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Abstract
In this work, bimetallic NiMo-supported Al2O3@TiO2 core-shell microspheres were developed for the hydrodeoxygenation
(HDO) of syringol. First, multi-grams of bimetallic NiMo-supported Al2O3 microspheres containing 20 wt% Ni and 10 wt%
Mo were prepared by combining sol-gel and spray pyrolysis (NiMo@Al2O3). Afterwards, a TiO2 anatase shell was decorated
onto the surfaces of NiMo@Al2O3 microspheres by hydrolysis of titanium (IV) butoxide with the assistance of an inhibitor.
The fabricated NiMo@Al2O3@TiO2 spheres were characterized by XRD, FE-SEM, HR-TEM, N2 adsorption-desorption,
XPS, and H2-TPR analyses. The results indicate that Ni and Mo species were incorporated well into the γ-Al2O3

microspheres, which were finely coated by a TiO2 anatase shell layer. HDO experiments showed that the spray pyrolysis-
derived bimetallic NiMo-supported catalysts effectively converted syringol with a conversion of ~100% at 270 °C for 3 h, but
the hydrocarbon selectivity was still low (~40.3%). By decorating a TiO2 layer shell onto the NiMo@Al2O3 microspheres,
enhancing the hydrocarbon selectivity up to ~97%, which included methyl-substituted cyclohexanes (~87.7%), cyclohexane
(~2%), and 1,1′-bi(cyclohexane) (~7.3%). The findings suggest that coating the NiMo@Al2O3 microspheres containing high
catalyst contents with a hydrophobic shell resulted in a synergetic effect that improved the HDO performance.

Graphical Abstract
Hydrodeoxygenation of syringol over spray pyrolysis-derived catalysts (A) NiMo@Al2O3 and (B) NiMo@Al2O3@TiO2
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Highlights
● NiMo@Al2O3 microspheres were rapidly fabricated by the spray pyrolysis.
● TiO2 shell layer was decorated over the NiMo@Al2O3 microspheres.
● NiMo@Al2O3@TiO2 catalyst had 100% HDO conversion toward syringol.
● NiMo@Al2O3@TiO2 catalyst exhibited a good stability.

1 Introduction

Biomass-derived biofuel (bio-oil) is considered a promising
alternative energy to conventional fossil fuels [1–3]. This is
because the biochemical compositions of biomass (e.g.,
lipid and lignin) can be decomposed into low-molecular
products under pyrolysis or hydrothermal liquefaction
conditions [4, 5]. Nonetheless, these low-grade products
usually have high acidity, viscosity, and chemical instability
owing to their high contents of oxygen, nitrogen, phos-
phide, or sulfur, prohibiting their feasibility as vehicle fuels
[6–8]. Thus, many approaches have been adopted to
upgrade this low-grade biofuel, such as catalytic cracking,
desulfurization, denitrogenation, or hydrodeoxygenation
(HDO) [9, 10]. HDO is a promising strategy to upgrade bio-
oil, by which a catalyst will eliminate oxygen in biomass-
derived molecules in the presence of hydrogen [11, 12].
After treatment, the hydrodeoxygenated products achieve
more hydrogen and less oxygen, leading to a higher heating
value and chemical stability.

An efficient catalyst for HDO performance acquires high
reactivity to effectively cleavage C-O bonds of biomass-
derived molecules to achieve high hydrodeoxygenation
conversion and high hydrocarbon selectivity. In addition, the
catalysts must retain their reactivity for the long term to meet
the realistic application requirement. However, research has
indicated that catalysts’ reactivity usually diminishes for
several reasons. Among them, the presence of water in the
reaction mixture can cause catalyst deactivation owing to the
water adsorption and the formation of hydroxyl species
[6, 13]. Thus, preparing a catalyst with a high water-
resistance capability to achieve a good HDO performance is
highly desired. This requires a good design of the compo-
sitions and structures of heterogeneous catalysts.

Many types of catalysts have been studied for HDO
processes, mainly categorized as sulfide [14, 15], phosphide
[16], noble metal-supported [7], and transition metal-
supported catalysts [17, 18]. The sulfide catalysts require
pre-treatment with H2S, and they can release sulfur into the
bio-oil as a contaminant during the HDO process, conse-
quently reducing fuel quality. Meanwhile, the industry’s use
of noble metal-containing catalysts is still limited because
of their prohibitive costs. Contrarily, transition metals such

as Ni, Mo, and Co are relatively affordable and clean,
making them more attractive materials [18, 19]. Notably,
bimetallic catalyst systems of transition metals, such as
NiMo, NiCo, or CoMo, are more reactive than the mono-
metallic systems because of the significant synergy between
two catalysts [17, 20–23], rendering them the most desir-
able candidates for hydrodeoxygenation. For instance,
NiCo/γ-Al2O3 catalyst reportedly exhibited better guaiacol
conversion than monometallic Ni or Co-supported catalysts
[24]. Recently, Adilina et al. [25] synthesized a clay-
supported NiMo catalyst, which showed a relatively good
HDO performance toward guaiacol. Nevertheless, these
catalysts were insufficient to cleavage the O–Caryl bonds of
the lignin-derived molecules, resulting in low hydrocarbon
selectivity.

In this work, we developed NiMo@γ-Al2O3@TiO2 core-
shell microspheres and applied them for hydrodeoxygenation.
The advantage is that high catalyst contents of Ni (20 wt%)
and Mo (10 wt%) were finely incorporated into the γ-Al2O3

support through the combination of sol-gel and spray pyr-
olysis, which is a rapid and scalable approach (Fig. 1). These
microspheres were then decorated with a TiO2 shell layer,
expecting to increase the catalysts’ durability because of their
hydrophobic nature. In the present work, syringol (2, 6-
dimethoxylphenol), one of the lignin-derived model com-
pounds [4], was subjected to hydrodeoxygenation using the
prepared NiMo-supported Al2O3@TiO2 core-shell catalyst. As
a result, it was realized that syringol was effectively hydro
deoxygenated, giving a high conversion and hydrocarbon
selectivity. In addition, the prepared NiMo@Al2O3@TiO2

catalyst exhibited good renewability, making it a promising
catalyst for upgrading biofuel.

2 Experimental

2.1 Synthesis of NiMo@Al2O3 micmicrosphere

Multi-grams of bimetallic NiMo-supported γ-Al2O3 meso-
porous microspheres were rapidly produced by the spray
pyrolysis approach according to our previous work [18].
Briefly, a sol solution γ-AlOOH (0.3M) was first prepared by
the hydrolysis of aluminium-tri-sec butoxide (Al(OC4H9)3,
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Aldrich, 99%). Next, the precursor solution for the spray
pyrolysis was prepared by dissolving Ni(NO3)2.6H2O
(Aldrich, 97%), (NH4)6Mo7O24.4H2O (Aldrich, 97%), and
cetyltrimethylammonium bromide (CTAB, Aldrich, 97%)
into 400ml sol with a constant stirring. Herein, CTAB acts as
a surfactant that enhances the metal salt dispersion in the sol
solution, and the metal/CTAB molar ratio was 0.5. The
weight percentage of Ni and Mo of the catalyst was fixed at
20 and 10 wt%, respectively, which reportedly created the
maximum synergetic effect of the catalyst [17]. Afterwards,
the solution was nebulized to sol droplets, being brought into
a quartz reactor preheated at 650 °C by airflow. The resultant
powder was then calcined at 500 °C for 4 h in the air to yield
the final product, which is labelled as NiMo@Al2O3.

2.2 Synthesis of NiMo@Al2O3@TiO2 core-shell

A bimetallic NiMo-supported γ-Al2O3 covered TiO2 layer
was prepared according to our previous work with a slight
modification [6]. First, solution X was prepared by disper-
sing 0.75 g spray pyrolysis-derived NiMo@Al2O3 micro-
spheres into a solution containing ethanol (70 ml) and
triethanolamine (1 ml) under vigorous stirring conditions.
Solution Y was separately prepared by dissolving titanium
(IV) butoxide (6 ml) in 10 ml ethanol. Then, solution Y was
dropped slowly into solution X and stirred for 30 min. The
solid was recovered by centrifugation and dried at 115 °C
for 6 h. The obtained product was then calcined at 500 °C
for 4 h in the air. Finally, the product was subjected to a
reduction at 700 °C for 3 h using a gas flow of 15%H2/Ar in
a fixed-bed reactor to obtain the final product
NiMo@Al2O3@TiO2.

2.3 Characterizations

The prepared materials’ morphology was obtained by high-
resolution FE-SEM (HR-FESEM, Carl Zeiss STM, Ger-
many) and TEM (Talos F200X). The textural properties of

the prepared catalysts were analyzed by nitrogen sorption at
77 K using an N2 porosimeter (BELSORP-max, BEL,
Osaka, Japan). Before analyzing, all samples were degassed
at 150 °C for 8 h under vacuum conditions. The specific
surface area of the sample was measured using the multi-
point Brunauer–Emmet–Teller method, and the pore size
distribution was obtained by applying the
Barrett–Joyner–Halender (BJH) method. The crystalline
structures of the catalysts were analyzed by utilizing a
powder X-ray diffractometry (XRD) with a Cu Kα radiation
source (Rigaku, Tokyo, Japan). The chemical states of Mo
and Ni elements were examined by X-ray photoelectron
spectrometry (XPS; K-Alpha, Thermo Fisher Scientific,
Waltham, MA, USA). Before analysis, the reduced catalyst
was passivated in a gas flow of 1% O2/Ar for 3 h at room
temperature. Binding energy was corrected based on the
binding energy value of the adventitious carbon C1s
(284.6 eV).

The H2 temperature-programmed reduction (H2-TPR)
was performed using the fixed-bed reactor. First, 0.2 g
calcined catalyst was loaded into the reactor and treated at
150 °C for 1 h under Ar flow (60 ml/min) to remove phy-
sically adsorbed impurities. Then, the reduction was carried
out using a gas flow of 20%H2/Ar, and the reduction tem-
perature was increased up to 900 °C at a heating rate of
3 °C/min. The downstream H2 was analyzed by a gas
chromatograph (6500GC, Y.L. Instrument, Korea) equip-
ped with a thermal conductivity detector.

2.4 Hydrodeoxygenation of syringol

In this work, syringol, a methoxy-substituted phenol, one of
the lignin-derived compounds, was utilized as a bio-oil
model compound. The hydrodeoxygenation of syringol was
carried out using a high-pressure autoclave reactor. First,
50 ml of decane and 0.1 g of syringol were loaded into the
reactor. Next, a 0.3 g catalyst (NiMo@Al2O3 and
NiMo@Al2O3@TiO2) was added to the mixture. After

Fig. 1 The schematic diagram
for the preparation of spray
pyrolysis-derived
NiMo@Al2O3@TiO2 core-shell
microspheres
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being sealed, the air inside the reactor was replaced by H2

(4 MPa). Afterwards, the reactor was heated to the designed
temperature under stirring conditions and kept for 3 h. The
reactor was then naturally cooled to room temperature. The
liquid product was obtained by filtering and then analyzed
using Gas chromatography-Mass spectroscopy (GC-MS;
Agilent 7890 A, USA). The HDO conversion was calcu-
lated from the converted syringol/initial syringol ratio,
while the product selectivities were obtained based on the
moles of each component in the downstream product.

For the cyclic experiments, the catalyst was dried at
120 °C and vacuumed (10-2 kPa) for two hours before being
used for the next run. Other reaction conditions were
maintained for all experiments.

3 Results and discussion

3.1 Characterization

The morphology of the prepared samples was examined
through SEM and TEM measurements, as presented in Fig.
2. The SEM image of spray pyrolysis-derived
NiMo@Al2O3 shows microspheres with particle sizes of
0.3~2.0 μm [Fig. 2a]. The TEM image demonstrates a TiO2

shell layer with a thickness of ~59 nm decorated over the
microsphere NiMo@Al2O3 [Fig. 1b, c]. In addition, EDX
elemental maps analyses confirmed the presence of Ni and
Mo dopants, which were finely dispersed throughout the
spheres [Fig. 1d–h]. Figure 3 shows crystallography ana-
lyses of the prepared γ-Al2O3, NiMo@Al2O3, and
NiMo@Al2O3@TiO2 catalyst. As demonstrated, the XRD

pattern of the bare Al2O3 showed diffraction peaks at
2θ= 37.6°, 46.0°, and 66.7°, which are the characteristics
of the γ-Al2O3 phase. There is no trace of metal dopants
witnessed on the XRD pattern of the bimetallic NiMo-
supported Al2O3 samples. This suggests that these metal
species were finely incorporated into the support γ-Al2O3

and could be beyond the XRD detection limitation. The
same phenomenon was previously reported for spray
pyrolysis-derived materials [18, 26, 27]. It is notable that
the NiMo@Al2O3@TiO2 catalyst’s peak intensities were
slightly diminished owing to the newly formed TiO2 shell
layer.

The catalyst’s reduction behavior and its elements’
valence states were analyzed, and the results are illustrated
in Fig. 4. Figure 4a reveals the H2-TPR profile of the cal-
cined NiMo@Al2O3@TiO2 catalysts. As illustrated, the
low-temperature peak at around 390 °C is attributed to the
reduction of Mo6+ to Mo4+ [18]; the broader peak ranged
450 ~ 810 °C is ascribed to the reduction of Mo4+ and Ni2+

to metallic Mo0 and Ni0, respectively [17, 18]. Herein, it
should be mentioned that the reduction of metal oxide
species of the NiMo-supported catalyst is much more
facilitated than monometallic Mo or Ni-supported catalysts
owing to the synergetic effect of the bimetallic system [18].
We further examined the valence states of Ni and Mo of the
synthesized catalysts using XPS analyses, and the results
are presented in Fig. 4b, c. As revealed in Fig. 4b, the O 1 s
XPS spectrum of the calcined NiMo@γ-Al2O3@TiO2

shows two peaks at around 530.4 eV and 532.5 eV. The low
binding energy peak is ascribed to M-O bonds (M: Al, Ti,
Ni, and Mo), while the higher binding energy peak is
attributed to the H–O bonds of the adsorbed water mole-
cules [28]. For the reduced sample, the high energy peak of
O disappeared on the O 1 s XPS spectrum due to the

Fig. 2 a HRFE-SEM image of NiMo@Al2O3 and HR-TEM image of
b NiMo@Al2O3 and c NiMo@Al2O3@TiO2; d–h EDX elemental
maps of Al, Mo, Ni, and Ti of the NiMo@Al2O3@TiO2 microsphere

Fig. 3 XRD patterns of the prepared γ-Al2O3, NiMo@Al2O3, and
NiMo@Al2O3@TiO2
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elimination of the adsorbed water during the reduction
process. Moreover, the peak of the M–O bonds shows a
decrease in intensity, which could result from the reduction
of molybdenum and nickel oxides. The high-resolution XPS
spectrum of Mo in the calcined NiMo@Al2O3@TiO2 shows
the binding energy peak of 232.7 eV (Mo 3d5/2) and
235.9 eV (Mo 3d3/2), which are characteristics of Mo6+

[29]. After reduction, the Mo 3d spectrum shows the
coexistence of Mo5+ (231.5 and 234.6 eV), Mo4+ (229.3
and 232.4 eV), and Mo0 (227.9 and 230.8 eV) [6, 28] [Fig.
4c]. Accordingly, the percentage of Mo0, Mo4+, and Mo5+

was approximately 78, 13, and 9%, respectively. Concern-
ing the nickel, the high-resolution XPS spectrum of Ni 2p in
the calcined catalyst exhibits the energy peak of 857.2 eV
(Ni 2p3/2) and 874.7 eV (Ni 2p1/2) along with a broad shake-
up satellite, which are the characteristics of Ni2+ [24]. In
addition, the Ni 2p XPS spectrum of the reduced NiMo@γ-
Al2O3@TiO2 sample indicates that Ni2+ was reduced to
metallic Ni0, which is confirmed via the binding energy
peak at 852.3 and 870.1 eV [24] [Fig. 4d]. The findings
indicate that the reduced NiMo@Al2O3@TiO2 micro-
spheres contained high amounts of Mo0 and Ni0, which are
beneficial for the hydrodeoxygenation performance.

N2 sorption curves and pore size distributions of the
fabricated samples were demonstrated in Fig. 5a and Fig.
5b, respectively. Table 1 lists the samples’ calculated BET
surface area and pore volume. As shown in Table 1, the
spray pyrolysis-derived NiMo-supported Al2O3 micro-
spheres had BET surface area and pore volume of ~280 m2/
g and ~0.28 cm3/g, respectively. The synthesized TiO2-

coated NiMo@Al2O3 sample had surface area and pore
volume of 220 m2/g and 0.23 cm3/g, respectively, showing
a slight decrease in porosity compared to the pristine
NiMo@Al2O3 samples owing to the newly decorated TiO2

shell layer.

3.2 Hydrodeoxygenation of syringol

Figure 6a–c show the GC-MS analysis results of the
hydrodeoxygenation of syringol using the fabricated cata-
lysts compared with the catalyst blank experiment. As
shown, no trace of products was observed on the GC/MS
spectrum for the catalyst blank experiment. Nonetheless, the
GC-MS spectra for the downstream products obtained for
the catalytic experiments exhibit many substances, sug-
gesting syringol was converted over the NiMo@Al2O3 and
NiMo@Al2O3@TiO2 catalysts. Table 2 lists the obtained
products with a quality higher than 90%. The obtained
results evidenced that spray pyrolysis-derived bimetallic
NiMo-supported Al2O3 effectively converted syringol,
giving a high HDO conversion of 100% after a holding time
of 3 h. However, it should be noted that there is a significant
difference in the product distribution and selectivity
achieved for the prepared catalysts. As revealed in Table 2,
the catalytic hydrodeoxygenation of syringol over the
pristine NiMo@Al2O3 sample produced a wide product
distribution, giving a selectivity of ~56.4 and ~40.3% for
oxygenated- and deoxygenated products, respectively.
Contrarily, the NiMo@Al2O3@TiO2 core-shell converted
syringol to methyl-substituted cyclohexanes (~87.7%),

Fig. 4 a H2-TPR profile and the
high-resolution XPS spectrum of
b O 1 s, c Mo 3d, and d Ni 2p of
NiMo@Al2O3@TiO2
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cyclohexane (~2.0%), and 1,1′-bi(cyclohexane) (~7.3%),
giving a hydrocarbon selectivity of up to ~97%. These
results evidenced that the NiMo@Al2O3@TiO2 core-shell
was much more selective for deoxygenated products. This
can be explained by the fact that the decorated TiO2 anatase
shell could protect the metallic catalysts owing to its
hydrophobic nature. Indeed, the active sites of Ni0 and Mo0

might rapidly lose their reactivities due to water adsorption
and the formation of hydroxyl species (-M-OH). Therefore,
the TiO2-coated NiMo@Al2O3 microspheres improved the
HDO performance toward the investigated lignin-derived
model compared to the uncoated counterpart. Moreover, the
decorated TiO2 could generate defects such as oxygen
vacancy, enhancing the accumulation of the O-containing
compounds onto the catalyst [30, 31]. The findings indi-
cated that coating the NiMo@Al2O3 microspheres con-
taining high catalyst contents with a hydrophobic shell
resulted in a synergetic effect that enhanced the catalytic
performance.

3.3 Hydrodeoxygenation mechanism

As syringol is a methoxy-substituted phenol, its conversion
could include a few reaction mechanisms, such as deme-
thoxylation (DEMET), demethylation (DEMELA), methyla-
tion (MELA), hydrogenation (HYD), hydrodeoxygenation
(HDO), and isomerization [21, 32, 33]. As listed in Table 2,
the major products were ring-hydrogenated species, such as
dimethylcyclohexane, trimethylcyclohexane, and bicyclo-
hexyl. Besides, methyl- and methoxy-substituted benzene and
phenol were also witnessed for the NiMo@Al2O3 catalyst.

Therefore, based on the identified products, several reaction
pathways were proposed to involve the conversion of syr-
ingol, as demonstrated in Fig. 7. The first reaction pathway
consists of the demethoxylation of syringol to 2-methoxyl
phenol (guaiacol, (9)) or 3-methoxyl phenol (m-guaiacol,
(13)). Next, m-guaiacol could be demethoxylated to phenol
and benzene. Benzene could dimerize to produce 1,1′-
biphenyl, followed by hydrogenation to bicyclohexyl.
Besides, phenol could also be subjected to methylation to
produce 2,4,6-trimethylphenol, which was converted to 1,3,5-
trimethylcyclohexane (18). Moreover, m-guaiacol could be
converted to 5-methoxy-2,3-dimethylphenol (17) through

Fig. 6 GC-MS spectrum of the products for a catalyst blank,
b NiMo@Al2O3, and c NiMo@Al2O3@TiO2

Fig. 5 Textural properties of the
prepared samples: a N2

adsorption-desorption curves
and b Pore size distributions

Table 1 BET surface area and pore volume of the prepared materials

Sample BET
surface
area, m2/g

Total pore
volume,
cm3/g

Mean pore
diameter, nm

γ-Al2O3 310 0.30 2.8

NiMo@Al2O3 280 0.28 3.1

NiMo@Al2O3@TiO2 220 0.23 4.4
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methylation, followed by creating 1,2-dimethyl cyclohexane
(3) via the DEMET and HDO processes. Guaiacol could be
methylated to 2-methoxy-3-methylphenol (11) and 2-meth-
oxy-4-methylphenol, which was eventually hydro-
deoxygenated to methylcyclohexane (1) and 1,4-dimethyl
cyclohexane (4), respectively. The second reaction pathway is
that syringol could be partially hydrodeoxygenated to 1,2-
dimethoxybenzene (16) or 1,3-dimethoxybenzene (10). These
intermediates were converted to methylcyclohexane (1) and
1,2-dimethylcyclohexane (3) through hydrodeoxygenation
and demethylation. The third reaction pathway directly con-
verts syringol to 1,2,3-trimethoxybenzene (15) via methyla-
tion. Then, trimethoxybenzene could be converted to 1,2
-dimethoxybenzene (16) and 1,3-dimethoxybenzene (10) due
to the demethylation. In addition, trimethoxylbenzene also
could be converted to 2,3-dimethoxy-5-methylphenol or 2,3-
dimethoxy-6-methylphenol via methylation, which con-
ventionally generated 1,2,4-trimethylcyclohexane (5) or 1,2,3-
trimethylcyclohexane (6) via the MELA and HDO mechan-
isms. The fourth reaction pathway could involve the rear-
rangement of syringol to form 2-methoxy-6-
methylenecyclohexa-2,4-dien-1-one, which was then con-
verted to 2-methoxy-6-methylphenol (14) due to the HYD
and DEMET reactions. These products were finally hydro-
genated and hydrodeoxygenated to methylcyclohexane (1). It
is noticeable that methyl-substituted cyclohexane such as
1,2,3,5-tetramethylcyclohexane (19) and 1,1,2,3-tetra-
methylcyclohexane (20) are only observed in the product

Table 2 Product distribution
obtained for the HDO of
syringol utilizing the prepared
NiMo@Al2O3 and
NiMo@Al2O3@TiO2 catalysts

No. NiMo@Al2O3 NiMo@Al2O3@TiO2

Compounds Selectivity,% Compounds Selectivity,%

1 methylcyclohexene 4.0 methylcyclohexane 9.4

2 1,3-dimethylcyclohexane 9.7 1,3-dimethylcyclohexane 10.8

3 1,2-dimethylcyclohexane 5.8 1,2-dimethylcyclohexane 14.6

4 1,4-dimethylcyclohexane 5.6 1,4-dimethylcyclohexane 12.3

5 1,2,4-trimethylcyclohexane 4.5 1,2,4-trimethylcyclohexae 15.3

6 1,2,3-trimethylcyclohexane 7.2 1,2,3-trimethylcyclohexane 13.2

7 2-methylcyclohexanone 3.5 – –

9 2-methoxyphenol 7.2 – –

10 1,3-dimethoxybenzene 6.4 – –

11 2-methoxy-3-methylphenol 7.2 – –

12 2,6-dimethoxytoluene 4.4 – –

13 3-methoxyphenol 4.5 – –

14 2-methoxy-6-methylphenol 5.1 – –

15 1,2,3-trimethoxybenzene 14.2 – –

16 1,2-dimethoxybenzene 2.6 – –

17 5-methoxy-2,3-dimethylphenol 4.8 – –

18 – – 1,3,5-trimethylcyclohexane 6.2

19 – – 1,2,3,5-tetramethylcyclohexane 2.3

20 – – 1,1,2,3-tetramethylcyclohexane 3.6

21 Cyclohexane 3.4 Cyclohexane 2.0

22 – – 1,1′-bi(cyclohexane) 7.4

Total 96.7 97.1

Fig. 7 The proposed mechanism for the HDO conversion of syringol
utilizing the prepared NiMo@Al2O3@TiO2 core-shell microspheres
(The compounds correspond to those from Table 2)
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stream for the NiMo@Al2O3@TiO2 core-shell catalyst. These
suggest that the TiO2-coated NiMo@Al2O3 microspheres
could further facilitate isomerization and methylation due to
their improved catalytic activity and stability.

3.4 Reusability tests

Successive cyclic experiments were performed to further
evaluate the NiMo@Al2O3@TiO2 core-shell catalyst’s
reactivities. After each run, the catalyst was recovered and
dried at 120 °C under vacuum conditions for two hours
before being used as a regenerated catalyst. Figure 8a shows
the HDO conversion of syringol and product selectivities
after four cyclic experiments. As depicted, the HDO con-
version of syringol remained 100% after four runs. More-
over, the hydrocarbon selectivity retained approximately
97% after three cycles before slightly dropping to ~94%
after the fourth run. The recycled catalyst’s morphology and
crystallography were examined, and the results are pre-
sented in Fig. 8b and c, respectively. As depicted in Fig. 8b,
NiMo@Al2O3@TiO2 catalyst’ morphology was unchanged
after several runs. Furthermore, the recycled sample’s XRD
pattern remains the same as the as-prepared catalyst without
a trace of exposed metals. That is to say, the active metal
catalysts were preserved well within the host matrix. The
results evidenced that the fabricated NiMo@Al2O3@TiO2

had good renewability and durability.

4 Conclusions

Mesoporous core-shell microspheres NiMo@Al2O3@TiO2

contained 20 wt% Ni and 10 wt% Mo were prepared by
combining spray pyrolysis and hydrolysis. The prepared
NiMo@Al2O3@TiO2 had a specific surface area of 220 m2/
g and a pore volume of 0.23 cm3/g, respectively. The
synthesized NiMo@Al2O3@TiO2 core-shell microspheres
exhibited an outperforming hydrodeoxygenation toward
syringol with a conversion of ~100% at 270 °C for 3 h.
Notably, by constructing a hydrophobic TiO2 shell over the
NiMo@Al2O3 microsphere, their catalytic activities
remarkably enhanced, giving a higher hydrocarbon selec-
tivity (~97%) than the pristine NiMo@Al2O3 catalyst
(~40.3%). The conversion of syringol catalyzed by
NiMo@Al2O3@TiO2 catalyst produced methyl-substituted
cyclohexane as the predominant product (total selectivity
~87.7%). Furthermore, the synthesized NiMo@Al2O3@-
TiO2 core-shell microspheres retained high syringol con-
version and hydrocarbon selectivity over four runs. The
findings suggest that the spray pyrolysis-derived
NiMo@Al2O3@TiO2 core-shell microsphere is a promis-
ing catalyst candidate for hydrodeoxygenation performance.

Data availability

The data is true and reliable.

Fig. 8 a HDO conversion and
product selectivity after four
cycles, b SEM image, and
c XRD pattern of the spent
NiMo@Al2O3@TiO2 catalyst
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