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Currently, highly efficient biomass upgrading over non-noble metal catalysts is of vital importance for
reducing equipment and operation expenses in biorefinery industries. In this respect, the related hetero-
geneous catalysis demands the design and construction of mutual cooperative microstructure of catalysts
to improve their catalytic performances. Here, an efficient catalytic process for selective hydrogenolysis of
biomass-derived c-valerolactone (GVL) to produce 1,4-pentanediol (1,4-PDO) and 2-
methyltetrahydrofuran (2-MTHF) was developed by earth-abundant nickel-based catalysts, which were
derived from a molybdate intercalated Ni-Al layered double hydroxide precursor. It was found that with
the elevated reduction temperature, the amount of surface defective MoOx species (0 < x < 3) was gradu-
ally increased. Especially, as-fabricated Ni-MoOx/Al2O3 catalyst obtained at the reduction temperature of
600 �C delivered a 94.0% combined yield of 1,4-PDO and 2-MTHF under mild reaction conditions. It was
demonstrated that over the present Ni-MoOx/Al2O3 catalyst system, surface defective MoOx species could
greatly facilitate the adsorption and activation of carbonyl group in GVL and thus significantly promote the
cleavage of C@O bond and its adjacent CAO bond. This finding opens a promising door to engineer surface
defective structure of high-performance supported metal catalysts.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Over the past decade, with the depletion and increasing con-
sumption of fossil resources, catalytic conversion of abundant
and renewable biomass resources for producing a handful of
important chemicals and liquid biofuels, as well as reducing the
related waste in agricultural and food industries, is gaining a lot
of attention [1–3]. In this respect, lignocellulose-derived levulinic
acid (LA) is becoming the most important plat molecule as a vital
resource of C5 compound for producing c-valerolactone (GVL),
1,4-pentanediol (PDO), 2-methyltetrahydrofuran (2-MTHF) and
alkanes [4–8]. Among them, 1,4-PDO, an attractive highly valuable
biogenic diol, can be used as a building block to synthesize
high-performance biodegradable polyesters, thermoplastics and
polyurethanes [9,10], while 2-MTHF is also considered as a part
of P-series fuel or applied as a versatile solvent in the pharmaceu-
tical industry [11,12].

Previously, it was reported that noble metals (e.g. Pt [13], Pd
[14], Ru [9,15], and Rh [9]) were active as catalysts in liquid phase
LA hydrogenation to generate 1,4 PDO under high hydrogen pres-
sures (>5 MPa). Despite high yields (>90%) in some cases, high cost
and resource scarcity of noble metals always limit their large-scale
industrial applications. Recently, Ru-[16,17], Fe-[18] and Co-based
[19,20] molecular catalyst systems also have been applied in the
conversion of another significant cellulose-derived GVL into 1,4-
PDO, despite some drawbacks including special handling of metal
complexes, difficulty in separation and reusability of catalysts,
and their high cost. In addition, some heterogeneous non-noble
copper-based catalysts were reported to catalyze the GVL hydro-
genation to produce 1,4-PDO [12,21–23]. Especially, Cu/ZrO2 cata-
lyst could afford a 95% yield of 1,4-PDO at 200 �C and 6 MPa
hydrogen pressure [12]. Nevertheless, due to the inherent chemical
stability of GVL, conversion of GVL needs to be performed under
relatively harsh reaction conditions. Therefore, the investigation
of heterogeneous non-noble metal catalytic systems for high-
efficiency GVL hydrogenolysis is quite worthwhile.

Layered double hydroxides (LDHs, [M1�x
2+ Mx

3+(OH)2]x+[Ax/n]n��
mH2O), known as a class of two-dimensional multi-metal layered
materials, possess uniform distribution of different divalent and
trivalent cations on the brucite-like layers [24,25]. More interest-
ingly, various metal complex anions can be intercalated into their
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interlayer space, constructing a host-guest supramolecular struc-
ture. Such structural flexibility and versatility of LDHs make them
promising catalyst precursors. Correspondingly, a variety of readily
available, highly active, and stable supported metal catalyst
systems can be fabricated through structural transformation
[26–30]. Recently, we have reported highly dispersive Ni-based
catalysts derived from Ni-containing LDH precursors for efficiently
catalyzing the selective hydrogenation of LA to GVL using molecu-
lar hydrogen [3].

In this work, we developed a new MoOx-decorated Ni-based
catalyst system for liquid-phase selective hydrogenolysis of GVL
to produce 1,4-PDO and 2-MTHF, which was derivable from a
molybdate (Mo7O24

6- ) intercalated NiAl-LDH precursor. By adjusting
the reduction temperature of catalyst precursors, the generation of
surface defective MoOx species (i.e. low-coordinated molybdenum-
oxygen vacancy pairs) was governed. It was demonstrated that
efficiently controlling the adsorption and activation of carbonyl
group in GVL by surface defective MoOx species could significantly
promote the selective cleavage of C@O bond and its adjacent C-O
bond of ester group in GVL to generate 1,4-PDO and 2-MTHF. The
present work provides a representative example for efficiently
modulating the surface defective structure of Ni-based catalysts,
thus rationally governing the activation of reactant molecules
and enhancing the selectivity of desired products in the upgrading
of biomass-derived oxygenates.
2. Experimental

2.1. Catalyst preparation

Nitrate-type NiAl-LDH was prepared by a traditional coprecipi-
tation method. First, Ni(NO3)2�6H2O (0.04 mol) and Al(NO3)3�9H2O
(0.02 mol) were dissolved in 100 ml of decarbonated deionized
water. Subsequently, the above salt solution was titrated by NaOH
solution (1.2 M) under vigorous agitation under nitrogen atmo-
sphere at room temperature, until the pH value reaches 8.0. The
resulting suspension was aged at 70 �C for 24 h under nitrogen
atmosphere, centrifuged and washed with decarbonated deionized
water for several times to obtain NiAl-NO3-LDH sample.

Molybdate intercalated NiAl-LDH precursor (NiAl-Mo7O24-LDH)
was prepared by an ion-exchange method. First, NiAl-NO3-LDH
was dispersed into 100 ml of decarbonated deionized water. Sub-
sequently, (NH4)6Mo7O24�4H2O (0.04 mol) was dissolved in
100 ml of decarbonated deionized water. Then the salt solution
was titrated by LDH dispersion solution under vigorous agitation
and nitrogen atmosphere at room temperature. Meanwhile, the
pH value of the solution was controlled at 5.0 ± 0.2 by dilute nitric
acid (0.2 M). After titration, the resulting suspension was aged at
70 �C for 18 h and centrifuged. The precipitate was washed with
decarbonated deionized water for several times and dried at
70 �C overnight under vacuum to obtain NiAl-Mo7O24-LDH. Then
NiAl-Mo7O24-LDH was calcined in static air at 500 �C for 4 h to
obtain Ni-Mo-Al mixed metal oxide (denoted as NiMoAl-MMO).
Finally, NiMoAl-MMO put into the quartz tube was reduced in a
10% (v/v) H2/Ar flow at 400, 500 and 600 �C at a ramping rate of
2 �C/min and held for 4 h to obtain reduced Ni-MoOx/Al2O3-400,
Ni-MoOx/Al2O3-500 and Ni-MoOx/Al2O3-600 samples. After cooling
to room temperature, the quartz tube was filled with nitrogen and
the obtained reduced Ni-based catalyst was placed in a glove box
and sealed in a sample tube filled with N2 to prevent reduced sam-
ples from being exposed to air before characterization and reac-
tions. For comparison, carbonate-type NiAl-LDH (NiAl-CO3-LDH)
was prepared according to the identical procedure to that for
NiAl-NO3-LDH in the presence of a mixed base solution of NaOH
(1.2 M) and Na2CO3 (0.6 M). NiAl-CO3-LDH was calcined and
reduced according to the identical procedure to that for Ni-
MoOx/Al2O3-500. The calcined NiAl-CO3-LDH was denoted as
NiAl-MMO, while the reduced NiAl-MMO was denoted as Ni/
Al2O3-500. In addition, commercial Al2O3 and MoO3 (99%, Alfa
Aesar) supported Ni catalysts (im-Ni/Al2O3 and im-Ni/MoO3) with
the Ni loading of about 35% were prepared by an incipient wetness
impregnation method.

2.2. Characterization

X-ray diffraction (XRD) patterns were obtained on a Shimadzu
XRD-6000 diffractometer with Cu Ka radiation. The metal content
was analyzed on Shimadzu ICPS-75000 inductively coupled plasma
emission spectrometer (ICP–AES). Raman spectra of samples were
collected from a microscopic confocal Raman spectrometer (Jobin
Yyon Horiba HR800) using Ar+ laser of 514 nm wavelength as the
excitation source. Fourier transform infrared (FTIR) spectra were
recorded on a Bruker Vector-22 spectrometer. Low temperature
N2 adsorption-desorption experiments were conducted on
Micromeritics ASAP 2020 absorptometer. X-ray photoelectron
spectra (XPS) were recorded from a Thermo VG ESCALAB 250 X-
ray photoelectron spectrometer using Al Ka X-ray of 1486.6 eV.
The microstructure of samples was determined using transmission
electron microscopy (HRTEM, JEOL2100). Positron annihilation
spectroscopy (PAS) was carried out on a fast/slow coincidence
ORTEC system in the transmission mode using 22Na as the
radioactive positron source at Beijing Synchrotron Radiation
Facility. Temperature programmed decomposition (TPDE), H2

temperature-programmed reduction (H2-TPR) and H2

temperature-programmed desorption (H2-TPD) of the samples
were conducted on Micromeritics ChemiSorb 2920 using a thermal
conductivity detector (TCD). For H2-TPR, the sample (100 mg) was
degassed under Ar flow at 200 �C for 2 h to remove adsorbed water
on the surface. During H2-TPR process, a cold trap was applied to
remove the formed water due to the reduction, and the tempera-
ture of cold trap was set below �88.5 �C by mixing liquid nitrogen
with isopropanol. Afterwards, TPR measurement was performed in
a flow of 10% H2/Ar (30 ml min�1) with a heating rate of
10 �C min�1 from 50 to 900 �C. For TPDE, NiMoAl-MMO (100 mg)
was reduced in a flow of H2/Ar gas of 10% H2/Ar (50 ml min�1) at
400 �C and was degassed under Ar flow at 200 �C for 2 h. After-
ward, the temperature was raised from 50 to 900 �C under Ar flow
at a ramping rate of 10 �C min�1. For H2-TPD, the sample (100 mg)
was reduced in a flow of H2/Ar gas of 10% H2/Ar (50 ml min�1) at a
certain reduction temperature and was degassed under Ar flow at
200 �C for 2 h. After that, the reduced sample was treated in a flow
of H2/Ar gas mixture and held for 2 h at 25 �C. Finally, chemisorbed
H2 was desorbed in a flow of Ar at a ramping rate of 10 �C min�1. In
addition, H2-TPD experiments using mass spectrometer detector
(UK HIDEN QIC-20) also were carried out under the identical pro-
cedure to that for H2-TPD experiments using TCD detector�NH3-
TPD experiments were performed using a chemical adsorption
instrument (Thermo Fisher TPDRO-1100). In situ FTIR spectra of
GVL adsorbed on samples were obtained on a Nicolet 380 type
spectrophotometer. First, the pressed thin slice sample was placed
into an IR cell and heated to 200 �C and held for 1 h under nitrogen
atmosphere. After cooling to 25 �C, GVL was introduced and bal-
anced for 2 h. Finally, FTIR spectra were recorded under vacuum.
H2 pulse chemisorption was conducted using a Micrometric Che-
miSorb 2920 chemisorption instrument Oxygen consumption
amount (OC, mol/g) of Ni-based samples was obtained via oxygen
pulse injection method. First, the reduced sample was purged in a
He flow (40 ml/min) and heated to 200 �C for 0.5 h. After cooling to
25 �C, a mixed O2/He flow (1:9, v/v) was injected periodically until
the oxygen signal kept unchanged. Considering that an oxygen
atom to metallic Ni atom stoichiometric factor is 1:1, the amount
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of surface oxygen vacancies (Cv, mol/g) may be obtained based on
to the following equation:

CV ¼ OC � H2uptake

where H2 uptake is moles of desorbed H2 per unit mass of the
reduced sample by determined H2 pulse chemisorption.

2.3. Catalyst test

In a typical run, the batch autoclave reactor was loaded with the
catalyst (0.1 g), GVL (10 mmol), and mesitylene (20 ml), and then
sealed and flushed with pure H2 10 times. After being placed in a
heating jacket and preheated to the certain temperature, the auto-
clave was charged with H2 to a certain pressure and with stirring at
a speed of 1000 rpm. After the reaction, the reactants were cooled
rapidly in an ice bath, and the reaction mixture was filtered
and quantitatively analyzed by gas chromatograph (Agilent
7890B) equipped with a DB-WAX capillary column
(30.0 m � 250 lm � 0.25 lm) and a flame ionization detector
using dioxane as an internal standard substance. The spent catalyst
was recovered from the reaction solution by centrifugation and
washed several times with deionized water and ethanol before
the next cyclic test.
3. Results and discussion

3.1. Structural analysis of samples

The crystalline structures of different NiAl-CO3-LDH, NiAl-NO3-
LDH and NiAl-Mo7O24-LDH precursors were characterized by XRD.
As shown in Fig. 1A, XRD patterns of NiAl-CO3-LDH present charac-
teristic (0 0 3), (0 0 6) and (0 1 2) diffractions of hydrotalcite-like
materials. The diffractions at about 11.7� correspond to the basal
spacing of approximately 0.754 nm, in good line with the reported
value for carbonate-intercalated NiAl-LDH [26]. In two cases of
NiAl-NO3-LDH and NiAl-Mo7O24-LDH, the characteristic (0 0 3)
diffraction of LDH phase obviously shifts to about 9.8� and 8.2�,
respectively. Consequently, the basal spacing is increased to
approximately 0.879 nm for NiAl-NO3-LDH or 1.074 nm for
NiAl-Mo7O24-LDH, characteristic of the typical feature of
nitrate or molybdate intercalated LDH materials reported in the
literature [31,32]. Clearly, FT-IR spectra of NiAl-NO3-LDH and
Fig. 1. XRD patterns (A) of NiAl-CO3-LDH (a), NiAl-NO3-LDH (b) and NiAl-Mo7O24-LDH (c)
Ni-MoOx/Al2O3-600 (c) and Ni/Al2O3-500 (d).
NiAl-Mo7O24-LDH precursors indicate characteristic absorption
bands of interlayer Mo-oxygen bond (822 cm�1 for the m4 vibra-
tion) and nitrate ions (1383 cm�1 for m3 vibration and 836 cm�1

for m2 vibration) [33–35] (Fig.S1). Meanwhile, Raman spectrum of
NiAl-Mo7O24-LDH (Fig.S2) depicts three vibration peaks around
352, 910 and 3629 cm�1, respectively, which are attributable to
the bending vibration of the Mo@O bond, the symmetrical vibra-
tion of the Mo-O bond and the stretching vibration of Mo-OH
[32,35], respectively. No vibration peaks related to carbonate and
nitrate ions can be observed. The above results confirm that inter-
layer nitrate ions in NiAl-LDH can be successfully exchanged by
Mo7O24

6- ion, finally forming Mo7O24
6- intercalated NiAl-LDH.

After calcination of NiAl-CO3-LDH and NiAl-Mo7O24-LDH pre-
cursors at 500 �C, XRD patterns of NiAl-MMO and NiMoAl-MMO
present characteristic diffractions of NiO phase (JCPDS no. 44-
1159) and/or NiMoO4 phase (JCPDS no. 12-0348) (Fig.S3), due to
the collapse and decomposition of the initial layered structure of
LDH precursors upon heat treatment. However, in two cases, no
crystalline Al2O3 phases can be detected, due to the formation of
the high dispersive amorphous alumina. Further, the reduced sam-
ples were analyzed by XRD (Fig. 1B). Notably, for Mo-free Ni/Al2O3-
500, only three characteristic diffractions corresponding to the
(1 1 1), (2 0 0) and (2 2 0) crystal planes of metallic Ni appear. In
the cases of Ni-MoOx/Al2O3-400, Ni-MoOx/Al2O3-500 and Ni-
MoOx/Al2O3-600, in addition to those of metallic Ni, several diffrac-
tion peaks corresponding to molybdenum oxides (e.g.MoO3 and/or
MoO2) can be detected, indicative of the decomposition of molyb-
date anion and/or the further reduction of Mo6+ species. In all
cases, the Ni/Al molar ratio in reduced Ni-based samples is close
to 2:0 based on the ICP-AES analysis. The structural and composi-
tional data of samples are summarized in Table 1. In all cases, the
average size of resultant Ni0 particles in Ni-MoOx/Al2O3 samples
was estimated to be ca. 10.8–12.4 nm based on Scherrer equation
analyses. Especially, Ni-MoOx/Al2O3-500 sample possesses a higher
BET surface area than the other two Ni-MoOx/Al2O3-400 and Ni-
MoOx/Al2O3-600 samples, which is lower than that of Ni/Al2O3-
500 sample.

Further, the microstructure of the representative Ni-MoOx/
Al2O3-500 sample was determined through TEM observation. As
shown in Fig. 2, the sample is composed of many small nanoparti-
cles (NPs) of about 10 nm in size, which form a highly hybrid
microstructure, besides few aggregates of NPs. HRTEM image
reveals three clear lattice spacings of about 0.203, 0.236 and
precursors, and XRD patterns (B) of Ni-MoOx/Al2O3-400 (a), Ni-MoOx/Al2O3-500 (b),



Table 1
The compositional and structural properties of samples.

Samples Ni a (wt %) Mo a (wt %) SBET b (m2/g) Vp c (cm3/g) Dp d (nm) D111
e (nm) DSA

f (mmol/g)

Ni-MoOx/Al2O3-400 34.6 31.9 74 0.08 4.8 11.7 1.428 (0.457) g

Ni-MoOx/Al2O3-500 36.1 33.8 93 0.13 4.6 10.8 2.077 (0.717)
Ni-MoOx/Al2O3-600 38.3 35.6 64 0.14 6.1 12.4 1.593 (0.601)
Ni/Al2O3-500 66.3 0 117 0.65 15.3 9.2 1.358 (0.458)

a Determined by ICP-AES.
b Specific surface area calculated by the BET method.
c Total pore volume.
d Average pore size based on BJH method.
e Average crystallite size of Ni particles estimated from XRD patterns.
f Density of total acidic sites determined by NH3-TPD.
g Data in parentheses show the density of moderate strength acidic sites corresponding to the desorption in the region of 200–500 �C.

Fig. 2. TEM (a) and HRTEM (b,c) images of the representative Ni-MoOx/Al2O3-500 sample.
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0.252 nm assigned to the (1 1 1), (0 0 2), and (0 1 2) planes of
metallic Ni, MoO2 and MoO3 phases, respectively. Meanwhile,
amorphous alumina is distributed in the region between the above
three crystalline phases. The results illustrate the uniformly dis-
persed state of different components on the surface of Ni-MoOx/
Al2O3-500 sample.

3.2. Surface properties of samples

To gain surface chemical states of samples, reduced Ni-based
samples were characterized by XPS analysis. As shown in Fig. 3A,
Fig. 3. XPS of Ni 2p (A) and Mo 3d (B) regions for Ni/Al2O3-500 (a), NiMoAl-MMO (b), N
in fine Ni 2p spectra of reduced Ni-based samples, six fitted bands
at about 852.7, 856.0, 861.6, 869.9, 873.4 and 879.3 eV are associ-
ated with Ni 2p3/2 and Ni 2p1/2 core levels of both metallic Ni0 and
Ni2+ species as well as with satellite peaks from Ni2+ species,
respectively [36,37]. Further, according to the integrated areas of
two kinds of Ni species, the relative proportion of surface Ni0 spe-
cies in the total Ni component increases gradually with the
increasing reduction temperature (Table 2). In all cases, the pres-
ence of large amounts of surface Ni2+ species may due to re-
oxidization of surface partial Ni0 species after preparation and
exposure to air. As shown in Fig. 3B, in the fine Mo 3d spectrum
i-MoOx/Al2O3-400 (c) Ni-MoOx/Al2O3-500 (d) and Ni-MoOx/Al2O3-600 (e) samples.



Table 2
The surface defective data of samples.

Samples BE of Mor+a (eV) Mor+/(Mor++Mo6+) ratio c Ni0/(Ni2++Ni0) ratio c OII/(OII + OI) ratio c Cv d (lmol/g)

Ni-MoOx/Al2O3-400 228.0 (231.0) b 0.17 0.42 0.32 72.6
Ni-MoOx/Al2O3-500 227.6 (230.8) 0.54 0.55 0.38 165.9
Ni-MoOx/Al2O3-600 227.3 (230.6) 0.63 0.63 0.46 226.2
Ni-MoOx/Al2O3-700 227.1 (230.3) 0.66 0.68 0.50 175.3
Ni/Al2O3-500 – – 0.53 0.15 5.2

a Binding energy of Mor+ species (0 < r < 6) in the Mo 3d 5/2 region determined from XPS results.
b Values in parentheses are BE of Mor+ species in Mo 3d 3/2 region.
c Determined by Mo 3d, Ni 2p or O 1s regions of XPS results.
d Determined by using the oxygen pulse injection method.
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of NiMoAl-MMO, two XPS peaks appear at about 232.3 eV and
235.7 eV, which can be ascribed to the 3d 5/2 and 3d 3/2 of Mo6+

species [38–40], respectively, indicating that Mo species mainly
exist in the form of MoO3 phase in the NiMoAl-MMO. After reduc-
tion at 400 �C, two main Mo6+ peaks become broad and another
two fitted small peaks appear at about 228.0 eV and 231.0 eV,
respectively. It demonstrates that a part of Mo6+ species is reduced
to Mor+ species (4 <r < 6) [41]. With the further increase in the
reduction temperature to 500 �C and 600 �C, the peak intensities
for Mo6+ species are gradually reduced, while the peak intensities
for Mor+ species are enhanced and the peaks shift to lower binding
energies of about 227.3 and 230.5 eV for Mo 3d5/2 and Mo 3d3/2

core levels. It illustrates that the higher reduction temperature of
600 �C may lead to the formation of Mor+ species with lower
valence states (0 < r � 4). Previously, it also was reported that
MoO3 species could be partially reduced to MoOx with oxygen
vacancy (Ov) by activated hydrogen atoms migrated from active
metallic species through hydrogen spillover [13,42]. The above
results demonstrate that the Mo6+ species in the calcined sample
can be partially reduced at higher reduction temperatures, and
the reduction degree of Mo species is increased with the reduction
temperature, thereby resulting in the formation of large amounts
of MoOx species on the catalyst surface.

In order to further investigate the effect of the introduction of
Mo species on the surface structure of reduced samples, the fine
O 1s spectra of different reduced Ni-based samples were analyzed.
As shown in Fig. 4, there are two peaks at about 530.1 and 531.7,
respectively, which are attributed to the lattice oxygen species
Fig. 4. XPS of O1s region for Ni/Al2O3-500 (a) Ni-MoOx/Al2O3-400 (b) Ni-MoOx/
Al2O3-500 (c) and Ni-MoOx/Al2O3-600 (d) samples.
(O2�) and defective oxides or adsorbed hydroxyl species originat-
ing from surface oxygen vacancies [43–45]. Another small peak
at 535.5 eV is mainly assigned to surface adsorbed water mole-
cules. Compared with Ni/Al2O3-500 sample, reduced Ni-MoOx/
Al2O3 samples exhibit higher OII/(OI + OII) ratios, which are pro-
gressively increased with the reduction temperature, indicative
of the formation of more oxygen vacancies due to the reduction
of Mo6+ species and thus the loss of lattice oxygen (Mo6+–O2-

–Mo6+ + H2 ?Mor+–Ov–Mor+ + H2O). The above results confirm
that the reduction of Mo6+ species at higher temperatures can lead
to the formation of more surface oxygen vacancies and defective
MoOx species. In addition, to determine surface acidity of samples,
NH3-TPD experiments were carried out. As shown in Fig.S4, Ni-
MoOx/Al2O3-500 especially exhibits larger amounts of total and
moderate strength acidic sites (Table 1), probably due to its higher
surface area, as well as the presence of a large amount of low-
valent molybdenum sites acting as surface Lewis acid sites.

In order to detect the dimension and contents of free-volume
holes in solids, positron annihilation spectra (PAS) also was mea-
sured in low-density regions around dislocations or vacancies.
Table 3 shows three distinct kinds of positron lifetime components
(s1, s2, and s3) with the relative intensities over different samples.
Among them, the component with the shortest lifetime (s1) is
assigned to small bulk defects of particles (e.g., monovacancies)
[46,47], while the s2 component is associated with large vacancy
clusters on the surface boundary and the interface of particles. In
addition, the component with the longest lifetime (s3) is related
to intercrystallite spaces. Notably, the intensity of s2 component
for Mo-containing reduced samples, as well as the relative inten-
sity ratio of s2 component to s1 component, is higher than that
for Mo-free Ni/Al2O3-500 and increases with the reduction temper-
ature. It further demonstrates that the sample reduced at the
higher temperature of 600 �C possesses more abundant oxygen
vacancies, well consistent with the XPS results. Meanwhile, we
quantitatively analyzed the content of oxygen vacancies by O2-
pulse adsorption [48]. It is found from Table 2 that the content of
oxygen vacancies in the Ni/Al2O3-500 sample is very low. For Ni-
MoOx/Al2O3 samples, the adsorption capacity for oxygen is dra-
matically increased with the elevated reduction temperature from
400 to 600 �C. However, the amount of surface oxygen vacancies
(Cv value) on the Ni-MoOx/Al2O3-700 with a lower specific surface
area of 14 m2/g is smaller than that on the Ni-MoOx/Al2O3-600,
mainly due to the sintering of the sample at the higher reduction
temperature of 700 �C. The above results further confirm that
abundant surface oxygen vacancies can be formed on the Ni-
MoOx/Al2O3 samples by the introduction of Mo species and the reg-
ulation of the reduction temperature.

H2-TPR characterization was performed to investigate the redox
properties of calcined samples. As shown in Fig. 5, in addition to
three small reduction peaks related to the reduction of surface
Ni3+ species in Ni2O3 (376 �C), highly dispersed Ni2+ species in
NiO (516 �C), and spinel-type NiAl2O4 phase (819 �C), NiAl-MMO



Table 3
The PAS data of different samples.

Sample s1 (ns) s2 (ns) s3 (ns) I1
a (%) I2

a (%) I3
a (%) I2/I1b

Ni/Al2O3-500 0.2015 0.3810 2.785 47.0 51.4 1.59 1.09
Ni-MoOx/Al2O3-400 0.1477 0.3550 2.459 44.7 53.5 1.76 1.19
Ni-MoOx/Al2O3-500 0.1796 0.3912 3.094 39.6 58.3 2.19 1.47
Ni-MoOx/Al2O3-600 0.1848 0.3787 2.558 35.9 62.1 2.05 1.72

a Proportions of different components.
b Relative intensity ratio of the s2 component to the s1component.

Fig. 5. H2-TPR profiles of NiAl-MMO (a) NiMoAl-MMO (b) samples.

Fig. 6. H2-TPD profiles of Ni/Al2O3-500 (a), Ni-MoOx/Al2O3-400 (b), Ni-MoOx/Al2O3-
500 (c) and Ni-MoOx/Al2O3-600 (d) samples.
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sample exhibits a broad and strong reduction region with two fit-
ted peaks at 619 and 707 �C, due to the reduction of bulk NiO phase
[49]. In the case of NiMoAl-MMO, the main reduction peak related
to Ni2+ species in bulk NiMoO4 negatively shifts to 520 �C, demon-
strating that the introduction of Mo species can weaken the inter-
action between Ni-containing species and the support and improve
the dispersion of Ni species. Meanwhile, the reduction of cationic
Mo6+ species to Mor+ species with the lower chemical valences
also appears in the range of 600–750 �C [50–52]. Based on the
above H2-TPR results, the hydrogen consumption of NiMoAl-
MMO is about 14.7 mmol/g, which is less than that of NiAl-MMO
(23.2 mmol/g), due to a lower Ni content of about 30.2 wt% in
the NiMoAl-MMO than that in the NiAl-MMO (about 58.7 wt%),
as well as the incomplete reduction of Mo6+ species.

Usually, active metallic sites over supported metal catalysts
play a key role in the dissociation of the hydrogen molecule in
the hydrogenation process. To investigate the interactions between
metallic sites and hydrogen species, as well as the surface struc-
tural property of supports, H2-TPD experiments were conducted
(Fig. 6). In addition, there is no obvious detective TCD signal in
the range of 50–900 �C in the TPDE curve of the representative
Ni-MoOx/Al2O3-400 (Fig.S5). Also, as shown in the Fig.S6, the TCD
curve of representative Ni/Al2O3-500 and Ni-MoOx/Al2O3-600 sam-
ples in the H2-TPD process in the temperature range of 50–900 �C
is in good agreement with the only signal for desorbed hydrogen
determined by mass spectrometer detector. Combining with the
above blank TPD without hydrogen adsorption and H2-TPD-MS
results (Fig.S5 and Fig.S6), it can be concluded that the present
TCD signals of Ni-based catalysts in the H2-TPD process can repre-
sent the hydrogen desorption on Ni-based samples. All reduced Ni-
based samples present a small desorption associated with surface
weak adsorption of hydrogen in the temperature range of 50–
200 �C. The release of chemisorbed hydrogen on Ni0 atoms in the
broad range of 200 to 550 �C is assigned to the desorption of hydro-
gen from terrace to step and then to the corner sites of Ni0 [53–55],
while the desorption above 550 �C is attributed to hydrogen spil-
lover from metals on the support [55,56]. In comparison, Ni-
MoOx/Al2O3-700 sample was further prepared by the reduction of
NiMoAl-MMO at 700 �C. TEM images reveal the serious agglomer-
ation of Ni particles on the Ni-MoOx/Al2O3-700 surface (Fig.S7),
while the H2-TPD result indicates a smaller density of exposed
Ni0 sites than those of Ni-MoOx/Al2O3-500 and Ni-MoOx/Al2O3-
600 samples (Fig.S8 and Table 4).

In our present catalyst system, although Ni/Al2O3-500 sample
possesses more metallic exposed Ni sites than Ni-MoOx/Al2O3-
400 or approximate value to that of Ni-MoOx/Al2O3-500 (Table 4),
the amount of surface oxygen vacancies on the Ni/Al2O3-500 is
much less than those on other Ni-MoOx/Al2O3 samples (Table 2).
Further, the XPS results of Ni-MoOx/Al2O3-700 sample reveal the
formation of the largest surface Mor+/(Mor+ + Mo6+) molar ratio
among all Ni-MoOx/Al2O3 catalysts (Fig.S9), indicative of the
increased surface fraction of Mor+-Ov-Mor+ structure. The above
results demonstrate that the surface oxygen vacancy on Ni-based
samples has no relevance to the number of surface metallic Ni
sites. Meanwhile, the concentration of spillover hydrogen does
not increase linearly with the number of exposed Ni0 sites, indicat-
ing that besides metallic Ni sites, the surface structure of catalysts,
such as surface acidity and surface defects, can affect the hydrogen
spillover. It is inferred that the significant hydrogen spillover for



Table 4
Data of H2 desorption and TOF values over Ni-based samples.

Samples H2 uptake (mmol/g) HNi
a (mmol/g) Hsp

b (mmol/g) TOFGVL c (h�1) TOFPDO+MTHF
d (h�1)

Ni-MoOx/Al2O3-400 0.301 0.233 0.033 36.1 15.6
Ni-MoOx/Al2O3-500 0.388 0.281 0.069 63.6 41.7
Ni-MoOx/Al2O3-600 0.461 0.348 0.084 71.5 52.6
Ni-MoOx/Al2O3-700 0.373 0.254 0.075 68.5 55.5
Ni/Al2O3-500 0.347 0.275 0.053 43.5 9.0

a Desorption in the range of 200–550 �C.
b Desorption in the range of 500–900 �C.
c Calculated based on the moles of GVL converted per mole surface metallic nickel (mole number of exposed surface metallic nickel was determined by H2-TPD) in the

initial 15 min.
d Calculated based on the moles of 1,4-pentanediol and 2-methyltetrahydrofuran produced per mole surface metallic nickel determined by H2-TPD in the initial 15 min.
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Ni-MoOx/Al2O3-600 may be assigned to the abundant defective
sites, as well as an appropriate amount of surface acidic sites.
3.3. Catalytic performance of catalysts

As shown in Scheme 1, the GVL hydrogenolysis can be carried
out mainly through three pathways. In general, GVL is more sus-
ceptible to the cleavage of the C-O bond at the position (1) to pro-
duce pentenoic acid (PA) [57–59], followed by rapid hydrogenation
to form valeric acid (VA). Meanwhile, the selective hydrogenolysis
through the cleavage of the C-O bond or C@O bond of ester group
at positions (2) or (3) in GVL can produce 1,4-PDO or 2-MTHF,
which may be mainly regulated by delicately designing the struc-
ture of catalysts, as well as controlling the reaction conditions. Spe-
cially, the cleavage of the C-O bond at positions (2) in GVL can first
produce an aldehyde intermediate with hydroxyl and carbonyl
groups, and the intermediate can be rapidly hydrogenated to
produce 1,4-PDO. Therefore, we do not detect the intermediate
during the GVL hydrogenolysis. As mentioned above, the reduction
treatment can significantly affect the surface properties of
MoOx-decorated Ni-based catalysts. The catalytic performance of
Ni-MoOx/Al2O3 catalysts was studied under different reaction
temperatures and hydrogen pressures.

As shown in Table 5, at the low temperature and hydrogen pres-
sure (i.e. 160 �C, 3 MPa), altering the reduction temperature from
400 to 600 �C produces 1,4-PDO and 2-MTHF as main products.
Especially, GVL conversion over the Ni-MoOx/Al2O3-400 only
reaches 15% after a reaction of 4 h, mainly due to the lower amount
of active metallic Ni0 on the catalyst surface. The hydrogenolysis
products of GVL are mainly 1,4-PDO, 2-MTHF, VA and PA, with
the 1,4-PDO and 2-MTHF selectivities of 43% and 11%, respectively.
Scheme 1. Reaction pathways fo
The formation of a large amount of VA and PA indicates that
hydrogenolysis of GVL can easily happen through the cleavage of
the C-O bond either at the position (1) or at the position (2) over
the Ni-MoOx/Al2O3-400 catalyst. GVL conversions are significantly
boosted over Ni-MoOx/Al2O3-500 and Ni-MoOx/Al2O3-600, indica-
tive of the enhanced catalytic activity due to the presence of more
active metallic species. However, there is no obvious relationship
between the particle sizes and the catalytic activity of Ni-MoOx/
Al2O3 samples, indicating that the textural property of samples
and the size of metallic NPs are not key factors affecting the cat-
alytic performance of the present catalyst system. Therefore, the
fact that Ni-MoOx/Al2O3-600 catalyst possesses more exposed sur-
face catalytically active Ni0 species is crucial for achieving a high
activity in the GVL hydrogenation. At the same time, the selectivi-
ties to 1,4-PDO and 2-MTHF over the Ni-MoOx/Al2O3-600 are
increased significantly to about 64% and 28%, respectively. It
demonstrates that the hydrogenolysis of GVL at positions (2) and
(3) is boosted by increasing reduction temperature for catalyst
precursor. Obviously, the reduction treatment at the lower
temperature of 400 �C is not effective in the formation of the close
Ni0-defects structure, which should be essential for the
hydrogenolysis of CAO and C@O bonds of ester group in GVL.
When the hydrogen pressure is increased from 3.0 to 4.0 MPa, both
the GVL conversion and the selectivity to 1,4-PDO are remarkably
increased over different catalysts (Table 5). Especially, Ni-MoOx/
Al2O3-600 yields a higher GVL conversion of 82% with a higher
1,4-PDO selectivity of 78%. With the reaction temperature elevated
from 160 to 200 �C, the GVL conversion, as well as the 2-MTHF
selectivity, is further increased in each case (Table 5). Especially,
high GVL conversions (>90%) can be achieved over Ni-MoOx/
Al2O3-500 and Ni-MoOx/Al2O3-600 catalysts. It demonstrates that
r the hydrogenolysis of GVL.



Table 5
Catalytic results for the GVL hydrogenolysis over different catalysts.a

Entry Catalysts Temp. (�C) PH2 (MPa) Conv (%) Selectivity (%)

1,4-PDO 2-MTHF Others b

1 Ni-MoOx/Al2O3-400 160 3 15 43 11 46
2 Ni-MoOx/Al2O3-500 160 3 42 65 17 18
3 Ni-MoOx/Al2O3-600 160 3 51 64 28 8
4 Ni/Al2O3-500 160 3 27 17 9 74
5 Ni-MoOx/Al2O3-400 160 4 37 57 17 26
6 Ni-MoOx/Al2O3-500 160 4 71 76 15 9
7 Ni-MoOx/Al2O3-600 160 4 82 78 19 3
8 Ni/Al2O3-500 160 4 48 31 12 57
9 Ni-MoOx/Al2O3-400 200 4 51 49 29 22
10 Ni-MoOx/Al2O3-500 200 4 90 74 24 2
11 Ni-MoOx/Al2O3-600 200 4 95 68 31 1
12 Ni-MoOx/Al2O3-700 200 4 71 78 20 2
13 Ni/Al2O3-500 200 4 80 21 15 64
14 Ni/Al2O3-600 200 4 67 21 23 56
15 Ni/Al2O3-im 200 4 27 34 58 8
16 Ni/MoO3-im 200 4 71 36 24 40
17c MoO3 200 4 nd – – –
18d Ni/MoOx-500 160 4 78 61 21 18e

19f Ni/MoOx-500 160 4 70 92 7 1

a Reaction conditions: GVL, 10 mmol; catalyst, 0.1 g; mesitylene, 20 ml; time, 4 h.
b VA and pentenoic acid as main by-products.
c Commercial MoO3.
d Ethanol as the solvent.
e Ethyl valerate as main by-product.
f H2O as the solvent.
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high reaction temperature is beneficial to the direct cleavage of the
C@O bond in GVL. With the increasing reaction time, the GVL con-
version over the Ni-MoOx/Al2O3-500 increases gradually (Fig. 7).
Meanwhile, the selectivity to 1,4-PDO as the main product first
increases and then begins to decrease after a reaction of 4 h, while
the selectivity to 2-MTHF increases within 6 h. It illustrates that
the route 2 from GVL to 1,4-PDO and the route 3 from GVL to 2-
MTHF in Scheme 1 proceed competitively. In comparison, at
200 �C and 4.0 MPa hydrogen pressure, Ni-MoOx/Al2O3-700 deliv-
ers a low GVL conversion of about 71% after a reaction of 4 h
(Table 5), with the 1,4-PDO and 2-MTHF selectivities of 78 and
20%, respectively. It illustrates that the density of surface metallic
Ni should be a key factor in affecting the catalytic activity of the
present Ni-based catalysts. On the other side, although Ni/Al2O3-
500 sample has a much larger specific surface area, total pore vol-
ume and average pore diameter than Ni-MoOx/Al2O3, its catalytic
Fig. 7. Change in the conversion and selectivity on the GVL hydrogenolysis with the
reaction time over the Ni-MoOx/Al2O3-500 catalyst at a hydrogen pressure of
4.0 MPa and 200 �C.
activity is still inferior to those of Ni-MoOx/Al2O3 catalysts (Table 5).
At the same time, based on the small grain sizes of the present cat-
alyst powders (<7 lm), the internal (or intraparticle) mass trans-
port limitation may be ignored. It demonstrates that there is no
obvious correlation between the porosity of samples and their cat-
alytic performance.

Further, Ni/Al2O3-600 catalyst was prepared by the reduction of
NiAl-MMO at 600 �C. It was found that besides low selectivities to
1,4-PDO and 2-MTHF, the catalytic activity of Ni/Al2O3-600 was
lower than those of Ni/Al2O3-500 and Ni-MoOx/Al2O3-600 (Table 5).
We also compared the catalytic performance of alumina and
molybdenum oxide supported Ni catalysts under the same condi-
tions and found that despite high GVL conversions in some cases,
the selectivities to 1,4-PDO and 2-MTHF over Ni/Al2O3-500, im-
Ni/Al2O3, and im-Ni/MoO3 are much lower than those over Ni-
MoOx/Al2O3 catalysts. However, MoO3 is inactive for the GVL
hydrogenolysis (Table 5). Meanwhile, compared with Ni/Al2O3-
500 with a Ni loading of 66.0 wt%, im-Ni/Al2O3 and im-Ni/MoO3

catalysts with a Ni loading of about 35.0 wt% afford higher selectiv-
ity to the total 1,4-PDO and 2-MTHF, mainly due to the presence of
more acidic Al2O3 and MoO3 supports [60,61] in catalysts, thus
facilitating the cleavage of C@O bond and its adjacent C-O bond
in GVL. The results also illustrate that metallic Ni0 species alone
are not highly effective for the cleavage of CAO and C@O bonds
of ester group in GVL. In addition, when ethanol is used as the sol-
vent, ethyl valerate also can be produced (Table 5) over the Ni-
MoOx/Al2O3-500 through the esterification between VA and etha-
nol [62]. More interestingly, the 1,4-PDO selectivity can be signifi-
cantly improved to 92% using H2O as the solvent (Table 5). Here,
the GVL hydrogenolysis in water presents a more sustainable and
greener chemical process.

As a result, among tested Ni-based catalysts, Ni-MoOx/Al2O3

catalysts are highlighted as promising catalysts for the synthesis
of 1,4-PDO and 2-MTHF from GVL hydrogenolysis. In particular,
at the reaction temperature of 200 �C and the relatively low hydro-
gen pressure of 4.0 MPa, the combined yield of 1,4-PDO and 2-
MTHF can reach 94% over the Ni-MoOx/Al2O3-600, reflecting the
preferential cleavage of C-O and C@O bonds of ester group in
GVL over the C-O bond at the position (1) for GVL hydrogenolysis.



Fig. 9. In situ FT-IR spectra of GVL adsorbed on Ni-MoOx/Al2O3-500 and Ni/Al2O3-
500 with different desorption temperatures.
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Further, a detailed investigation to determine the effects of
reaction temperature and hydrogen pressure on the catalytic reac-
tion was performed utilizing the Ni-MoOx/Al2O3-500. As shown in
Fig. 8, the GVL conversion is gradually increased with the elevated
reaction temperature, while the combined selectivity of 1,4-PDO
and 2-MTHF is increased. When the reaction temperature is ele-
vated to 200 �C, no VA can be obtained. In addition, the low reac-
tion temperature is beneficial to the formation of 1,4-PDO,
whereas more 2-MTHF can be formed at higher temperatures. This
is because the direct hydrogenation of the carbonyl group in GVL
easily occur at higher temperatures. Furthermore, the GVL conver-
sion dramatically increases with the hydrogen pressure increased
from 2.0 to 3.0 MPa, and slowly increase with the further increase
in the hydrogen pressure. At lower hydrogen pressures, the
amount of VA formed accounts for about half of the number of
total reaction products. As the hydrogen pressure is gradually ele-
vated to 4 MPa, the VA selectivity decreases rapidly, along with the
increased selectivities to 1,4-PDO and 2-MTHF. When the pressure
is further increased to 6.0 MPa, the 1,4-PDO selectivity decreases
slightly, whereas the 2-MTHF selectivity is slightly improved. The
above results indicate a positive effect of hydrogen pressure on
the hydrogenolysis of GVL to produce 1,4-PDO and 2-MTHF. There-
fore, the reaction temperature of 200 �C and the hydrogen pressure
of 4.0 MPa are well-suited for producing 1,4-PDO and 2-MTHF at
high total yields. As a result, the formation of 1,4-PDO and 2-
MTHF over MoOx-decorated Ni-based catalysts can be effectively
controlled by different reaction conditions (i.e. reduction tempera-
ture of catalyst precursors, reaction temperature and hydrogen
pressure).

3.4. Mechanical study on catalytic reaction

As we know, metallic Ni0 atoms as catalytically active centres
can dissociate molecular hydrogen into active hydrogen species
during the GVL hydrogenolysis. In the case of Ni-MoOx/Al2O3 cata-
lysts, the incomplete reduction of Ni2+ species at the lower reduc-
tion temperature of 400 �C may lead to a relatively low
hydrogenolysis activity, while the conversion rate can be enhanced
with the reduction temperature for catalyst precursors. On the
other side, the XPS characterization of reduced samples reveals
that after the reduction of calcined Mo7O24

6- intercalated LDH pre-
cursors, large quantities of surface low-valent Mor+ species-
oxygen vacancy pairs can be generated. Therefore, to gain more
information on the ability for activating GVL on catalysts, two
Fig. 8. Effect of the reaction temperature (A) on the GVL hydrogenolysis over the Ni-MoO
pressure (B) on the GVL hydrogenolysis over the Ni-MoOx/Al2O3-500 catalyst at 200 �C
Ni-MoOx/Al2O3-500 and Ni/Al2O3-500 samples were characterized
by in situ FT-IR of GVL adsorption (Fig. 9). The absorption near
1770 cm�1 belongs to the weak chemical adsorption of GVL, while
another one near 1745 cm�1 is attributed to the C@O stretching
vibration [63], indicative of the weakening in the strength of
C@O bond in GVL. Noticeably, with the increase in the desorption
temperature from 50 �C to 300 �C, the weak GVL adsorption on
the Ni-MoOx/Al2O3-500 is gradually weakened and finally com-
pletely disappears. However, the absorption peak at 1742 cm�1

still almost keeps unchanged at the desorption temperature of
300 �C. For Ni/Al2O3-500, the GVL adsorption almost completely
disappears when the temperature rises above 200 �C. The much
stronger redshift for Ni-MoOx/Al2O3-500 at 1745 cm�1 than that
for Ni/Al2O3-500 clearly demonstrate that Ni-MoOx/Al2O3-500
exhibits stronger adsorption for GVL substrate. In this case, surface
MoOx species can interact with the lone electron pair of oxygen in
carbonyl group in GVL, by which the C@O bond or its adjacent C-O
bond of ester group can be weakened and finally hydrogenated to
1,4-PDO or 2-MTHF [64–66].
x/Al2O3-500 catalyst at a hydrogen pressure of 4.0 MPa for 4 h. Effect of the reaction
for 4 h.
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To investigate the intrinsic nature of catalytically active sites on
Ni-based catalysts, the initial turnover frequency of GVL converted
(TOFGVL) was calculated based on the moles of GVL converted per
mole surface metallic Ni after a short time of 15 min (Table S1).
As shown in Table 4, compared with Ni/Al2O3-500, Ni-MoOx/
Al2O3-500 affords a higher TOFGVL value. Meanwhile, it is noted
that the TOFGVL value of Ni-MoOx/Al2O3 catalysts increases gradu-
ally with the elevated reduction temperature from 400 to 600 �C.
However, further elevating reduction temperature to 700 �C leads
to a slight decrease in the TOFGVL value in the case of Ni-MoOx/
Al2O3-700. Although the H2-TPD results demonstrate the occur-
rence of hydrogen spillover over Ni-based catalysts in the gas
phase, active hydrogen species formed on metallic sites through
the dissociation of molecular hydrogen can be rapidly quenched
by the reactant and abundant mesitylene solvent under the actual
liquid phase reaction conditions. Correspondingly, such spillover
hydrogen species detected by H2-TPD in the gas phase would be
hardly located on the solid catalyst in the actual liquid phase reac-
tion. Interestingly, the above FT-IR spectra of GVL adsorption
Fig. 10. Change in the initial TOF values of 1,4-PDO and 2-MTHF formed with
surface Mor+/(Mor++Mo6+) molar ratio over different Ni-MoOx/Al2O3 catalysts.

Scheme 2. Proposed reaction mechanisms of GVL hydrogenolysi
reveal that the stronger adsorption of GVL can occur on the Ni-
MoOx/Al2O3-500 with abundant oxygen vacancies, compared with
Ni/Al2O3-500 with surface acidic sites. It implies that during the
reaction, GVL molecule may be preferentially adsorbed on surface
defective sites acting as adsorption and reaction centers in the
cases of Ni-MoOx/Al2O3 catalysts. For Ni/Al2O3-500 with a very
small amount of surface defects, however, the adsorption of GVL
mainly occurs on surface acidic sites. Correspondingly, for Ni-
MoOx/Al2O3 catalysts, the formation of more surface oxygen vacan-
cies can greatly facilitate the adsorption of GVL on the surface of
catalysts, thereby leading to the higher TOFGVL value. Specially,
Ni-MoOx/Al2O3-600 with the highest amount of surface oxygen
vacancies (226.2 lmol/g) affords a highest TOFGVL value, despite
the smaller density of surface acidic sites on the Ni-MoOx/Al2O3-
600 than that on the Ni-MoOx/Al2O3-500. Therefore, the change
in the intrinsic activities (TOFGVL values) of Ni-MoOx/Al2O3 cata-
lysts with the amount of surface defects indicates that the present
catalytic hydrogenolysis of GVL is a structure sensitive reaction,
and the activity of Ni-MoOx/Al2O3 catalysts is closely correlated
with the surface defective structure of catalysts.

On the other side, it is noted that the TOF value of 1,4-PDO and
2-MTHF formed (TOFPDO+MTHF) over the Ni-MoOx/Al2O3-400 is
much lower than those over other Mo-containing catalysts
(Table 4). However, Ni/Al2O3-500 affords the lowest TOFPDO+MTHF

value of 9.0 h�1. Further, as shown in Fig. 10, it is interestingly
noted that the TOFPDO+MTHF value over Ni-MoOx/Al2O3 catalysts
almost increases linearly with the increase in a surface Mor+/
(Mor++Mo6+) molar ratio. Specially, compared with other Ni-
MoOx/Al2O3 catalysts, Ni-MoOx/Al2O3-700 with the higher fraction
of surface defective Mor+-Ov-Mor+ structure afford a higher
TOFPDO+MTHF value. It demonstrates that the surface oxygen
vacancy should be a key factor controlling selective hydrogenolysis
of GVL to form 1,4-PDO and 2-MTHF in the present Ni-MoOx/Al2O3

catalyst system.
The above great changes in the TOFGVL and TOFPDO+MTHF values

over Ni-based catalysts strongly illustrate that in addition to
metallic Ni atoms as catalytically active sites for dissociating
molecular hydrogen, surface defective Mor+-Ov-Mor+ structure
over Ni-MoOx/Al2O3 catalysts should play an important role in
improving the conversion of GVL and the formation of 1,4-PDO
and 2-MTHF in the hydrogenolysis of GVL. Therefore, based on
the above characterizations and catalytic experiments, we eluci-
date the possible picture of the main reaction pathways for the
s catalyzed by Ni-MoOx/Al2O3-500 (I) and Ni/Al2O3-500 (II).
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conversion of GVL over Ni-MoOx/Al2O3 catalysts. As shown in
Scheme 2, the oxygen atom of the carbonyl group in GVL can inter-
act with low-valent molybdenum sites on the catalyst surface at
the initial reaction stage. Subsequently, GVL molecules are
adsorbed at oxygen vacancies. Meanwhile, the coordinatively
unsaturated low-valent Mor+ sites linked to neighboring oxygen
vacancies can be easily in situ oxidized to high-valent Mo6+ species
through the electronic delocalization structure and reapportion-
ment of charge. Correspondingly, the oxygen atom of the carbonyl
group in GVL molecule occupies the oxygen vacancy and favors the
formation of the Mo6+–O–Mo6+ structure on the catalyst surface,
thus finally activating C@O or CAO moieties. Then, the adjacent
metallic Ni species may dissociate molecular hydrogen into active
hydrogen species. As-formed hydrogen species participate in the
cleavage of the C-O bond or C@O band at positions (2) or (3) of
GVL (Scheme 1). At last, 1,4-PDO or 2-MTHF product desorbs from
the catalyst surface and the catalyst surface is recovered together
with the formation of initial Mor+-Ov-Mor+ defective structure
through the redox processes involving cationic Mo species. Corre-
spondingly, surface defects play a crucial role in promoting the GVL
hydrogenolysis through the activation of the C@O or C-O bond in
GVL, followed by the hydrogenolysis. In a way, large quantities of
surface acidic sites and moderate strength acidic sites over Ni-
MoOx/Al2O3-500 and Ni-MoOx/Al2O3-600 may be beneficial to the
cleavage of C@O bond and its adjacent C-O bond in GVL for produc-
ing 1,4-PDO and 2-MTHF.

As a result, in the case of Ni-MoOx/Al2O3 catalysts, abundant
surface defective MoOx species can greatly facilitate the direct
cleavage of the C-O bond and C@O bond of ester group in the
GVL to produce 1,4-PDO and 2-MTHF. As the reduction tempera-
ture increases, increased amounts of surface MoOx species result
in the increased selectivity to 1,4-PDO or 2-MTHF. Due to the lack
of interactions between GVL substrate and defective sites, Ni/
Al2O3-500 gives priority to the GVL hydrogenolysis at the position
(1) to generate PA and VA.
4. Conclusions

In summary, a heterogeneous MoOx-decorated Ni catalyst sys-
tem was developed to catalyze selective hydrogenolysis of GVL
into 1,4-PDO and 2-MTHF. XPS, PAS, and O2-pulse analysis showed
that abundant surface defects (i.e. low-valent molybdenum-oxygen
vacancy pairs) were constructed on the catalyst surface, and the
formation of surface defective structures could be controlled by
changing the reduction temperature. Our study showed that Ni-
MoOx/Al2O3 catalysts enabled higher selectivities to 1,4-PDO and
2-MTHF in comparison with Mo-free Ni/Al2O3 catalyst, and that
high reaction temperature and hydrogen pressure were beneficial
to selective GVL hydrogenolysis with high combined selectivity
of 1,4-PDO and 2-MTHF. A possible mechanism was tentatively
proposed, in which the carbonyl group in GVL was adsorbed and
activated by surface defective MoOx species and further hydro-
genated to produce 1,4-PDO or 2-MTHF. It was inferred that in
the case of Ni-MoOx/Al2O3 catalysts, a cooperative action between
active metallic sites and abundant surface defective MoOx species
significantly promoted the hydrogenolysis of GVL and the forma-
tion of 1,4-PDO and 2-MTHF. The present findings create an alter-
native approach to control the surface chemistry of Ni-based
catalyst system for highly efficient hydrogenolysis of GVL to form
higher value-added chemicals and fuels.
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