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Abstract

We demonstrate a method for the synthesis of NixNb1-xO catalysts with sponge-like and fold-like nanostructures. By varying the Nb:Ni ratio,
a series of NixNb1-xO nanoparticles with different atomic compositions (x = 0.03, 0.08, 0.15, and 0.20) have been prepared by chemical
precipitation. These NixNb1-xO catalysts are characterized by X-ray diffraction, X-ray photoelectron spectroscopy, and scanning electron
microscopy. The study revealed the sponge-like and fold-like appearance of Ni0.97Nb0.03O and Ni0.92Nb0.08O on the NiO surface, and the larger
surface area of these NixNb1-xO catalysts, compared with the bulk NiO. Maximum surface area of 173 m2/g can be obtained for Ni0.92Nb0.08O
catalysts. In addition, the catalytic hydroconversion of lignin-derived compounds using the synthesized Ni0.92Nb0.08O catalysts have been
investigated.

Video Link

The video component of this article can be found at https://www.jove.com/video/56987/

Introduction

The preparation of nanocomposites has received increasing attention due to their crucial application in various field. To prepare Ni-Nb-O
mixed oxide nanoparticles,1,2,3,4,5,6 different methods have been developed such as dry mixing method,7,8 evaporation method,9,10,11,12,13 sol
gel method,14 thermal decomposition method,15 and auto-combustion.16 In a typical evaporation method9, aqueous solutions containing the
appropriate amount of metal precursors, nickel nitrate hexahydrate and ammonium niobium oxalate were heated at 70 °C. After the removal
of solvent and further drying and calcination, the mixed oxide was obtained. These oxide catalysts exhibit excellent catalytic activity and
selectivity towards the oxidative dehydrogenation (ODH) of ethane, which is related to the electronic and structural rearrangement induced by
the incorporation of niobium cations in the NiO lattice.11 The insertion of Nb drastically decreases the electrophilic oxygen species, which is
responsible for the oxidation reactions of ethane12. As a result, extensions of this method have been done on the preparation of different types
of mixed Ni-Me-O oxides, where Me = Li, Mg, Al, Ga, Ti and Ta.13 It is found that the variation of metal dopants could alter the unselective and
electrophilic oxygen radicals of NiO, thus systematically tune the ODH activity and selectivity towards ethane. However, generally the surface
area of these oxides is relatively small (< 100 m2/g), due to the extended phase segregation and formation of large Nb2O5 crystallites, and thus
hampered their uses in other catalytic applications.

Dry mixing method, also known as the solid-state grinding method, is another commonly used method to prepare the mixed-oxide catalysts.
Since the catalytic materials are obtained in a solvent-free way, this method provides a promising green and sustainable alternative to the
preparation of mixed-oxide. The highest surface area obtained by this method is 172 m2/g for Ni80Nb20 at calcination temperature of 250 °C.8

However, this solid-state method is not reliable as reactants are not well mixed on the atomic scale. Therefore, for better control of chemical
homogeneity and specific particle size distribution and morphology, other suitable methods to prepare Ni-Nb-O mixed oxide nanoparticles are still
being sought.7

Among various strategies in the development of nanoparticles, chemical precipitation serves as one of the promising methods to develop the
nanocatalysts, since it allows the complete precipitation of the metal ions. Also, nanoparticles of higher surface areas are commonly prepared
by using this method. To improve the catalytic properties of Ni-Nb-O nanoparticles, we herein report the protocol for the synthesis of a series
of Ni-Nb-O mixed oxide catalysts with high surface area by chemical precipitation method. We demonstrated that the Nb:Ni molar ratio is a
crucial factor in determining the catalytic activity of the oxides towards the hydrodeoxygenation of lignin-derived organic compounds. With high
Nb:Ni ratio above 0.087, inactive NiNb2O6 species were formed. Ni0.92Nb0.08O, which had the largest surface area (173 m2/g), exhibits fold-like
nanosheets structures and showed the best activity and selectivity towards the hydrodeoxygenation of anisole to cyclohexane.
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Protocol

Caution: For the proper handling methods, properties and toxicities of the chemicals described in this paper, refer to the relevant material safety
data sheets (MSDS). Some of the chemicals used are toxic and carcinogenic and special cares must be taken. Nanomaterials may potentially
pose safety hazards and health effects. Inhalation and skin contact should be avoided. Safety precaution must be exercised, such as performing
the catalyst synthesis in the fume hood and catalyst performance evaluation with autoclave reactors. Personal protective equipment must be
worn.

1. Preparation of Ni0.97Nb0.03O Catalysts where Nb:(Ni+Nb) molar ratios equal to 0.03

1. Combine 0.161 g of niobium (V) oxalate hydrate with 2.821 g of nickel nitrate in 100 mL of deionized water in a 250-mL three-necked round
bottom flask equipped with a stir bar.

2. Stir the solution at 50 rpm and 70 °C to dissolve the compounds until the disappearance of precipitate using a heating magnetic stirrer.
3. Raise the temperature rapidly to 80 °C at a rate of 2 °C/min.
4. Add a mixed basic solution [aqueous ammonium hydroxide (50 mL, 1.0 M) and sodium hydroxide (50 mL, 0.2 M)] into the reaction mixture

dropwise until the pH of the Ni/Nb solution reaches 9.0.
5. While stirring the reaction mixture, raise the temperature to 120 °C at 2 °C/min.
6. Stir the reaction mixture overnight at 50 rpm at 120 °C until the complete disappearance of the green color of the solution.
7. Perform inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis for the solution to evaluate the concentration of

remaining Ni2+ and Nb5+ ions in the solution and ensure the complete precipitation of remaining nickel nitrate.
8. Collect the solid by filtration using Büchner flask. Wash the solid by adding 2 L deionized water repeatedly within 20 min to remove the

residual Na+ cation.
9. Collect the solid in a watch glass. Dry the solid at 110 °C for 12 h in dry oven.
10. Calcine by heating the solids in synthetic air (20 mL/min O2 and 80 mL/min N2) at 450 °C for 5 h in tube furnace. Check all glassware for

defect prior to use the high temperature of reaction.
11. After the calcination, obtain 1 g of Ni0.97Nb0.03O catalyst. Use appropriate protective equipment such as safety glasses, gloves, lab coat, and

fume hood to perform the nanocrystal reaction due to potential safety hazards and health effects of the nanomaterials.

2. Preparation of Ni0.92Nb0.08O Catalysts where Nb:(Ni+Nb) molar ratios equal to 0.08

1. This procedure is similar to that of 1 except for the first two steps:
1. Dissolve 0.43 g of niobium (V) oxalate hydrate in 100 mL of deionized water.
2. Separately, dissolve 2.675 g of nickel nitrate in 100 mL of deionized water.

3. Preparation of Ni0.85Nb0.15O Catalysts where Nb:(Ni+Nb) molar ratios equal to 0.15

1. The procedure is similar to that of 1 except for the first two steps:
1. Dissolve 0.807 g of niobium (V) oxalate hydrate in 100 mL of deionized water.
2. Separately, dissolve 2.472 g of nickel nitrate in 100 mL of deionized water.

4. Preparation of Ni0.80Nb0.20O Catalysts where Nb:(Ni+Nb) molar ratios equal to 0.20

1. The procedure is similar to that of 1 except for the first two steps:
1. Dissolve 1.076 g of niobium (V) oxalate hydrate in 100 mL of deionized water.
2. Separately, dissolve 2.326 g of nickel nitrate in 100 mL of deionized water.

5. Preparation of Nb2O5 using chemical precipitation method

1. Calcine niobic acid (Nb2O5·nH2O) in synthetic air for 5 h at 450 °C to obtain pure Nb2O5 particles.
 

NOTE: Confirm the completion of reaction using X-ray powder diffraction (XRD) analysis, where Nb2O5·nH2O is Amorphous and Nb2O5 is
crystalline. According to the analysis, the calcination for 5 h at 450 °C was enough to complete the reaction.

6. Synthesis of β-O-4 lignin model compound, 2-(2-methoxyphenoxy)-1-phenylethan-1-one

1. Dissolve bromoacetophenone (9.0 g, 45 mmol) and 2-methoxyphenol (6.6 g, 53 mmol) in 200 mL of dimethylformamide (DMF) in a 500-
mL conical flask with a magnetic stirrer. Use appropriate protective equipment and fume hood to perform the reaction using corrosive and
carcinogenic chemicals and reagents.

2. Mix the above DMF solution with potassium hydroxide (3.0 g, 53 mmol) and stir the mixture overnight at 50 rpm at room temperature using
magnetic stirrers.

3. Extract the product with the mixture solution of 200 mL of H2O and 600 mL of diethyl ether (1:3, v/v) using separation funnel. Obtain the upper
diethyl ether layer of the solution.
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4. Add MgSO4 (10 g) to absorb moisture of the diethyl ether solution. Filter the MgSO4 to obtain the diethyl ether solution by using filter paper
and funnel.

5. After removal of the diethyl ether solution under reduced pressure at 0.08 MPa using rotary evaporator, dissolve the residue in 5 mL of
ethanol.

6. Slowly evaporate the ethanol solvent to recrystallize the product in a 10-mL beaker. Obtain the product (11.5 g) as yellowish powder and
the yield of product is 90% based on bromoacetophenone. From the 1H NMR analysis, 1H NMR (DMSO): δ 3.78 (s, 3H, OCH3), 5.54 (s, 2H,
CH2), 6.82-8.01 (m, 9H, aromatic) ppm.17

7. Hydrodeoxygenation of Lignin-derived Aromatic Ether

NOTE: The chosen lignin-derived aromatic ether is anisole in this experiment and the catalyst is Ni0.92Nb0.08O. Use appropriate protective
equipment and fume hood to perform the reaction using carcinogenic reagents.

1. Equip a 50-mL stainless steel autoclave reactor with a heater and a magnetic stirrer.
2. Reduce the Ni0.92Nb0.08O catalyst (1 g) obtained from step 2 in the autoclave reactor in H2 atmosphere at 400 °C for 2 h, and then passivate

the catalyst under Argon (50 mL/min) overnight.
3. Dissolve anisole (1.1712 g, 8 wt%) into n-decane (20 mL) with the use of n-dodecane (0.2928 g, 2 wt%) as an internal standard for

quantitative gas chromatography (GC) analysis.
4. Introduce the reduced catalysts (0.1 g) in into the autoclave reactor rapidly to avoid long exposure time with air (< 5 mins).
5. Seal the autoclave reactor, purge with H2 repeatedly (3 times, at 3 MPa pressure) to eliminate air, and then the reaction mixture at

atmosphere pressure.
6. Set the stirring speed at 700 rpm.
7. After heating to the desired temperature at 160-210 °C at 2 °C/min, pressurize the autoclave reactor to 3 MPa and set the zero-time point (t =

0).
 

NOTE: The temperature range of 160-210 °C is appropriate in this report.
8. Subsequently, cool the mixture to room temperature at 10 °C/min immediately and analyze the deoxygenated products using gas

chromatography with mass selective detector.17

9. Determine the conversion of lignin model compound according to the following equation:
 

10. Determine the product selectivity according to the following equation:
 

Representative Results

X-ray diffraction (XRD) patterns (Figure 1 and Figure 2), BET surface areas, temperature-programmed reduction of hydrogen with hydrogen
(H2-TPR), scanning electron microscopy (SEM) equipped with an energy-dispersive X-ray (EDX) analyzer, X-ray photoelectron spectroscopy
(XPS) were collected for the nanoparticles NiO, Ni-Nb-O and Nb2O5 oxides17 (Figure 3 and Figure 4). XRD, SEM and XPS are used to
determine the phase and morphology of the nanostructures. The physicochemical properties of Ni-Nb-O mixed oxides were collected in Table
1.17

The structure of the catalysts has been previously reported and discussed.17 The X-ray diffraction pattern collected for the mixed-oxide formed by
chemical precipitation of nickel nitrate and hydrated niobium (V) oxalate (Figure 1), is in good agreement with that observed for hydrated nickel
oxalate (JCPDS 25-0581). After calcination with mixed-oxide precipitates for 2 h at 700 °C, the peaks observed at 2θ of 26.8°, 35.2° and 52.9°
(JCPDS 76-2355) are corresponding to crystalline NiNb2O6 phase.

The X-ray diffraction pattern collected for the synthesized NixNb1-xO nanoparticle after calcination for 5 h at 450 °C (Figure 2), display main
diffraction peaks located at 2θ of 37.1°, 43.2°, 62.5°, 74.8° and 78.7°, correspond to the (111), (200), (220), (311) and (222) reflections,
respectively. This is in a good agreement of the crystalline NiO bunsenite structure (JCPDS 89-7130). Besides, it is clearly noted that a low
intensity broad background peak appears at about 26° with increases in Nb loading, which is attributed to the emergence of the amorphous
niobium oxides as a result of the chemical precipitation possessing of Nb5+ and hydroxyl ion18. Upon calcination at 700 °C, the peaks
corresponding to Ni-Nb-O mixed phase are observed in the X-ray diffraction pattern of Ni0.8Nb0.2O, which indicate that the existence of
amorphous after calcination at 450 °C,19 but not the crystalline Ni-Nb composite phase. It was documented that high % of Nb could lead to the
formation of mixed phase Ni-Nb-O, e.g. NiNb2O6, Ni3Nb2O8 and Ni4Nb2O9, which would decrease the catalytic capability.

Scanning electron microscopy analysis show the dramatically different surface morphology of the NixNb1-xO nanoparticles from NiO (Figure 3).
In contrast to the well-defined nanosheet crystalline structures of the Pure NiO, fold-like and sponge-like appearance are clearly observed on
the sheet-like NiO surface with small void spaces for Ni0.97Nb0.03O and Ni0.92Nb0.08O, respectively.9 The sponge-like species are identified as the
Ni-Nb solid solution due to the incorporation of the Nb in the NiO lattice structure, as a result of the comparable ionic radius of Ni2+ (0.69 Å) and
Nb5+ (0.64 Å) cations.9,20 As a result, sponge-/block-like appearance and round crystallites with fewer number of small void spaces are observed
for the Ni0.85Nb0.15O and Ni0.8Nb0.2O nanoparticles due to the increased Nb content in the sample. In addition, the energy-dispersive X-ray maps
show that the niobium oxide are well-dispersed over the bulk NiO sample (Figure 4). Its niobium-enriched surface is further confirmed by the
larger surface Nb:Ni ratio of Ni0.92Nb0.08O sample (0.11/0.92), compared with bulk theoretical value (0.08/0.92). This can be explained by the fact
that the surface of the as-prepared Ni-Nb-O is enriched with Ni nanoparticles.
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The catalytic performance of this as-prepared Ni-Nb-O metal oxide was tested with the hydrodeoxygenation of anisole as the model reaction.
The reaction was performed in an autoclave reactor at 3 MPa and at 160 °C. 0.1 g of Ni0.92Nb0.08O catalyst was placed in a mixture of 8 wt
% anisole and 20 mL n-decane. After 2 h, 95.3 % conversion was obtained with 31.8 % selectivity from anisole to cyclohexane. After 12 h,
the anisole was completely converted to pure cyclohexane. Instead of extending the reaction time, the effect of temperature on the catalytic
performance was also investigated. Within 2 h, anisole was completely converted to cyclohexane if the temperature was set at 200 °C instead of
160 °C. Current effort has been focused on the conversion of other lignin-derived model compound with higher molecular weight to investigate
the hydrodeoxygenation ability of such catalyst.

 

Figure 1. XRD patterns of precipitate formed by mixing nickel nitrate and niobium (V) oxalate hydrate in water at 70 °C and after
calcination at 700 °C. JCPDS is Joint Committee on Powder Diffraction Standards Database. JCPDS 76-2355 is the Standard XRD reference
patterns for NiNb2O6 materials. JPCDS 25-0581 is the Standard XRD reference patterns for nickel oxalate hydrate materials. This figure has
been modified from Shaohua Jin et al.17 Please click here to view a larger version of this figure.

 

Figure 2. XRD patterns of Ni-Nb-O mixed oxide catalysts after calcination at 450 °C in air for 5 h. This figure has been modified from
Shaohua Jin et al.17 Please click here to view a larger version of this figure.
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Figure 3. Scanning electron microscopy micrographs of NiO and Ni-Nb-O mixed oxides. This figure has been modified from Shaohua Jin
et al.17 Please click here to view a larger version of this figure.
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Figure 4. Scanning Electron Micrograph, X-ray maps and Energy Dispersive X-ray analysis of Scanning Electron Micrograph. a)
Scanning Electron Micrograph of Ni0.92Nb0.08O. b) X-ray maps of Ni. c) X-ray maps of O. d) X-ray maps of Nb. e) Energy Dispersive X-ray (EDX)
results of Ni0.92Nb0.08O sample. This figure has been modified from Shaohua Jin et al.17 Please click here to view a larger version of this figure.

Catalysts Nb/Ni ratio SBET (m2/g) d (nm) Vtotal (cm3/g) Crystallite size (nm)a

NiO 0 136 18 0.61 9.3

Ni0.97Nb0.03O 0.031 158 16.5 0.65 8

Ni0.92Nb0.08O 0.087 173 9.6 0.41 5.4

Ni0.85Nb0.15O 0.176 139 12.5 0.43 11.8

Ni0.80Nb0.20O 0.25 110 12 0.33 14.5

Nb2O5·nH2O - 122 6.7 0.2 -

a Determined by considering the NiO (200) peak higher intensity.

Table 1. Physicochemical properties of NiO, Nb2O5 and Ni-Nb-O mixed oxides. This table has been modified from Shaohua Jin et al.17

Discussion

One of the common methods to prepare the nickel-doped bulk niobium oxide nanoparticles is rotary evaporation method.9 By employing various
pressure and temperature conditions during the process of rotary evaporation, the precipitation of Ni-Nb-O particles commerce with the slow
removal of the solvent. In contrast to the rotary evaporation method, the chemical precipitation method reported in this study has received
increasing attention to prepare the nanoparticles as this do not require the removal of solvents. In the typical chemical precipitation methods to
prepare the nanocatalysts, alkaline solution is necessary to be added dropwise into the solution of metal salts over a long period of time.21 In our
study, a mixture of ammonia hydroxide and sodium hydroxide solution was used as the precipitating agents. One of the critical steps in chemical
precipitation method is the speed of the addition of the precipitating agent.22,23 Care must be taken in controlling the speed of the addition of the
precipitating agents, i.e., the basic mixtures, and it is best controlled at a rate of one drop per second. If possible, peristaltic pump can be used to
precisely control the addition of the precipitating agents.

Apart from the addition rate, the control of temperature is another important key for successful precipitation as the morphology of the as-prepared
metal oxides are highly dependent on the temperature used in the preparation. Though it is not clear in the correlation between the morphology
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of nanoparticles and their related catalytic performance, the optimization of the preparation temperature to develop the efficient nanocatalysts is
essential.

As Brønsted and Lewis acid sites are necessary for HDO process to convert phenolic and oxygen-containing aromatics to hydrocarbons,17

the optimization of the acid site's amount is also critical factor to improve the catalytic properties of nanoparticles. According to the related
mechanistic study in the chemical precipitation methods of nanoparticles, the amount of the Brønsted sites are highly dependent on the amount
of remaining water on the catalysis.24 Thus, controlling the drying periods and the calcination temperature of catalysts are also critical steps in
the protocol in order to optimize the catalytic properties of the catalysts.

Compared with other common nanoparticle preparation methods, chemical precipitation method has received increasing attention to prepare the
nanoparticles. It is probably because this do not require the removal of solvents in the preparation. In addition, this method is capable to promote
the uniform dispersion of metal components and commonly used in the preparation of nanoparticles with relatively larger surface areas.17

However, this method is preferable to prepare metal oxide catalyst with relatively higher concentration of metal ions such as those of transition
metal elements.25,26,27 Thus, it is not recommended to prepare alkaline earth metal oxide using this method.

The suspension is then treated by a mixture of sodium hydroxide and ammonium hydroxide aqueous solution at pH 9 to allow the complete
precipitation of residual Ni2+ and Nb5+ cations in the sample, followed by washing with deionized water repeatedly to remove excess Na+ cation.
After subsequent calcination in synthetic air at 450 °C, the NixNb1-xO nanoparticles are prepared and analyzed.

Surface areas, pore volume and size collected for the synthesized NixNb1-xO (Table 1) indicate that the chemical precipitation synthesis by
incorporating appropriate proportion of Nb into the NiO (Nb:Ni ratio < 0.087) could effectively increase the surface areas of the materials,
since niobium oxalate is used as the precursor. This is also supported by the fact that more porous structure can be formed by the chemical
decomposition of hydrated nickel oxalate with organic nature,9 as observed in the X-ray diffraction pattern (Figure 1). However, the surface
area of NixNb1-xO decreases significantly when the Nb:Ni ratio is raised to 0.15 and 0.25. This is probably due to the formation of large block-
like crystallites in the sample. Scherrer formula is used to calculate the crystallite size of all prepared mixed-oxide. It can be concluded that the
size of the crystallite is closely related to the corresponding surface area. We demonstrated elsewhere that the Nb:Ni ratio is a crucial factor in
determining the catalytic activity of the oxides towards the hydrodeoxygenation of lignin-derived organic compounds. With high Nb % (Nb:Ni
> 0.087), inactive NiNb2O6 species were formed by the reaction between the amorphous phase of Nb and NiO, leading to the aggregation of
NiO and thus catalyst with lower surface area was obtained. With lower Nb % (Nb:Ni ≤ 0.087), the addition of niobium oxalate can increase
the surface area of the catalyst. This is attributed by the fact that the as-formed Ni oxalate retard the crystal growth of the NiO crystallites, as
a result catalyst with higher specific area was obtained. On the other hand, for catalyst with lower amount of Nb, the amorphous Nb2O5 can
promote the dispersion of NiO crystallites on the surface, thus aggregation of NiO crystallites was inhibited. The large surface area (173 m2/
g) of Ni0.92Nb0.08O, consisting of fold-like nanosheets, showed the best activity and selectivity towards the hydrodeoxygenation of anisole to
cyclohexane.

In summary, we demonstrate a chemical precipitation method to prepare the Ni-Nb-O oxide catalysts. Though this method requires relatively
higher concentration of metal ions solution, it has been found to successfully prepare the nanocatalysts with higher surface areas, compared
those obtained from other methods. Besides, the newly prepared nanoparticles showed excellent catalytic activity in the hydrodeoxygenation of
anisole to cyclohexane. The study of their applications in other catalytic systems such as hydrogenation is currently in progress. In addition, it
is anticipated that a similar strategy could be further applied in the preparation of other different mixed Ni-Me-O oxides or other nanomaterials
such as those with Cu2+, Co2+ with high specific surface area for various useful applications such as oxidation of alcohol and water and catalytic
coupling reactions.28,29,30
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