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Abstract  28 

The Ni-Nb2O5 nanocatalysts have been prepared by the sol-gel method, and the catalytic 29 

hydrodeoxygenation (HDO) performance of anisole as model compound is studied. The 30 

results show that Nb exists as amorphous Nb2O5 species, which can promote Ni 31 

dispersion. The addition of Nb2O5 increases the acidity of the catalyst. However, when 32 

the content of niobium is high, there is an inactive Nb-Ni-O mixed phase. The size and 33 

morphology of Ni grains in catalysts are different due to the difference of Nb/Ni molar 34 

ratio. The Ni0.9Nb0.1 sample has the largest surface area of 170.8 m2·g-1 among the 35 

catalysts prepared in different Nb/Ni molar ratios, which is mainly composed of spherical 36 

nanoparticles and crack pores. The HDO of anisole follows the reaction route of the 37 

hydrogenation HYD route. The Ni0.9Nb0.1 catalyst displayed a higher HDO performance 38 

for anisole than Ni catalyst. The selectivity to cyclohexane over the Ni0.9Nb0.1 sample is 39 

about 10 times that of Ni catalyst at 220 �(  and 3 MPa H2. The selectivity of cyclohexane 40 

is increased with the increase of reaction temperature. The anisole is almost completely 41 

transformed into cyclohexane at 240�( , 3 MPa H2 and 4 h.  42 

Keywords:  Hydrodeoxygenation (HDO) � ̃catalysts � ̃Ni-Nb2O5 � ̃sol-gel method � ̃Anisole 43 

1. Introduction 44 

Under the dual pressure of energy shortage [1-13] and environmental deterioration 45 

[14-29], the safe environmentally friendly and renewable fuels like hydrogen [30,32], 46 

biofuel, et al. are pursued [32-35]. Exploiting nature's abundant renewable carbon 47 

resources in nature can reduce society's dependence on non-renewable fossil fuel 48 

reserves [36-38]. Biomass is a rich renewable carbon resource [39-40]. Biomass can be 49 

used in many ways, such as direct combustion, straw returning to the field, compression 50 

molding, composting to produce biogas fertilizer, etc. [41-44]. However, these forms of 51 

utilization are low efficiency and one-dimensional. Researchers have found that bio-oil 52 
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produced by pyrolysis can be used as an alternative fuel for gasoline and diesel for the 53 

past few years�Èand can also reduce carbon dioxide emissions and promote carbon 54 

neutrality [43,45]. Bio-oil has a great development potential and will become an 55 

important part of energy in the future [46]. But bio-oil contains high oxygen content (40% 56 

~ 50% by mass fraction), and is composed of phenols, esters, furans, ketones and other 57 

compounds. Compared with traditional fossil energy, bio-oil has many problems, such as 58 

very complex chemical composition, high oxygen content, unstable properties, low acid 59 

value, low calorific value, corrosive to equipment and so on [47-48]. So it should not be 60 

used directly (e.g. as fuel) before its quality upgrade is further improved [49].  61 

Hydrodeoxidation (HDO) is one of the important methods to improve the quality of 62 

bio-oil, and includes two aspects: hydrogenation and deoxygenation. The calorific value 63 

of bio-oil is increased by reducing oxygen content and saturating most aromatic 64 

compounds and alkenes [50]. Catalytic hydrodeoxidation (CHDO) is to remove oxygen 65 

selectively from bio-oil under mild reaction conditions by adding efficient catalysts, so as 66 

to obtain higher purity fuels or chemicals. Recently, CHDO has become a hot topic in the 67 

field of biomass energy, especially the mechanism of CHDO and the preparation of the 68 

efficient catalyst. The mechanism of CHDO was studied mainly through model 69 

compounds of bio-oil, including the relationship between the structure of catalyst and 70 

hydrodeoxidation performance of model compounds, and the reaction pathway of model 71 

compounds were discussed. Frequently, selected model compounds contain aldehydes 72 

(-CO), methoxyl (-OCH3) and phenolic hydroxyl (-OH) groups such as phenol, anisole, 73 

cresol, guaiphenol, vanillin and so on. Related studies show that the main ways of 74 

hydrodeoxidation of model compounds are HYD (hydrogenation), DDO (direct 75 

deoxidation), TMA (methyl transfer) and so on [51-53]. 76 

Many kinds of catalysts have been researched for CHDO, including precious metals 77 
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[54,55], transition metal [56-58],metal carbide [59], metal phosphates [60] and 78 

bifunctional catalysts [53]. Bifunction catalysts contain two types of catalytic active 79 

centers: metal center and acid center. The metal center is the active center for 80 

hydrogenation sites, while the acid center is the active center for deoxygenation sites. 81 

They can convert oxygenated compounds directly into alkanes. Among hydrogenated 82 

metals, Ni is relatively cheap compared with precious metals, and is considered to be a 83 

very effective species, with high activity, no pollution, not easy to be deactivated and 84 

other advantages [61]. The effective combination of acidic site with hydrogenated metals 85 

can enhance HDO activity. Acidic materials are used to provide acidic sites, such as 86 

acidic molecular sieve, ZrO2, Al2O3, TiO2 and other acidic materials have been widely 87 

used to construct dual-function deoxidation catalysts [62-63]. However, the water 88 

generated by hydrodeoxygenation will poison the surface acidity of the solid acid and 89 

lead to the deactivation of the catalyst. 90 

Niobium containing materials with both Bronsted and Lewis acid sites have attracted 91 

extensive attention in the solid acid catalyst field because of their good water resistance 92 

and thermal stability [64], and can easily catalyzed esterification, hydrolysis and other 93 

important reactions, so they are widely used in organic synthesis [65]. In addition, 94 

bifunctional catalysts constructed from niobium materials have been successfully applied 95 

in field of biomass catalytic conversion. For example, Nb2O5 is used for the deoxidation 96 

of fatty acids, and sorbitol is converted into hexane by NbOPO4, achieving better 97 

deoxidation effects [66]. Although, in previous work, there were many reports on the 98 

advantages of bifunctional catalysts constructed by niobium-based materials and 99 

precious metals for bio-oil, such as good catalytic performance, stability and high 100 

selectivity [67], there were few reports on the efficient hydrocarbon production of 101 

bifunctional catalysts constructed by niobium based materials and transition metals 102 
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instead of precious metals in bio-oil system. 103 

In this study, a kind of bifunctional Ni-Nb2O5 catalyst was designed by sol-gel 104 

method for the hydrodeoxidation of anisole. The morphology and structure of the catalyst 105 

were analyzed, and the effects of reaction conditions on hydrodeoxidation performance 106 

were investigated. Nb/Ni ratios had a greater influence on the structure and catalytic 107 

activity of catalysts. After this, the stability of Ni-Nb2O5 was further studied, and the 108 

catalytic reaction pathway of anisole was proposed. 109 

2. Experimental  110 

2.1 Catalyst Preparation  111 

Unsupported NiNbO composite oxide precursor was prepared by the sol-gel method 112 

and then Ni-Nb catalyst was obtained by hydrogen reduction. The process can be briefly 113 

stated as follows: 10 mmol citric acid (1.92 g) and a certain amount of Ni(NO3)2�’6H2O 114 

was dissolved in 20 mL of 80% ethanol solution, denoted as solution 1. A certain amount 115 

of niobium (V) oxalate hydrate was dissolved in 10 mL water, denoted as solution �é. 116 

Then solution�èand solution �é were mixed evenly, denoted as solution �ê, where the 117 

molar mass of (Ni+Nb) was 10 mmol, of which Nb was 0.05 mmol, 0.1 mmol, 0.2 mmol 118 

and 0.3 mmol, respectively. The mixture was heated and evaporated in a water bath at 119 

80�( , and the complex was polymerized to form viscous colloid. Then, the wet gel was 120 

obtained by ultrasound for 15 min. The xerogel was obtained by drying wet gel at 110 �(  121 

for one hour, and programmed calcine (heating procedure: 2�( ·min-1 to 180�(  for 2h, and 122 

then 5 �( ·min-1 to 500�(  for 5h) to obtain the unsupported Ni-Nb-O composite oxide 123 

precursor, which is expressed as Ni1-xNbxO (x=0.05,0.1,0.2,0.3). Finally, it was placed in 124 

the tube furnace for reduction under 450�(  for 5 h in 10 %(vol) H2/Ar atmosphere, to get 125 

the Ni-Nb catalyst, denoted as Ni1- xNbx. 126 

2.2 Characterization of Catalysts  127 
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The X-ray powder diffraction (XRD), transmission electron microscopy (TEM), 128 

scanning electron microscope (SEM), NH3-TPD, X-ray photoelectron spectroscopy (XPS) 129 

and N2 adsorption-desorption analysis were used to characterize the powdered catalysts. 130 

A JEOL JE-2100 electron microscope at 200 kV acceleration voltage was used to obtain 131 

TEM images. The N2 physical adsorption-desorption measurement was conducted with 132 

Kanta nova1200e instrument. The BET surface, pore volume and pore size distribution 133 

were estimated through Barrett-Joyner-Halenda (BJH) models. XPS analysis were 134 

investigated by employing an ESCALAB250XL (Thermo VG, USA) spectrometer. 135 

NH3-TPD analysis and H2-TPR analysis were performed on an AutoChem1 �é 2920 136 

analyzer. The SEM (Nova450 from FEI Co.) and energy dispersive X-ray (EDX) analyzer 137 

were used to analyze and characterize the morphology and structural composition of the 138 

catalysts. 139 

2.3 Catalytic Activity Tests  140 

Using anisole, a typical oxygen-containing compound of bio-oil, as raw material, the 141 

catalytic hydrodeoxygenation reactions were carried out in a 50 mL stainless steel 142 

reactor (Beijing Shiji Senlang Experimental Instrument Co., Ltd). Typically, catalyst (0.1 g) 143 

and anisole (13.9 mmol) were loaded into an autoclave reactor with n-dodecane (15 mL) 144 

as the solvent. First, Ar gas was passed into the reactor to replace the air three times to 145 

exhaust the air in the kettle. Then, hydrogen was introduced to replace the argon gas in 146 

the reactor twice. Subsequently, hydrogen was filled with the set pressure (1-3 MPa), the 147 

stirring speed was adjusted to 700 RPM, the reaction temperature was set in the range 148 

of 200-250�( , and the reaction temperature was maintained for a period of time (1-6 h). 149 

After the reaction was completed according to the set time, the reactor was cooled down 150 

to room temperature, and the products were removed and filtered through a 0.22um 151 

nylon filter, and then analyzed. 152 
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2.4 Product Analysis  153 

GC/MS (Agilent 7890A/5975C) was used for qualitative analysis of the product, with 154 

HP-5 MS column (50 m × 0. 25 mm × 0.25 ��m). The temperatures of the injection port 155 

and detector were 260�(  and 280 �( , respectively. The heating program was that the 156 

initial column temperature was set at 40�(  for 2 min, and then heated to 240�(  at a rate of 157 

20 ��·min -1 for 5 min. The quantitative analysis of the products was implemented by gas 158 

chromatography (GC, Agilent 7890, FID), and the chromatographic column was HP-5 159 

column. The conversion of reactant, the selectivity and yield of products were calculated 160 

by Eqs. (1–3): 161 

�%�K�J�R�A�N�O�E�K�J(%) = ( �=𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�H𝑎𝑎�Ü�á
F �=𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�H𝑎𝑎�â�è�ç)/ �=𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�H𝑎𝑎�Ü�á× 100                 (1) 162 

      �5𝑆𝑆𝑆𝑆𝑆𝑆�?�P𝑆𝑆𝑆𝑆𝑆𝑆�P�U(%) =
�ã�å𝑝𝑝�×𝑝𝑝�Ö�Ø�× �à 𝑚𝑚�ß𝑚𝑚�æ �â�Ù  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �à 𝑚𝑚�ß𝑚𝑚�æ �â�Ù �Ô𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
× 100                (2) 163 

    �; 𝑌𝑌𝑌𝑌𝑌𝑌�@(%) = �%�K�J�R�A�N�O�E�K�J(%) × �5𝑆𝑆𝑆𝑆𝑆𝑆�?�P𝑆𝑆𝑆𝑆𝑆𝑆�P�U(%)/ 100                   (3) 164 

3. Results and Discussion  165 

3.1 Catalyst characterization  166 

(1) XRD 167 

Fig.1(a) shows the XRD patterns of NixNb1-xO mixed oxide precursor after 168 

calcination. All the NixNb1-xO oxide samples showed the (111), (200), (220), (311) and 169 

(222) typical reflections of NiO (JCPDS 89-7130), close to 2�� =37.2°, 43.2°, 63.0°, 170 

75.2°and 79.2°. As the amount of Nb in the sample is increased, a low-intensity and 171 

wide-range background peak (local magnification) at around 26° is ascribed to the 172 

amorphous niobium oxides [68]. Ni0.7Nb0.3O sample shows the peaks at 2�� of 35.2°, 173 

40.8°, and 53.5°, which are attributed to the mixed phase of Ni-Nb-O [69]. It was reported 174 

that when Nb in the sample is low, niobium is mainly in the form of amorphous Nb2O5 175 

phase, but when Nb in the sample is high, it will form the mixed phase of Ni-Nb-O (e.g. 176 

NiNb2O6, Ni3Nb2O8, etc.).The presence of the mixed phase results in a reduced catalytic 177 

activity [70,71].In addition, the hydrated niobic acid (Nb2O5·H2O) only showed 178 
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amorphous broad peaks and did not transform into crystalline Nb2O5 after calcination at 179 

500��.  180 

According to Fig.1(b), all Ni-Nb samples showed the characteristic peaks of Ni 181 

crystal phase after hydrogenation (PDF04-0850). The diffraction peaks at 44.5°, 51.8° 182 

and 76.5° correspond to the (111), (200) and (220) crystal faces of Ni, respectively. 183 

However, there is also the mixed phase of Ni-Nb-O in the sample of Ni0.7Nb0.3, indicating 184 

that the mixing is relatively stable and not easy to be reduced. 185 

  186 

Fig. 1 (a) XRD patterns of NixNb1-xO mixed oxide precursor after calcination. (b) XRD patterns of NixNb1-x catalyst after 187 
reduction. 188 

(2) N2 adsorption-desorption analysis 189 

The suitable pore structure is one of the important factors for the bulk catalysts to 190 

provide a catalytic reaction activity. The total pore volume (PV), average pore size (PS), 191 

crystallite size (CS) and specific surface area (SA) of the Ni1-xNbx catalysts with different 192 

proportions are shown in Table 1. 193 

 194 

 195 

 196 

 197 

 198 

 199 

Table 1. Physicochemical performances of Ni 1-xNbx 200 
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Catalyst 
BET 

surface(SA)a  
/m2·g-1 

Pore 
size(PS)a  

/nm 

Pore volume(PV)a 
/cm3·g-1 

Crystallite size(CS)b 

/nm 

Ni 67.9 6.3 0.11 23.7 

Ni0.95Nb0.05 161.3 3.1 0.24 15.3 

Ni0.9Nb0.1 170.8 4.7 0.37 13.2 

Ni0.8Nb0.2 93.1 8.6 0.15 16.1 

Ni0.7Nb0.3 70.8 9.2 0.12 18.8 

Nb2O5·H2O 102.4 5.1 0.20 - 
a From N2 adsorption measurements (BJH method), Pore size= the average diameter of pore. 201 
b Determined considering the Ni(111) peak higher intensity 202 

It is seen that in catalysts with a low niobium content, the non-crystal phase of 203 

Nb2O5 can promote the dispersion of Ni to increase the specific surface area. When the 204 

Ni/Nb molar ratio was 0.9/0.1, the SA and PV reached 170.8 m2·g-1 and 0.37 cm3·g-1, 205 

respectively. With the increase of niobium in sample, the SA and PV of catalyst are 206 

gradually decreased, which may be due to the increase of niobium content and nickel 207 

reaction to generate the inactive Ni-Nb-O mixture phase, and easy to reunite the catalyst 208 

grains and the grain size becomes larger. In addition, the nickel crystallite size of 209 

different proportional Ni1-xNbx samples calculated by Scherrer formula is displayed in 210 

Table 1. It indicates an inverse relationship between the nickel crystallite size and the 211 

corresponding surface area. 212 

(3) XPS 213 

Three more typical samples of NiO, Ni0.9Nb0.1O, and Ni0.7Nb0.3O were selected for 214 

x-ray photoelectron spectroscopy (XPS) tests, as shown in Fig.2. The two main peaks of 215 

Ni 2p3/2 close to 854.2 and 856.0 eV belong to Ni2+ and Ni3+ species, respectively [72]. 216 

When the niobium content is added in the sample, the peak area ratio of Ni2+/Ni3+ 217 

increases, possibly because that the Ni3+ species is gradually consumed by Nb to form 218 

the Ni-Nb-O mixing phase [69]. On the other hand, the main peak Nb 3d5/2 of the XPS 219 

spectrum Nb 3d (Fig.2(b)) is 206.7 ev, and the binding energy of niobium species 220 
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matches well with that of Nb5+ [73], indicating that Nb in the sample is in the highest 221 

oxidation state (i.e. +5 valence). 222 

 223 
Fig.2 XPS spectra of NiO, Ni0.9Nb0.1O and Ni0.7Nb0.3O samples (a) Ni 2p3/2 and (b) Nb 3d. 224 

 225 

The Ni 2p3/2 spectra of the reduced samples (Ni, Ni0.9Nb0.1, and Ni0.7Nb0.3) were 226 

examined by XPS with the profiles presented in Fig.3. As shown in Fig.3 (a), the Ni 2p3/2 227 

region has three peaks at about 852.4, 855.5 and 860.7 eV respectively, which are 228 

related to Ni0, Ni2+ and Ni2+ shakeup satellite peaks [56,57]. Meanwhile, we noticed that 229 

the binding energy of Ni0 species is decreased with the introduction of Nb, from 852.4 eV 230 

to 852.2 eV, indicating that the addition of Nb would increase the density of Ni0 electron 231 

cloud. In addition, there were a large number of Ni2+ species on the surface of each 232 

reduction sample, and the surface fraction of Ni0 species in the total Ni species is 233 

decreased with the introduction of Nb. On the other hand, the binding energy of niobium 234 

species after reduction (206.7eV) matches that of Nb5+, which is consistent with that of 235 

Nb species before reduction, indicating that Nb species is still in the highest oxidation 236 

state (i.e. +5 valence). 237 
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 238 
Fig.3 XPS spectra of Ni, Ni0.9Nb0.1 and Ni0.7Nb0.3 samples (a) Ni 2p3/2 and (b) Nb 3d 239 

(4) NH3-TPD 240 

The acidity of the samples was measured by the thermo-programmed desorption of 241 

ammonia (TPD-NH3). The profiles of Ni, Ni0.9Nb0.1 and Ni0.7Nb0.3 catalysts are presented 242 

in Fig.4. According to the desorption peak temperature, the solid surface acid strength 243 

can be segmented into strong acid (above 450 �( ), medium strong acid (250-350 �( ) and 244 

weak acid (150-250 �( ) [74]. Two main desorption peaks of NH3 are observed for 245 

Ni0.9Nb0.1, located at 205 �(  and 444 �( , respectively, with the former representing the 246 

weak acid site and the latter representing the medium strong acid site [75]. According to 247 

relevant studies, the acid concentration of catalyst can be reflected by the area of the 248 

peak [76]. The area of desorption peak (total acid content) follows: Ni0.9Nb0.1�ÚNi0.7Nb0.3249 

�ÚNi, which indicates that the addition of niobium species enhances the acidity of the 250 

sample. Ni0.7Nb0.3 may be due to the existence of the inert mixed phase (Ni-Nb-O), 251 

resulting in a weak acid strength. 252 
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 253 
Fig.4 NH3-TPD profiles of Ni, Ni0.9Nb0.1 and Ni0.7Nb0.3 catalysts. 254 

(5) H2-TPR 255 

The H2-TPR profiles of three typical NixNb1-xO mixed oxide samples (NiO, 256 

Ni0.9Nb0.1O and Ni0.7Nb0.3O) are displayed in Fig.5. The TPR curve of bulk nickel oxide 257 

shows a reduction peak at around 450 �( , which is caused by the Ni2+��Ni 0 reduction 258 

step. With the increase of niobium content, the reduction peak moves towards a high 259 

temperature, indicating that the interaction between nickel and niobium oxide is 260 

enhanced. 261 

 262 
Fig.5 H2-TPR profiles of NiO, Ni0.9Nb0.1O and Ni0.7Nb0.3O catalysts. 263 

(6) SEM 264 

The surface morphology of the prepared catalyst was detected by scanning electron 265 

microscope (SEM). The micrographs of Ni0.9Nb0.1, Ni0.7Nb0.3 and pure Ni are shown in 266 

Fig.6(A). It shows that the pure Ni catalyst surface layer of the bulk phase is relatively 267 
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dense with an irregular porous structure. The surface layer of Ni0.9Nb0.1 sample is 268 

relatively loose, showing uniform spherical nanoparticles and crack holes, with regular 269 

arrangement. The arrangement of loose surface particles facilitates the diffusion of 270 

reactants to the active center, thus improving the catalytic activity. The morphology 271 

changed obviously with the increasement of Nb, the spherical nanoparticles and pore 272 

structure were found in the Ni0.7Nb0.3 sample. 273 

The distribution of niobium species in the bulk phase Ni catalyst was obtained by the 274 

X-ray maps and the Nb/Ni mole ratio of the catalyst surface was tested by the EDX, as 275 

shown in Fig.6(B). It is obvious that niobium species in the sample are evenly distributed, 276 

indicating that a homogeneous Ni-Nb catalyst can be prepared by the sol-gel method. 277 

Besides, the Nb/Ni mole ratio on the surface of Ni0.9Nb0.1 sample was 0.12/0.9 according 278 

to the EDX test, slightly above the calculated values of 0.1/0.9, which demonstrates that 279 

the Ni0.9Nb0.1 sample was enriched with niobium on the surface. 280 

 281 
Fig. 6 (A) SEM images of Ni-Nb and Ni, (B)X-ray maps of Ni, Nb and EDX results of Ni0.9Nb0.1 sample. 282 

 283 
 284 
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(6) TEM 285 

A high-resolution transmission electron (TEM) image of the reduced Ni0.9Nb0.1 286 

catalyst sample is displayed in Fig.7. It indicates that metal nickel nanoparticles are 287 

evenly distributed, and there are a few amorphous structures probably because of the 288 

non-crystal niobium oxides. The lattice fringe of the Ni crystal phase is observed in 289 

Fig.5(c), and the lattice spacing of the metallic Ni calculated by two-dimensional Fast 290 

Fourier transform (FFT) is 0.204 nm, corresponding to the (111) plane of Ni. The particle 291 

size distribution of nanosphere composites is shown in Figure 5(d). It can be seen that 292 

the particle size of Ni0.9Nb0.1 is in the range of 10-14 nm, and the average particle size is 293 

12.9 nm, which is close to the grain size calculated by XRD data (13.2 nm). 294 

 295 
Fig.7. (a-c) TEM images and (d) the particle size distribution histogram of Ni0.9Nb0.1. 296 

3.2 Catalytic hydroconversion of anisole  297 

To initially discuss the hydrodeoxygenation performance of the NixNb1-x catalysts 298 

with different Ni/Nb molar ratios, the hydrodeoxidation (HDO) test of anisol, a model 299 

compound of biological oil, was carried out in a high pressure reactor at 220 �(  and 3 300 
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MPa H2 pressure. The conversion of reactants and selectivity of products over NixNb1-x 301 

samples with different Nb/Ni molar ratios are shown in Table 2. Methoxy cyclohexane 302 

(MCH), cyclohexane (CHN) and cyclohexanol (CHL) were the main products from CHDO 303 

of anisole, which were tested by GC-MS. 304 

Table 2. Hydrodeoxygenation of anisole over Ni xNb1-x catalysts 305 

 306 

 307 

 308 

 309 

 310 

 311 

The conversion of anisole is 72.3% and the selectivity of methoxycyclohexane is 50.8% 312 

after 4-hour hydrogenation on bulk Ni catalyst. However, the selectivity of cyclohexane is 313 

only 8.1%, and the poor deoxidation performance of bulk Ni as a catalyst may be due to 314 

the weak acidity of nickel [77]. The conversion of reactant and the deoxidization 315 

performance of the catalyst were significantly improved after the addition of niobium, 316 

which may be related to the fact that amorphous Nb2O5 can provide acid active sites for 317 

hydrodeoxidation [70,78]. Among them, the Ni0.9Nb0.1 sample showed the highest 318 

hydrodeoxygenation, with a conversion rate of 99.6% and a selectivity of cyclohexane of 319 

79.2%. The conversion rate (Rrate) (34.6 mmol·g-1·h-1) of the Ni0.9Nb0.1 catalyst was 1.4 320 

times that of the ordinary Ni catalyst, and the selectivity of deoxidation product was about 321 

10 times that of ordinary Ni catalyst. However, when the content of Nb in the catalyst was 322 

high (e.g., Ni0.7Nb0.3), the deoxidation activity was decreased due to the formation of the 323 

inert Nb-Ni-O mixture phase [79]. In addition, the Nb2O5·H2O was also used for the HDO 324 

of anisole, but it did not show any reactivity. Therefore, it can be concluded that the good 325 

hydrogenation and deoxidation performance of bifunctional Ni1-xNbx catalysts is due to 326 

the synergistic effect of metal and acid sites. 327 

Considering that Ni0.9Nb0.1 catalyst has the best hydrodeoxidation performance 328 

Catalyst 
Selectivity/% Conversion/ 

%  Rrate
a/mmol·g-1·h-1  

cyclohexane cyclohexanol methoxyclohexane 

Ni 8.1 41.1 50.8 72.3 25.1 

Ni0.95Nb0.05 76.8 3.1 20.1 97.8 34.0 

Ni0.9Nb0.1 79.2 1.8 19.0 99.6 34.6 

Ni0.8Nb0.2 52.1 10.7 37.2 84.6 29.4 

Ni0.7Nb0.3 48 18.5 33.5 79.8 27.7 

Nb2O5·H2O - - - 0 - 

Reaction conditions: 0.1g NixNb1-x catalyst,13.9mmol anisole,15mLC12,220�( �È3MPa,4h,700rpm 
aRrate=mmol(converted anisole/[g(catalyst amount)×h(time)].  



 

16 

 

compared with other three catalysts in different proportions, thus it was used to discuss 329 

the distribution of the products from HDO of anisole under different reaction conditions, 330 

which is shown in Fig.8 and Fig.9. 331 

The bar chart shows the selectivity of product and the line chart shows the 332 

conversion of anisole in Fig.8. From Fig.8(a), under different reaction pressures, the 333 

conversion of reactants and the selectivity of products changed obviously. The 334 

conversion rate from HDO of anisole was increased from 65.8% to 99.0% with the 335 

increase of reaction pressure from 1 to 3 MPa. The hydrogenation and subsequent 336 

deoxidation of aromatic ring in anisole occur more easily at 3.0 MPa, and the selectivity 337 

of cyclohexane is increased from 36.8 to 79.2%. According to Fig.8(b), the raw material 338 

anisole can be completely transformed in the range of 200-240 �( , and the conversion 339 

rate is over 92%. Hydrogenation of aromatic ring is a fast reaction step, and the principal 340 

products of the reaction do not contain aromatic ring structure, and the degree of 341 

deoxidation depends on the reaction temperature. The reaction product is mainly 342 

methoxylcyclohexane, and the selectivity of cyclohexane is only 20.3% at 200 �( .It was 343 

found that the selectivity of cyclohexane increases gradually as the reaction temperature 344 

rises. The major products are almost all saturated alkanes without oxygen, and the 345 

selectivity of cyclohexane reaches 100% with a temperature of 240 �(  346 

 347 
Fig.8. (a)Effect of reaction temperature on HDO of anisole .(b)Effect of reaction pressure on HDO of anisole. 348 
�ÄReaction conditions: (a) 0.1 g Ni0.9Nb0.1 catalyst, 13.9 mmol anisole,15 mLC12, 4h, 700 rpm 220�( , (b) 0.1 g 349 

Ni0.9Nb0.1 catalyst,13.9mmol anisole, 15 mLC12, 3 MPa, 4 h, 700 rpm.�Å 350 

In order to further understand the variation of reaction products with time, three 351 
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different temperatures (200, 220 and 240 �( ) were selected to investigate the variation of 352 

reaction products with reaction time from 1 to 6 hours (see Fig.9). At the reaction 353 

temperature of 200 �( , the reaction product was mainly methoxy-cyclohexane. The 354 

selectivity of methoxy-cyclohexane increased along with the prolonging of reaction time, 355 

while the selectivity of cyclohexane was low, indicating that the hydrogenation of anisole 356 

mainly occurred at a lower temperature. When the reaction temperature was 220 �( , the 357 

selectivity of methoxy-cyclohexane rose at the beginning and then declines with 358 

increasing the reaction time, and the selectivity of cyclohexane was gradually increased. 359 

The demethylation and dehydration of methoxy-cyclohexane were accelerated with 360 

rising the reaction temperature [80]. The selectivity of cyclohexane reached 80% at 240 �(  361 

and 1 h, and no cyclohexanol was detected. Anisole was almost complete to 362 

cyclohexane when the reaction time reached 4 h. It shows that at a higher temperature, 363 

the deoxidation reaction rate was faster, that is, the hydrogenation of anisol into 364 

methoxycyclohexane, immediately deoxidation to cyclohexane. 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 
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 376 

 377 
Fig.9. Effect of reaction time on HDO of anisole over Ni0.9Nb0.1 catalyst (a.200, b.220�Èand c.240�( ) 378 

(Reaction conditions: 0.1 g Ni0.9Nb0.1 catalyst, 13.9 mmol anisole, 15 mLC12, 4 h, and 700 rpm). 379 

The amount of catalyst is also an important factor to be considered [81-84]. The 380 

influence of Ni0.9Nb0.1 catalyst dosage on the reaction process was studied through 381 

varying the dosage from 0.04 to 0.12 g. Fig.10 displays the comparison of the conversion 382 

of anisole and selectivity of cyclohexane data. The result indicates that the conversion 383 

rate of anisole and selectivity of cyclohexane were increased observably (from less than 384 

40% to more than 99%) with the increase of amount of catalyst. When the amount of 385 

Ni0.9Nb0.1 catalyst was increased to 0.12 g, the reactant conversion rate and selectivity of 386 

products selectivity did not increase. Therefore, the optimal amount of catalyst was 0.10 387 

g. 388 
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 389 
Fig.10. Effect of dosage on HDO of anisole by Ni0.9Nb0.1 catalyst. 390 

(Reaction conditions: 13.9 mmol anisole, 15 mLC12, 240�( ,4 h, 3 MPa and 700 rpm) 391 

Nanocatalyst must be recyclable and stable in the industrial applications [85-86]. 392 

Therefore, the reusability of the catalyst should also be considered. The reusability 393 

performance of the Ni0.9Nb0.1 catalyst was tested under optimum reaction conditions, as 394 

shown in Fig.11. The catalyst was regenerated by centrifugation, ethanol washing and 395 

drying after the reaction, and used in the next test under the same reaction conditions. 396 

The data listed revealed that the conversion rate of anisole remained almost unchanged 397 

during six successive runs, and the selectivity of cyclohexane was gradually decreased 398 

from 99.8 to 76%, indicating that the activity of the catalyst decreased slightly but not 399 

significantly. Therefore, the nanosphere Ni-Nb2O5 composite prepared by sol-gel method 400 

is considered to be a promising multiphase catalyst with reusability. 401 

 402 
Fig.11. Reusability performance  (Reaction conditions:0.1 g Ni0.9Nb0.1 catalyst, 13.9 mmol anisole, 15 mLC12, 240�( �È403 

3 MPa, 4h,700 rpm. 404 
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In order to find out the reasons for the decrease in activity, XRD and TG analyses 405 

were performed on the used catalysts, as shown in Fig.12. It can be seen from Fig.12(a) 406 

that the diffraction pattern of Ni0.9Nb0.1 catalyst after four cycles is similar to that of fresh 407 

nano-catalyst, but the diffraction peaks of Ni and NiO appear after 6 cycles, indicating 408 

that part of nickel is oxidized, which may lead to the decrease of catalyst activity. In 409 

addition, the mass loss rate of catalyst after 6 cycles was 1.8% higher than that of fresh 410 

catalyst (0.9%) according to the TG curve (Fig.12(b)).It may be that a small amount of 411 

carbon may be deposited on the surface of the catalyst, which also leads to the decrease 412 

of catalyst activity. 413 

 414 
Fig.12. (a)X-ray diffraction (XRD) pattern and (b) TG curveof Ni0.9Nb0.1 catalyst 415 

(fresh (0), after the second (2), fourth (4), and sixth run reuse (6)). 416 

The possible reaction mechanism of hydrodeoxidation of anisole is proposed as follows 417 

according to the experimental data, mainly through three steps:(1) hydrogenation and 418 

saturation of aromatic ring in anisole to form methoxycyclohexane; (2) the O-CH3 bond in 419 

methoxy-cyclohexane was hydrogen-dissociated and cyclohexanol was generated after 420 

methyl was removed; and (3) through intramolecular dehydration, cyclohexanol 421 

deoxidation to produce the final target product cyclohexane. These indicate that the 422 

HDO of anisole follows the HYD route [50,87], as shown in Fig.13. 423 

 424 
Fig.13. Reaction path of anisole over Ni-Nb2O5 catalyst. 425 
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4. Conclusion  426 

The nanomaterials with uniform particle size, high dispersibility and high activity 427 

were synthesized by the sol-gel method. The Ni-Nb2O5 nano-catalysts with different 428 

Ni/Nb molar ratios were successfully prepared in this study. The results show that Nb 429 

exists as amorphous Nb2O5 specie, which can promote the dispersion of Ni components. 430 

However, when the content of niobium was high, the Nb-Ni-O mixed phase existed, 431 

which reduced the catalytic activity. The size and morphology of Ni grains in catalysts 432 

were different due to the difference of Nb/Ni molar ratio. When the molar ratio of Ni/Nb 433 

was 0.9/0.1, the surface layer of the sample was porous, with uniform spherical 434 

nanoparticles and cracked pores. The specific surface area (170.8 m2·g-1) and pore 435 

volume (0.37 cm3·g-1) reached the maximum, the average pore size was 4.7 nm, and the 436 

catalytic activity was the highest. The Ni0.9Nb0.1 catalyst displayed a higher HDO 437 

performance for anisole than other catalysts. The selectivity of cyclohexane over the 438 

Ni0.9Nb0.1 catalyst was about 10 times that of bulk nickel catalyst at 220 �( , which was 439 

mainly attributed to the synergistic effect of metal Ni sites and acid sites provided by the 440 

Nb2O5 species. The selectivity of cyclohexane increased gradually as the reaction 441 

temperature rose. The anisole was almost completely transformed into cyclohexane with 442 

a condition of 240 �( , 3 MPa and 4 h. The catalyst has stable structure and catalytic 443 

activity. Based on the liquid products obtained in experiments, the reaction route of 444 

anisole HDO following HYD route was proposed. 445 
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