JCPDS 04-0850) phases.
Compared with wet impregnation, the direct alkaline hydrothermal method produced
catalysts with high metal dispersions. According to the XRD results, metallic Cu diffrac-
tion peaks are sharper in the monometallic Cu20/m-SiO2 catalyst than on monometallic
Ni20/m-SiO2 catalyst, indicating that Cu particles are substantially larger. Metallic Ni
appears to have strong interaction with SiO2, generating stable nickel silicates. From the
XRD, we did not find the metallic Ni peak in the bimetallic catalysts, which may be due
to the smaller size of Ni particles. The average sizes of Cu metal crystallite in mono- and
bimetallic catalysts were estimated by following the Scherrer equation as described in
Table 1. Hierl et al. [31] reported that in Ni-Cu/Al2O3, Ni ions have a strong tendency to
occupy subsurface layer and in bulk, causing Cu ion redistribution that is accompanied
by enhanced surface segregation of Cu crystallites, and resulting in larger Cu particles. A
similar phenomenon appears to exist to account for the increased Cu crystallite size in the
NixCuy/m-SiO2 samples as compared to the Cu20/m-SiO2 (Table 1).

Table 1. Chemical and structural properties of NixCuy/m-silica catalysts.

S.No Catalysts Nominal a (wt.%) ICP b (wt.%) Crystallite Size c (nm)
Ni Cu Ni Cu Ni Cu

1 Ni20/m-SiO2 20 0 - - <4 -
2 Ni15Cu5/m-SiO2 15 5 14.6 4.4 n.d 15.4
3 Ni10Cu10/m-SiO2 10 10 9.2 10.1 n.d 13.08
4 Ni5Cu15/m-SiO2 5 15 5.1 14.6 n.d 11.10
5 Cu20/m-SiO2 0 20 - - - 10.70
6 Ni5Cu15/C-SiO2 5 15 - - 7.2 28.80

a Nominal loading of copper and nickel metal on silica, b metal loading by ICP-OES, and c the average crystallite
size evaluated by the Scherrer equation: dhkl = K(λ/β)cos θ, where K is the structure constant (0.9 for spherical
crystals), λ is the incident ray wavelength (0.1541 nm), β is the peak width at half height after correction for
instrumental broadening (rad), and θ is the Bragg angle. n.d.: not detected by XRD at a high angle.

Fourier-transform infrared spectroscopy (FTIR) has been used to characterize calcined
and reduced NixCuy on m-SiO2 catalysts (Figures 2 and S3). The strong absorption band
between 3700 cm−1 and 3000 cm−1 is assigned to the asymmetric OH stretching vibration
of water and/or silanol groups [32]. The absorption bands at 467 cm−1, 795 cm−1 and
1090 cm−1 correspond to symmetric and antisymmetric stretching vibrations of Si-O-Si
and bending vibrations of Si−OH [32]. The absorption band at 671 cm−1 is assigned to
Ni-O-Si in calcined Ni20/m-SiO2, Ni15Cu5/m-SiO2, Ni10Cu10/m-SiO2, and Ni5Cu15/m-
SiO2 [24]. The absorption band at 570 cm−1 is attributed to stretching vibrations of Cu−O
(Figure S3) [23], indicating the existence of CuO particles in the calcined Ni-Cu0.25/m-
SiO2, Ni-Cu0.75/m-SiO2, and Cu/m-SiO2. In the reduced NixCuy on m-SiO2 catalysts
(Figure 2), these absorption bands corresponding to Ni-O and Cu-O appear too weak
to be observed, consistent with the reduced metallic Ni and Cu. For comparison, FTIR
spectra of reduced Ni5Cu15/C-SiO2 are shown in Figure 2 (vi). The profiles of silanols
are deconvoluted as shown in Figure S4 and the results are summarized in Table S1. The



Catalysts 2023, 13, 580 4 of 18

quantity of monohydrogen-bonded silanols is much higher in NixCuy/m-SiO2 than that in
Ni5Cu15/C-SiO2 [22].
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Figure 1. XRD patterns of reduced catalysts (i) Ni20/m−SiO2, (ii) Ni15Cu5/m−SiO2,
(iii) Ni10Cu10/m−SiO2, (iv) Ni5Cu15/m−SiO2, and (v) Cu20/m−SiO2 (total metal loading fixed at
20 wt.% with varied relative Ni and Cu loading).
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Figure 2. FTIR spectra of reduced catalysts (i) Ni20/m−SiO2, (ii) Ni15Cu5/m−SiO2,
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Temperature-programmed desorption (TPD) of adsorbed NH3 as a base probing
molecule was used to characterize the surface acidity to provide information about strength
of acid sites of the Ni5Cu15/m-SiO2 and Ni5Cu15/C-SiO2 catalysts (Figure S5). The NH3-
TPD profile showed an intense peak above 400 ◦C, which is attributed to the dehydration
of the silanol functional group (Si-O-H) in the silica support [29]. This acidity had no
significant impact on the catalytic activity of FAL hydrogenation. Hence, we focused mainly
on the strength of acidity from which NH3 was desorbed below 400 ◦C. The Ni5Cu15/m-
SiO2 exhibited a strong desorption peak around 230 ◦C, but the NH3 desorption peak was
very weak on Ni5Cu15/C-SiO2. Lehmann et al. [33] reported that in Ni/MCM-41 a medium
NH3 desorption peak was increased with increasing Ni loading due to the nickel silicate, a
similar phenomenon was observed over Fe/MCM-41 [34].

The morphology and metal dispersion on the catalyst were investigated by scanning
electron microscopy and energy-dispersive X-ray analysis (SEM-EDX) (Figure 3). Spherical
morphology was noticed for all studied samples. It was seen that the three catalysts
retained their morphology even after doping with various weight ratios of nickel and
copper. Elemental mapping was used to observe the distribution of Ni, Cu, O, and Si
particles on the m-SiO2 (Figure 3, the selected area in pink square box). The homogeneous
distribution of Cu, Ni, Si, and O particles on the m-SiO2 support was noticed. The metal
loading was further confirmed by EDX, and the values are summarized in Table 2. The
metal content of Ni and Cu from EDX is well matched with the ICP results.
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Table 2. Physicochemical properties of various amounts of Ni-Cu on SiO2 support.

S.No Catalysts SEM-EDX BET
(m2/g)

Vpore
(cm3/g)

Dpore
(nm)

H2 Consumption
(mmol/g) #Ni Cu

1 m-SiO2 - 841.2 0.9 3.18 -
2 Ni20/m-SiO2 - 510.0 0.55 4.57 2.77
3 Ni15Cu5/m-SiO2 13.4 5.9 496.0 0.77 6.63 4.03
4 Ni10Cu10/m-SiO2 10.0 11.2 567.2 0.74 5.62 3.65
5 Ni5Cu15/m-SiO2 4.3 13.5 613.4 0.66 4.59 4.05
6 Cu20/m-SiO2 - 571.9 0.80 6.07 3.19

# Calculated from H2-TPR.

The morphologies and structural details of the bimetallic Ni and Cu particles in the
Ni5Cu15/m-SiO2 catalyst was further studied by TEM (Figure 4a). It shows Ni and Cu
particles are well dispersed, and the aggregated particles are not observed even after being
pretreated at 500 ◦C. HR-TEM images of Ni5Cu15/m-SiO2 sample show particles of ~20 nm
and ~5 nm. Figure 4e shows a lattice fringe in the high-resolution HR-TEM images and
d-spacing value of ~0.21 nm, corresponding to the (111) plane of the Ni-Cu alloy phase [35].

Hydrogen temperature-programmed reduction (H2-TPR) was employed to determine
the nature of reduction patterns in the synthesized monometallic and bimetallic catalysts
as well as the type of reducible species present in the catalysts. The reduction behavior
of monometallic and bimetallic NixCuy on m-SiO2 catalysts is depicted in Figure 5. For
the monometallic Ni20/m-SiO2 catalyst, a single broad reduction peak in the region of
350–700 ◦C was observed with Tmax of 580 ◦C; this peak was attributed to the reduction
of Ni2+ in nickel silicate [36]. For the monometallic Cu20/m-SiO2 catalyst exhibited a
reduction peak at 210 ◦C with a small hump at 170 ◦C. The H2 consumption peak at 170 ◦C
and 210 ◦C are attributed to the reduction of CuO particles dispersed on the m-SiO2 surface
to Cu (I) and the reduction of Cu (I) to Cu (0), respectively [37]. However, all the bimetallic
catalysts containing both the metals (Ni and Cu) showed two reduction peaks (190 ◦C,
550 ◦C), the low temperature peak is related to the reduction of Cu (ll) to Cu (0) and the
high temperature peak is attributed to the reduction of NiO. In the bimetallic catalysts, the
Cu reduction peak shifted to a lower reduction temperature than monometallic Cu20/m-
SiO2 catalyst. Hierl et al. [31] reported the influence of Ni on the segregation of Cu from
the surface in favor of Ni to occupy subsurface or bulk coordination sites causing the
lowering of the reduction temperature for Cu; the nickel silicate facilitated easier reduction
of the segregated CuO also accounts for the increased Cu particle size. The presence of
Cu in bimetallic catalysts produces spillover hydrogen, which considerably accelerates
the nucleation of the Ni metal in these reduction conditions and enhances the reducibility
of Ni2+ at significantly lower temperatures [38]. The H2-TPR results are summarized in
Table 2.

Figure S6 illustrates the N2 adsorption and desorption isotherms and the pore size
distribution curves of NixCuy/m-SiO2 catalysts with various metal ratios. The textural
properties of NixCuy on m–SiO2 catalysts are summarized in Table 2. The results revealed
that all samples exhibited type IV isotherm with an H2 hysteresis loop, consistent with
the mesoporous structure in all the synthesized catalysts [39]. The specific surface area,
pore volume, and pore size diameter of the pure m-SiO2 support are 841 m2/g, 0.9 cm3/g,
and 3.18 nm, respectively. Compared to the pure m-SiO2, all the NixCuy/m-SiO2 catalysts
possessed lower BET surface areas and lesser pore volumes with larger average pore
diameters. Sun et al. [22] reported that in FeCo/MCM-41, the partial substitution of silicon
ions by iron or cobalt ions in the framework of MCM-41 may inevitably increase pore size
and decreased surface area. Notably, when the amount of metals changes on the silica
support, the particular surface areas and pore volume changes [40,41].
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Figure 4. (a) TEM image of Ni5Cu15/m-SiO2 catalyst; (b–f) HRTEM image of Ni5Cu15/m-SiO2

catalyst; (g) Expend view of selected area with red rectangle shape in (f).

X-ray photoelectron spectroscopy (XPS) was employed to elucidate the oxidation
state, surface composition, and interaction between Cu and Ni of Ni5Cu15/m-SiO2 reduced
catalyst. The Ni 2p3/2 core level spectra in Figure 6a showed binding energy (BE) at 855.9 eV
attributed to Ni2+ in nickel silicates [42]. The appearance of Ni2+ in the XPS profile because
nickel silicates may not be fully reduced. The XPS spectra of Cu 2p (Figure 6b) showed two
main peaks located at 933.5 eV and 935.8 eV, attributed to the presence of Cu0/Cu1+ and
Cu2+ species, respectively [43]. The BE at 933.5 eV is due to the alteration in unfilled-band
electron holes arising during the charge transfer of the strong electron donor species from
Cu to the adjacent Ni. This result contributed to the stronger electronic interaction between
the bimetallic Ni-Cu [43]. In XPS spectrum of O 1s, three main peaks at 530.9 eV, 533.0 eV,
and 535.2 eV correspond to Ni-O/Cu-O, Si-O-Si, and Si-OH, respectively [44]. XPS spectra
of Si 2p shows two peaks at 103.7 eV and 105.3 eV, which are assigned to O-Si-O and Si-OH,
respectively [45].
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Figure 5. H2-TPR profiles of NixCuy/m-SiO2 catalysts.

2.2. Catalytic Activity

Catalytic hydrogenation of furfural (FAL) to cyclopentanone (CPO) involves several
reaction steps, including hydrogenation of FAL to FOL, further ring-rearrangement to
4-hydroxy-2-cyclopentenone (4-HCP) and final dehydration/hydrogenation of 4-HCP to
CPO. Metal/acid bifunctional catalysts are favorable for the conversion of FAL to CPO
because the metal can accelerate the hydrogenation, and acidic sites promote the ring-
rearrangement of FOL through H+ ions. The NixCuy/m-SiO2 catalysts prepared by the
direct alkaline hydrothermal method were evaluated for this reaction under the optimized
reaction conditions of 3 MPa H2 pressure and 140 ◦C temperature. The conversion of
furfural and product distributions are presented in Figure 7. On these catalysts, CPO
and CPL were formed with different distributions. Ni20/m-SiO2 catalyst showed 42%
FAL conversion with 43% CPO selectivity. While Cu20/m-SiO2 catalyst showed 53% FAL
conversion with 37% selectivity of CPO [16]. Compared to monometallic catalysts, all
bimetallic catalysts showed almost 99.9% FAL conversion due to the formation of Ni-Cu
alloy on the mesoporous silica support. By increasing Cu composition in the bimetallic
catalyst, the selectivity of CPO was gradually increased and reached a maximum of 89.6%
with Ni5Cu15/m-SiO2 composition. In contrast, Ni5Cu15/C-SiO2 shows 76% conversion of
FAL with selectivity of 62.1%, 16.3%, and 10.4% to CPO, FOL, and THFA, respectively. While
Ni-Cu alloy can form on both catalysts. The higher selectivity of CPO in Ni5Cu15/m-SiO2
than in Ni5Cu15/C-SiO2 may be ascribed to the much higher quantity of monohydrogen-
bonded silanol groups (Figure S4), which is beneficial for ring rearrangement reaction.
According to Heitmann et al. [46], monohydrogen-bonded silanols are more active in the
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Beckmann rearrangement of cyclohexanone oxime. A similar phenomenon was observed in
intermediate FOL rearrangement. The reaction was carried out at low conversions of FAL,
as shown in Figure S7, which indicates FOL is a primary product of FAL hydrogenation on
the Ni5Cu15/m-SiO2 catalyst.
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Scheme 1. Possible reaction pathway of hydrogenation of FAL to CPO over various Ni and Cu
supported on m−SiO2.
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catalysts [15,17,18]. The high CPO productivity on Ni5Cu15/m-SiO2 catalyst may be due to 
the appropriate metal mass ratio to form Ni-Cu alloy for selective formation of FOL and 
further rearrangement of FOL through Brønsted acid sites. Further, it is confirmed 
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See Scheme 1 for product details. (a) Conversion of FAL & Selectivity of CPO, (b) Selectivity of
other products.
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The experimental results clearly indicate that the mass ratio of Cu and Ni significantly
affects the catalyst’s reactivity. The productivity of CPO for optimized Ni5Cu15/m-SiO2
catalyst is 7.5 mmol gcat

−1 h−1, which is higher than the reported Ni-Cu based and other
catalysts [15,17,18]. The high CPO productivity on Ni5Cu15/m-SiO2 catalyst may be due to
the appropriate metal mass ratio to form Ni-Cu alloy for selective formation of FOL and
further rearrangement of FOL through Brønsted acid sites. Further, it is confirmed through
Figure S8 that in the absence of a catalyst, FOL was transformed into 4-HCP without the
formation of CPO. The conversion of FOL to 4-HCP should occur by ring opening and
closure following a Piancatelli-type rearrangement. In the presence of the catalyst, the
FOL conversion and 4-HCP formation increased over Ni5Cu15/m-SiO2 and Ni5Cu15/C-
SiO2, and high conversion was achieved over Ni5Cu15/m-SiO2 because of higher surface
density of silanol groups on the catalyst surface as indicated by XPS and FTIR analysis.
The NixCuy/m-SiO2 catalysts synthesized by the direct alkaline hydrothermal method
advantageously carry high density of silanol groups for this reaction. The interaction of the
silanol groups with water caused the facile production of hydronium ions [22], which is
helpful for the rearrangement of FOL. This Ni5Cu15/m-SiO2 catalyst was used to optimize
the reaction conditions, such as reaction temperature and time.

The effect of reaction temperature on the product distribution for the hydrogenation
of FAL over the Ni5Cu15/m-SiO2 catalyst is shown in Figure 8a. The major products were
FOL, CPO, CPL, and THFA. The conversion of FAL to CPO involves several steps and
the details are displayed in Scheme 1. The total selectivity to CPO and CPL is increased
with the rising temperature, from 120 ◦C to 140 ◦C. The hydronium ions play a key role
in the protonation of FOL, which is a key step in the rearrangement of FOL [47]. The
selectivity of CPO decreased at 160 ◦C, while the selectivity of CPL increased when the
temperature increased, and traces of diols were observed, due to the over-hydrogenation of
CPO [48]. Figure 8b exhibited the effect of reaction time on the FAL conversion and product
distribution over Ni5Cu15/m-SiO2 at constant temperature (140 ◦C) and pressure (3 MPa).
The FAL conversion was 56.3% with 53.9% selectivity of FOL and 37.8% of CPO formed
initially. The highest CPO selectivity to 89.6% was obtained at 4 h of reaction time, and
over-hydrogenation of CPO occurred after 4 h. The intermediate product of FOL decreased
from 57.8% to <1% with reaction time from 1 h to 4 h. When the reaction time was extended
to 5 h, the selectivity of CPO decreased to 82.1% and the selectivity of CPL increased to
11.6%. However, the total yield of CPO and CPL was almost the same when the reaction
time reached 5 h, indicating that CPL was mainly obtained from the over-hydrogenation
of CPO. According to FAL conversion and CPO yield, a reaction time of around 4 h is
optimum for this reaction.

To determine the durability of the synthesized Ni5Cu15/m-SiO2 catalyst, multiple
tests of used catalyst were carried out for the hydrogenation of FAL to CPO, and the results
are shown in Figure 9a. The catalyst was separated after the reaction by centrifugation and
washed five times with 2 mL mixture of water/ethanol (1:1 ratio), followed by calcination
and reduction to evaluate for the next cycle. Interestingly, the catalyst showed no loss
in catalytic activity even after five successive cycles, indicating that the Ni5Cu15/m-SiO2
catalyst is stable for FAL conversion to CPO. Figure 9b depicts the leaching test for FAL
hydrogenation using the Ni5Cu15/m-SiO2 catalyst. With increased reaction time, the FAL
conversion increased to 99.9% during 3 h of reaction time. The furfural conversion remains
unchanged as the reaction time is extended. The catalyst was removed by centrifugation at
1.5 h of the fifth recycling test. Figure 9b revealed that the FAL hydrogenation was stopped
after removing the catalyst. The results also demonstrate that there is no leaching of active
species from the solid catalyst even after five successive cycles. This is further confirmed
by XRD (Figure S9) and ICP. The ICP analysis showed negligible leaching of Ni and Cu
(5.1 wt.% of Ni and 14.6 wt.% of Cu for fresh catalysts, and 4.9 wt.% of Ni and 14.3 wt.%
of Cu for spent catalyst) and the CHN analysis determined that the percentage of carbon
is around 1.10% after the fifth cycle. These results illustrated that the Ni5Cu15/m-SiO2
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catalyst is water-tolerant and stable for hydrogenation of FAL to CPO under the optimum
reaction conditions.
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gradually increases with FOL conversion and reaches its maximum value when the FOL 
totally disappears. This shows that the intermediate FOL is further transformed into the 
target product CPO via aqueous-phase Ni-Cu bimetallic catalysis and surface silanols. The 
reaction that FOL goes through in the aqueous phase into CPO becomes an impediment 
to detection due to the very short time and fast rate of the reaction. However, when FOL 
forms a five-membered carbon ring, the rearrangement reaction is well recognized and 
water has been found to be a critical solvent in the conversion of FAL to CPO [28]. From 
the characterization results and catalytic activity, the FAL hydrogenation to CPO proceeds 
via intermediate FOL. The reaction pathway for the hydrogenation of FAL to CPO in the 
aqueous phase is depicted in Scheme 1. In this experiment, FAL is hydrogenated to gen-
erate FOL before being transformed to CPO (step 1), or THFA (step 2). THFA is formed 
by total hydrogenation of FOL. At the same time, CPO is formed by FOL rearrangement 

Figure 9. (a) Recycled catalyst tests for stability verification of Ni5Cu15/m-SiO2 catalyst and (b) leach-
ing test for FAL hydrogenation of 5.2 mmol FAL, and 15 mL water, 3 MPa H2 and X-conversion of
FAL, S-selectivity of desired products.

We further examined the reaction pathway of the Ni5Cu15/m-SiO2 catalyst for aqueous-
phase FAL hydrogenation. In the initial hour of the reaction (Figure 8b), it was found that
FOL was a predominant product and then gradually disappeared after 4 h, indicating
that FOL may be an intermediate molecule in the conversion of FAL to CPO. CPO yield
gradually increases with FOL conversion and reaches its maximum value when the FOL
totally disappears. This shows that the intermediate FOL is further transformed into the
target product CPO via aqueous-phase Ni-Cu bimetallic catalysis and surface silanols. The
reaction that FOL goes through in the aqueous phase into CPO becomes an impediment
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to detection due to the very short time and fast rate of the reaction. However, when FOL
forms a five-membered carbon ring, the rearrangement reaction is well recognized and
water has been found to be a critical solvent in the conversion of FAL to CPO [28]. From
the characterization results and catalytic activity, the FAL hydrogenation to CPO proceeds
via intermediate FOL. The reaction pathway for the hydrogenation of FAL to CPO in the
aqueous phase is depicted in Scheme 1. In this experiment, FAL is hydrogenated to generate
FOL before being transformed to CPO (step 1), or THFA (step 2). THFA is formed by total
hydrogenation of FOL. At the same time, CPO is formed by FOL rearrangement in water
followed by further hydrogenation. CPO selectivity is poor while using the pure Ni20/m-
SiO2 catalyst. After Cu metals are introduced, the Ni-Cu bimetallic catalyst in synergy
with the presence of abundant silanol acids cause the preferential rearrangement of the
unsaturated structure by under optimal reaction conditions, a significant number of FOL
intermediates are rapidly generated by Ni-Cu alloy but at a limited rate of hydrogenation
of the C=C bond in the furan ring, the FOL formation is followed by rapid rearrangement
by H+ ions toward CPO formation.

The catalytic activity of the Ni5Cu15/m-SiO2 catalyst is compared with the previous
reports and summarized in Table 3. The noble metal catalysts (entry 1 and 2) showed
good activity. Still, it requires high temperature and pressure to obtain a high CPO yield.
Among the non-noble metal catalysts (entries 3–10), the Ni5Cu15/m-SiO2 catalyst showed
highest CPO yield under optimized reaction conditions. The Cu-Ni-Al-HT catalyst and the
Ni-Cu-50/SBA-15 catalyst all showed nearly full FAL conversions. In comparison of over
all performances, the Ni5Cu15/m-SiO2 catalyst in this work stands out by showing both
a high rate in catalytic FAL hydrogenation and CPO yield in relatively milder conditions.
Importantly also, the catalyst showed durable performance with little detected leaching of
the active metals.

Table 3. Comparison of various catalysts reported in the literature on FAL hydrogenation to CPO.

S.No Catalysts Total Metal 10−1 (g) PH2 (MPa) T * (◦C) & Time (h) Rate # XFAL (%) YCPO (%) Ref.

1 Pt/C - 8 160 & 0.5 - 99.9 76.5 [10]
2 Au/TiO2 - 4 160 & 15 - 99.9 99 [12]
3 Ni/SiO2 0.008 3 160 & 2 3.38 99.9 83.5 [49]
4 Ni-Fe/SBA-15 0.75 3.4 160 & 6 6.25 99.9 90 [14]
5 10Ni-10Co/TiO2 0.6 4 150 & 4 4.86 99.9 53.3 [15]
6 15Ni-10P/Al2O3 0.06 3 150 & 2 4.9 99.9 85.8 [50]
7 Co-Ni/N-CNTs 0.31 0.5 160 & 8 12.5 99.9 95 [51]
8 Cu-Ni-Al-HT 2.25 4 140 & 8 5.2 99.9 95.8 [52]
9 Ni-Cu-50/SBA-15 2 4 160 & 4 11.7 99.9 62 [17]

10 Ni-Cu/Al-MCM-41 0.03 2 160 & 5 16.6 98.3 67.7 [18]
11 Ni5Cu15/m-SiO2 0.34 3 140 & 4 15.2 99.9 89.6 pw

*—Temperature, #—the rate of reaction (mmol/g/h), XFAL—FAL conversion, YCPO—Yield of CPO, Pw-
present work.

3. Experimental Study
3.1. Materials and Methods

Furfural was obtained from Avra company limited and was used directly without
purification. Tetraethyl orthosilicate (TEOS) was obtained from Sigma Aldrich (Bengaluru,
Karnataka, India), cetyltrimethylammonium bromide (CTAB) from SD Fine Chemicals.
Nickel nitrate (Ni(NO3)2·6H2O), cupric nitrate (Cu(NO3)2·6H2O) of analytical grade, and
sodium hydroxide (NaOH) were obtained from Merck. Deionized water in all experiments
was purified by a Milli-Q system (Millipore, Mumbai, Maharashtra, India). All other
reagents were commercially available.
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3.2. Catalyst Preparation

Various wt.% of Ni–Cu/SiO2 were prepared by the alkaline hydrothermal method [39].
Total metal loading was fixed at 20 wt.% 5 g NaOH was dissolved in 200 mL water with
a stirring of 0.25 h, then 4.85 g CTAB was added to the solution for 1 h stirring. Then
27.76 g TEOS and a mixture of various ratios of Cu and Ni precursors in 100 mL solution
were simultaneously added to the above solution and agitated for 12 h. The solution
was transferred into the Teflon-lined autoclave and kept at 100 ◦C for 12 h. The resultant
solid was cooled, washed with distilled water, and filtered until pH became neutral. The
obtained solid was dried overnight and calcined at 550 ◦C for 4 h with 3 ◦C/min ramp
rate. The monometallic and bimetallic samples were labeled according to their chemical
composition as Nix/m-SiO2, Cuy/m-SiO2 and NixCuy/m-SiO2, where x, y corresponds to
weight percentages of Ni and Cu, respectively.

3.3. Catalyst Characterization

The Ni- and Cu-containing samples were analyzed using an Optima 8000 inductively
coupled plasma–optical emission spectrometer (ICP-OES) from PerkinElmer, Waltham,
MA, USA. The samples were dissolved in mixed nitric acid and hydrofluoric acid.

X-ray diffraction (XRD) patterns of the samples were measured on an X-ray diffrac-
tometer (X’Pert powder, PANalytical) from Almelo, Netherlands with a graphite monochro-
mator and Cu-Kα radiation source. The measurements were conducted using the PIXcel 1D
detector and operated at 40 kV. The materials were identified by comparing the diffraction
data with reference patterns in the database (PDF2-2004).

Fourier-transform infrared spectroscopy (FTIR) measurements of samples were recorded
by PerkinElmer 100 FTIR model spectrophotometer by using KBr pellet technique (PerkinElmer,
Pune, Maharashtra, India).

Temperature-programmed reduction in hydrogen (H2-TPR) was performed on a
micromeritics AutoChem 2910 chemisorption analyzer (Norcross, GA, USA). For the H2-
TPR experiment, approximately 0.08 g of sample was placed in a tubular quartz reactor. The
sample was reduced in 10% H2/Ar stream by heating from ambient temperature to 700 ◦C
at a heating rate of 10 ◦C/min. The consumed hydrogen was detected using a thermal
conductivity detector (TCD) and quantified using a calibration plot based on quantitative
measurement of Ag2O TPR profiles using a similar protocol.

A field-emission scanning electron microscope (FESEM, JEOL, JSM-7800F, 15 kV, JEOL
Ltd., Tokyo, Japan) equipped with an Oxford X-Max silicon drift detector was used to
perform EDX analysis.

The catalyst surface area was measured using the commercial BET analyzer (Quan-
tachrome Instrument, Boynton Beach, FL, USA) for N2 adsorption at −196 ◦C. Before N2
adsorption, 0.050 g catalyst sample was degassed under vacuum at 250 ◦C for 5 h. The
textural properties were measured from the nitrogen isotherms using the BET and BJH
methods (N2 adsorption/desorption).

TEM images were taken on a Hitachi HT7700 microscope (M.k, Tokyo, Japan) operated
at 100 kV. The sample grid was prepared by ultrasonically dispersed sample in ethanol
and deposited droplets of the suspension into a carbon-enhanced copper grid. It was dried
under the lamp after the deposition. The high-resolution TEM (HR-TEM) images of the
samples were obtained on an FEI-Tecnai G2-20 TWIN microscope operated at 200 kV.

The elemental composition of the ex-situ reduced sample was determined using
X-ray photoelectron spectroscopy (Thermo Fisher Model, Madison, WI, USA) with Kα
radiation as the exciting source. The binding energies (B.E) were corrected using carbon
as a standard reference peak of C 1 s B.E 284.6 eV (B.E calibration). Shirley method of
background was used in treating the baseline. The peak fitting of XPS data was done by
the Gaussian–Lorentzian fitting function and the proportion was 20:80 (G:L). We used
Xpspeak41 software in deconvolution spectra and peak fitting.

CHNSO is the elemental analysis of catalysts. The carbon content of the catalyst after
the reaction was determined on a Vario EL cube CHNSO elemental analyzer (Elementar,
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Langenselbold, Germany) with a thermal conductivity detector. This instrument is capable
of determining the carbon, hydrogen, nitrogen, sulfur, and oxygen contents in the range
of 0.01–100% by burning the sample in flowing oxygen at 1170 ◦C. The time taken by this
analysis is approximately 10 min.

3.4. Catalytic Evaluation

The FAL was hydrogenated in a sealed 50 mL stainless steel KBH batch reactor.
In a typical process, 5.2 mmol of furfural, 15 mL of water, and 0.17 g of catalyst (pre-
reduced at 500 ◦C for 1 h) were loaded into the reactor at ambient temperature. The
reactor was purged 3 times with 0.5 MPa N2 to remove air and then filled with H2 up
to 3 MPa. The reactor was heated to the operating reaction temperature and kept for
the specified reaction time. The reaction mixture was stirred at a rate of 700 rpm. After
completion of the reaction, the reactor was cooled to room temperature. The solid catalyst
was separated by centrifugation (4000× g rpm, 5 min). The reaction mixture was mixed
with 5 mL ethanol at room temperature and sonicated for 5 min. The products were
identified by gas chromatography–mass spectrometry (GC-MS) (Agilent 7890A-5975C
HP-5MS) and quantified by gas chromatography (Agilent 6850), which is equipped with
the flame ionization detector (FID) and HP-5 column (30 m × 0.32 mm × 0.25 µm).

The conversion of furfural and the selectivity of the products were calculated using
Equations (1) and (2), respectively.

FAL conversion (%) =

[
1 − (moles of FAL reactant)out

(moles of FAL reactant)in

]
× 100 (1)

Product selectivity (%) =
moles of product

(moles of FAL reactant)in − (moles of FAL reactant)out
× 100 (2)

4. Conclusions

In this work, monometallic and bimetallic Ni-Cux on m-SiO2 catalysts were synthe-
sized via the alkaline hydrothermal method (in situ preparation) and evaluated for selective
hydrogenation of FAL to CPO. Various characterization techniques, including XRD, FTIR,
H2-TPR, HR-TEM, SEM, and XPS, were employed to investigate the formation of Ni-Cu
alloy over mesoporous silica. Furthermore, the existence of silanol groups on the catalyst
surface was confirmed by XPS and FTIR analysis. The bimetallic catalysts exhibited higher
catalytic activity than monometallic catalysts due to the formation of Ni-Cu alloy. The H2-
TPR and HR-TEM results revealed that the addition of Cu species enhances the reduction
behavior of Ni species, which improves metal dispersion and active sites for the reaction.
Moreover, Ni-Cu alloy plays a prominent role in the adsorption of FAL on the catalyst
surface, which prevents the hydrogenation of the C=C bond in the furan ring. This step
is crucial for the formation of CPO via selective hydrogenation of C=O to produce a FOL
intermediate. It is a further rearrangement to CPO with H+ ions. The chemical composition
of the Ni-Cu and silanol groups in bimetallic catalysts is critical in achieving superior CPO
productivity at about 7.5 mmol gcat

−1 h−1.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13030580/s1, Figure S1: (a) XRD patterns of calcined
pure m-SiO2, and NixCuy/m-SiO2 (total metal loading fixed at 20 wt.% with varied relative Ni
and Cu loading) and (b) expanded view of XRD patterns in 2θ from 34◦ to 40◦, Figure S2: (a) XRD
patterns of reduced Ni5Cu15/m-SiO2 and Ni5Cu15/C-SiO2 catalysts and (b) expanded view of XRD
patterns in 2θ from 42◦ to 52◦, Figure S3: FTIR spectra of calcined (i) pure m-SiO2, (ii) Ni20/m-SiO2,
(iii) Ni15Cu5/m-SiO2, (iv) Ni10Cu10/m-SiO2, (v) Ni5Cu15/m-SiO2, and (vi) Cu20/m-SiO2 catalysts,
Figure S4: FTIR of reduced catalysts, Figure S5: NH3-TPD of Ni5Cu15/m-SiO2 and Ni5Cu15/C-SiO2,
Figure S6: BET of silica after metal loading on silica. (a) m-SiO2, (b) Ni20/m-SiO2, (c) Ni15Cu5/mSiO2,
(d) Ni10Cu10/m-SiO2, (e) Ni5Cu15/m-SiO2, and (f) Cu20/m-SiO2, Figure S7: Catalytic performance
in furfural (FAL) hydrogenation over metals supported on m-SiO2. Reaction condition: 5.2 mmol
FAL, 15 mL water, catalyst 0.05 g, 140 ◦C, 3 MPa H2, and 4 h, Figure S8: Rearrangement of furfury-
lalcohol (FOL) to 4-hydroxy-2-cyclopentenone (4-HCP). Reaction condition: 5.2 mmol FOL, 15 mL
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water, reduced catalyst 0.17 g, 140 ◦C, 3 MPa N2, 4 h, Figure S9: XRD of Ni5Cu15/m-SiO2; Table S1:
Characteristic spectra peaks of FTIR [53].
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