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ABSTRACT (ENGLISH) 
# # 5971444921 : MAJOR CHEMICAL ENGINEERING 
KEYWORD: Nickel phyllosilicate, furfural, furfuryl alcohol, CO2 methanation 
 Sasithorn Kuhaudomlap : Preparation of nickel phyllosilicate catalysts by 

one-step modified spherical silica synthesis in carbon dioxide hydrogenation 
and selective hydrogenation of furfural to furfuryl alcohol. Advisor: Prof. 
JOONGJAI PANPRANOT, Ph.D. 

  
Spherical silica derived nickel phyllosilicate catalysts were prepared via a 

one-step modified spherical silica synthesis under room temperature. For 10wt% Ni 
loading, the loading sequence of Ni and Si sources during spherical silica synthesis 
was found to affect the characteristics and catalytic properties in CO2 methanation. 
The stronger interaction between Ni and silica in the form of nickel phyllosilicate 
revealed the better catalytic performances than the impregnation method. The 
highest CO2 methanation activity and methane selectivity were obtained over the 
catalyst prepared by alternate loading between Ni and Si (Ni_Alt_Si) due to high 
electron density of nickel on the surface, high metal dispersion, and high CO2 
adsorption ability. Furthermore, one step synthesis by alternate addition of Ni and 
Si precursor (Ni_Si) with different Ni loadings in the range of 2-30 wt% were evaluated 
in the selective hydrogenation of furfural to furfuryl alcohol. The unique properties 
of the remaining nickel phyllosilicate after reduction could act as a good support for 
metallic nickel, yielding high dispersion of small nickel particles and stable catalytic 
performances for multiple recycle runs. Furfural conversion over the Ni_PS catalysts 
increased monotonically with increasing Ni loading without FA selectivity drop. It is 
suggested that the presence of both metallic Ni0 and Niphyllosilicate also produced a 
synergistic promotional effect for FA formation. 
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CHARPTER I  
INTRODUCTION 

1.1 Statement and significance of the problems  
 Recent research on catalyst development not only focuses on their excellent 

catalytic performances but also on the environmental friendly properties, low cost, 

good stability, and recyclability. Silica supported nickel catalysts (Ni/SiO2) are versatile 

catalysts with interesting properties due to their low cost, high specific surface area, 

controllable morphology/adjustable pore structures, and high availability and easy 

functionalization [1-3]. In addition, silica support can be prepared with environmentally 

friendly silicon source by using biomass raw material such as distiller’ grains [4], rice 

husk [5], equisetum fluviatile [6]. Thus, Ni/SiO2 catalysts are widely used in various 

catalytic reactions in both gas phase and liquid phase reaction. However, Ni species 

obtained from the conventional impregnation method usually suffer from 

sintering/agglomeration of nickel particles at high temperature during the 

pretreatment/reaction process or leaching of nickel species in liquid phase reaction 

because of its relatively weak interaction between nickel species and silica supports. 

These issues have become major problems for conventional silica supported nickel 

catalysts, which usually cause deactivation of catalysts, low surface availability, large 

amount of waste resources, loss of catalytic activity, and poor stability/recyclability. 

Many efficient strategies have been applied to develop Ni/SiO2 catalysts  including  the 

addition of various promoters such as La2O3 [7] and V2O5 [6], the improvement of the 

porous structure and morphology of support/catalysts [8], the modification of 

preparation method[9, 10], the formation perovskite and hydrotalcite structures [11, 

12],  and the formation of  unique structure/compound with a strong metal-support 

interaction[13]. However, these methods have some limitations such as high cost, loss 

of surface availability, low loading, complicate preparation process, required multiple 

steps and unique instruments for preparation. Therefore, it is a great challenge to 
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design and synthesize high performance Ni/SiO2 catalysts with a simple preparation 

method, low-cost process, high nickel dispersion, unique structure, a strong metal-

support interaction for adsorption more active sites, as well as good anti-sintering and 

stability property for large scale reaction.  

 Nickel phyllosilicate is a stable material with a strong metal-support interaction 

due to unique layer structure which consists of tetrahedral layers of SiO4 (Si-O-Si) and 

octahedral layers of Ni (II) (Ni coordinated to oxygen atoms or hydroxyl groups, Si-O-

Ni-O(OH))[4, 14]. These nickel species offer outstanding properties such as strong metal-

support interaction, small metal domain size and high dispersion of active metal 

species, high specific surface area, rich porous structures, excellent adsorption 

properties, high thermal stability, tunable pore structure and morphology, adjustable 

component and synthesizing parameter, very cheap raw material and simple 

preparation procedures[15]. The reduction treatment of nickel phyllosilicate in H2 can 

provide fine nickel particles size with strong interaction between nickel and silica 

material at high nickel content and high metal dispersion[16]. The complete reduction 

of nickel phyllosilicate to nickel metal is difficult and above 700˚C[14]. Interestingly, it 

has been reported that the remaining of nickel phyllosilicate layer after reduction 

process could act as a good/stable support for metallic nickel, which resulted in the 

highly dispersed nickel particles with small size of homogeneous nickel particle, 

preventing the sintering and enhancing the stability[17]. Due to the unique structure 

and special properties, Ni/SiO2 catalysts derived from nickel phyllosilicate have 

received considerable attention in recent catalysis research and could be an efficient 

strategy to address the sintering and leaching problem, as well as good stability for a 

Ni/SiO2 catalysts.  

 Generally, the importance factors for the formation of nickel phyllosilicate are 

a nickel precursor and a silica material or monomer silica source and a reaction 
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environment (an alkaline or acidic condition) [18]. Nickel phyllosilicates are commonly 

synthesized via various methods including hydrothermal methods [1, 5, 14, 19], the 

ammonia evaporation method [20-22], deposition-precipitation methods [23, 24] and 

sol-gel method [25] though the reaction between nickel precursor and silica materials. 

Among which, the hydrothermal method has been widely employed for preparation 

of nickel phyllosilicate catalysts due to high crystallinity and high nickel content 

(depend on the hydrothermal temperature), handy experimental operation, 

environmentally friendly, and uniform dispersed of nickel phyllosilicate [4]. However, 

conventional hydrothermal reaction is carried out in an autoclave under harsh 

hydrothermal conditions at high temperature (>180 ˚C) with long reaction time (> 24 

h), resulting in the loss of surface silanol group, limited nickel loading (even though 

there are excess nickel and silica amount) [7, 19, 26, 27], and small amount of nickel 

phyllosilicate and large particles being formed at relatively low hydrothermal 

temperatures (e.g. 120 and 160 ˚C) [16]. Thus, how to improve and synthesize Ni 

phyllosilicates with high nickel contents under mild conditions that can remain the 

superiority properties of nickel phyllosilicate is a great challenge. Chen et al. [4] 

synthesized nickel phyllosilicate via the hydrothermal method assisted by NH4F and 

urea, which optimal nickel phyllosilicate (N/D-120-12) exhibited high catalytic 

performance for CO2 methanation and excellent anti-sintering property. They reported 

that ammonium fluoride and urea can be efficient accelerator of the formation of 

H4SiO4 and Ni(OH)2, respectively which is essential intermediates for the formation of 

nickel phyllosilicate. Li et al. [1] found that nickel phyllosilicate could be formed under 

mild hydrothermal conditions at 100 ˚C for 12 h by double accelerators of ammonium 

fluoride and urea  which has similar morphology and nickel content with conventional 

hydrothermal method at 220 ˚C for 48 h. Although, these modified hydrothermal 

method can improve hydrothermal condition, there are still some limitation of 
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complicated operation procedure and too low hydrothermal conditions still provides 

low nickel content and small amount of nickel phyllosilicate formation [4]. 

 Moreover, the preparation of nickel phyllosilicate usually consists of two major 

steps: step (1) silica material synthesis and step (2) nickel phyllosilicate formation via 

the reaction of silica material and nickel precursor. Two step synthesis offer an efficient 

catalyst; however, it consumes large amounts of the reagent and energy, complicate 

preparation process and requires long operation time. Thus, a simple one step strategy 

is in need and achieved extensive attention due to their advantages such as low cost, 

high efficiency and convenience, and elimination of the separation, drying and 

calcination process.  One-pot synthesis of Ni phyllosilicates has recently been reported, 

for example, Chen et al. [26] prepared 3D-SBA-15 derived Ni phyllosilicate via a one-

pot and two-pot hydrothermal methods at 180 ˚C. Compared with two-pot, one-pot 

synthesis exhibited small size nickel particles, high nickel phyllosilicate content, fine 

nickel particle size, monolithic appearance and showed high anti-sintering due to 

strong metal-support interaction derived from nickel phyllosilicate. In addition, it was 

found that hydrothermal conditions were significant factor for the formation of nickel 

phyllosilicate via one-pot synthesis, which sectional hydrothermal at 100 ˚C, 24 h and 

180 ˚C, 24 h affected to the formation of nickel phyllosilicate in their work. Therefore, 

a simple one-step strategy has attracted great interest to synthesize nickel 

phyllosilicate and modified/applied with the spherical silica synthesis under mild 

conditions. The spherical silica synthesis has a facial preparation process with tunable 

components in a wide range, which nickel species can uniformly dispersed during 

spherical silica synthesis with one-step method.  

 The Ni phyllosilicates show good performances in a number of reactions 

including CO2 and CO methanation [16], hydrogenation of levulinic acid to γ-

valerolactone [28], xylose hydrogenation to xylitol [24], hydrogenation of maleic 
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anhydride [15], hydrogenation of polycyclic aromatic hydrocarbons [29], and carbon 

dioxide reforming of methane [30]. To our knowledge, the nickel phyllosilicate derived 

catalysts have been widely explored in various gas phase reactions, there are few 

research focused on the catalytic properties of nickel phyllosilicate in liquid phase 

reaction, especially for hydrogenation reaction. Thus, it is very interesting to investigate 

the different parameter for the formation of nickel phyllosilicate for both gas phase 

and liquid phase reaction: hydrogenation of carbon dioxide as reaction model for gas 

phase, selective hydrogenation of furfural to furfuryl alcohol as reaction model for 

liquid phase. 

 At present, limitation of fossil fuel resource and global warming are important 

problems so that many researches have focused on sustainable production of 

chemicals and fuels from renewable biomass. There is also a growing interest in 

reducing carbon dioxide levels in the atmosphere because it is well known that carbon 

dioxide is the main greenhouse gas and increase of its concentration in the air causes 

global warming which are highly serious problem [31]. There are many routes to reduce 

CO2 emission including reduction of the consumption of fossil fuels, carbon capture, 

separation and storage, and transformation of CO2 to value added chemical or fuel 

synthesis [32, 33]. CO2 methanation is a simple reaction widely used to produce the 

substitute natural gas. Production of biomethane from carbon dioxide is considered as 

significant process to increase the value of natural gas (natural gas upgrade) and biogas 

derived from the fermentation of biomass. This is not only utilize CO2, but also reduce 

CO2 emission.  The CO2 methanation is highly exothermic reaction and there are kinetic 

limitations [32, 34]. Therefore, the development of catalysts for this reaction is an 

important factor. Many researches studied the improvement of catalytic performance 

in this reaction by using various catalysts. CO2 methanation has been studied using 

several metal catalysts like Ru, Rh, Pd, Ni, Co, Cu and Fe [31, 33, 35, 36] supported on 
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various oxide supports such as TiO2, Al2O3, SiO2, CeO2 and ZrO2 [31, 33-35, 37, 38]. 

Although, noble metal exhibited higher activity for CO2 methanation, high stability and 

good resistant to sintering and coke deposition but its high cost and limited availability 

makes it less attractive as industrial catalysts. Therefore, non-noble metal is interested 

due to relatively low cost [37]. Ni-based catalyst is one of the non-noble metal based 

catalysts which favors this reaction and is widely used as the active metal in large scale 

but it is usually suffered from deactivation due to sintering of nickel particles and 

carbon deposition in high reaction temperature [39]. To suppress the carbon formation, 

the high metal dispersion and strong metal-support interaction were reported. 

Therefore, many attempts have been conducted to improve catalytic performance of 

Ni-based catalyst, in order to possess both high activity and resistance to coke 

deposition. 

 Lignocellulosic biomass is an economical and abundant renewable resource 

available from agricultural residues. Production of various platform chemicals such as 

sugar alcohols, organic acids, furfural, and 5-HMF from lignocellulosic biomass via 

biorefining technologies has been industrially developed [40, 41]. Furfural, synthesized 

via catalytic dehydration of xylose in hemicellulose, is a versatile platform molecule 

that can be further converted into many high value derivatives and downstream fine 

chemicals and biofuels. Around 65% of furfural produced in the world is converted 

into furfuryl alcohol (FA), which is widely utilized in the manufacturing of fibers, 

adhesives, resins, fuel additives and can also be employed as an intermediate for the 

production of plasticizers, vitamin C, farm chemicals and dispersing agents [42, 43]. Due 

to the presence of both C=O and C=C bonds in the furfural structure, catalytic 

hydrogenation of furfural is a relatively complex reaction and undesired products can 

occur with the use of unsuitable catalysts, resulting in low selectivity to the target 

products. In recent years, significant progress has been made in the development of 
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high-performance catalysts with high activities and selectivities for the selective furfural 

hydrogenation to FA. Although noble metal catalysts such as Pt and Ru show high 

activities/selectivities under mild conditions [44, 45], their relatively high cost may limit 

their use in industrial applications. Among the non-noble metal catalysts, nickel has 

been demonstrated to be a good furfural hydrogenation catalyst due to its excellent 

H2 dissociation and relatively low cost. However, nickel-based catalysts without 

modification/addition of a promoter typically exhibit low selectivity to FA [46, 47] 

because furfural adsorbs on nickel through both η1(O)-aldehyde and η2(C,O)-aldehyde 

modes, and as a consequence, both the C=C bonds on the furan ring and the C=O 

group in furfural are hydrogenated [48, 49]. In addition, Ni catalysts also suffer from 

poor metal support interactions that can cause leaching of nickel during liquid phase 

reaction processes, along with agglomeration of nickel species under high reduction 

temperatures [30, 50]. Developing stable nickel-based catalysts with higher FA 

selectivity while maintaining high activity and good recyclability is still challenging. 

 Therefore, in the present study, spherical silica derived nickel phyllosilicate was 

successfully prepared via one-step modified spherical silica synthesis with 

cetyltrimethyl ammonium bromide (CTAB) as the structural-directing agent and 

tetraethoxysilane (TEOS) as the silica source under room temperature to develop 

catalysts with improved activity and stability. The effect of different loading sequence 

of Ni and Si source was investigated to study the morphology and the formation of 

nickel phyllosilicate in gas phase hydrogenation of carbon dioxide. Consequently, the 

one step synthesized catalysts with various nickel loadings (2 – 30 wt% Ni) by an 

alternate addition of the nickel and silica sources during the spherical silica synthesis 

were evaluated in the liquid phase selective hydrogenation of furfural to FA under 

mild reaction conditions in order to simultaneously obtain excellent anti-leaching 

property and improve catalytic activity. To highlight the excellence of nickel 
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phyllosilicate for this method, nickel was loaded on spherical silica for comparison by 

two step conventional impregnation. Important reaction parameters including 

reduction temperature and reaction temperature were investigated, seeking to 

optimize furfural conversion and FA yield. In addition, the characteristics and catalytic 

properties of prepared catalysts were investigated by several characterization 

techniques such as XRD, AAS, CO2-TPD, N2 physisorption, CO-chemisorption, H2 

chemisorption, SEM, TGA, H2-TPR, STEM, EDS, and XPS and correlated with the catalyst 

performances in both reactions. Finally, the stability and recyclability of nickel 

phyllosilicate catalysts were studied in both reactions.  

 
 

1.2 Objective of research 
The objectives of this research are 

 1. To investigate the characteristics of nickel phyllosilicte catalysts compared 

with nickel oxide prepared by conventional impregnation method. 

 2. To study the preparation method and to synthesize the nickel phyllosilicate 

catalysts via one-step modified spherical silica synthesis under mild conditions (room 

temperature and short time) 

 3. To study the characteristics and catalytic properties of nickel phyllosilicate 

doped spherical silica with different loading sequences of Ni and Si sources via one-

step modified spherical silica synthesis and compared with spherical silica supported 

NiO via impregnation method in the hydrogenation of carbon dioxide. 

 4. To study the effect of nickel loading over nickel phyllosilicate containing 

spherical silica catalysts prepared by one-step modified spherical silica synthesis and 
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compared with spherical silica supported NiO via impregnation method on the catalytic 

performance for the liquid phase selective hydrogenation of furfural to furfuryl alcohol. 

 5. To study the effect of reduction temperature (400-700 ͦC) and reaction 

temperature (50-100 ͦC) on the catalytic properties of spherical silica derived nickel 

phyllosilicate (Ni_PS) prepared by one-step modified spherical silica synthesis in the 

liquid phase selective hydrogenation of furfural to furfuryl alcohol. 

 

1.3 Scope of study 
Paper I 

 1. Preparation of spherical silica particles (SSP) under room temperature. 

 2. Incorporation of 10wt% Ni in SSP by a one-step modified spherical silica 

synthesis with three different loading sequences: before/alternately/after Si addition 

during SSP synthesis and calcination in air at 550 ͦC for 6 h with heating rate of 2 ͦC/min. 

 3. Preparation of 10wt% Ni/SiO2 catalysts by incipient wetness impregnation 

method for comparison and calcination in air at 550 ͦC for 6 h with heating rate of 

2 ͦC/min. 

 4. Pretreatment of the catalysts by reduction with H2 flow at 500 ͦC for 3 h. 

 5. Reaction study of the catalysts in gas phase hydrogenation of carbon dioxide 

using a fixed-bed quartz reactor under atmospheric pressure at 350-500 ͦC in steps of 

50 ͦC and kept constant for 1 h at each temperature using WHSV = 36,000 cm3/gcath 

and H2:CO2 = 10:1. 
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 6. Stability and recyclability of the alternate loading between Ni and Si 

(Ni_Alt_Si) prepared by a one-step modified spherical silica synthesis under reaction 

temperature 300 and 450 ͦC using WHSV = 24,000 cm3/gcath and H2:CO2 = 10:1. 

 7. Characterization of the catalysts using X-ray diffraction (XRD), N2 

physisorption, CO2-temperature programmed desorption (CO2 –TPD), H2-temperature 

programmed reduction (H2-TPR), X-ray photoelectron spectroscopy (XPS), atomic 

absorption spectrophotometer (AAS), scanning electron microscope (SEM), 

transmission electron microscopy (TEM), hydrogen chemisorption (H2-chem) and 

thermal gravimetric analysis (TGA). 

 

Paper II 

 1. Preparation of spherical silica particles (SSP) under room temperature. 

 2. Preparation of spherical silica derived nickel phyllosilicate with nickel loading 

of 2-30wt% via a one-step modified spherical silica synthesis by an alternate addition 

of the nickel and silica sources during the spherical silica synthesis and calcination in 

air at 550 ͦC for 6 h with heating rate of 2 ͦC/min. 

 3. Preparation of 20wt% Ni/SiO2 catalysts by incipient wetness impregnation 

method for comparison and calcination in air at 550 ͦC for 6 h with heating rate of 

2 ͦC/min. 

 4. Pretreatment of the catalysts by reduction with H2 flow at 500 ͦC for 3 h. 

 5. The effect of reduction temperature in the range of 400-700 ͦC were studied 

over 30wt% Ni prepared by a one-step modified spherical silica synthesis. 
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 6. The effect of reaction temperature in the range of 50-100 ͦC were studied 

over 30wt% Ni prepared by a one-step modified spherical silica synthesis. 

 7. Reaction study of the catalysts in liquid phase selective hydrogenation of 

furfural at 50 ͦC, 2 MPa and reaction time of 60-300 min using a 160 mL stainless steel 

Parr autoclave reactor with a Teflon liner. 

 8. Recyclability study of the 30wt% Ni prepared by a one-step modified 

spherical silica synthesis  (30Ni_PS) and 20wt% Ni prepared by impregnation method 

(20Ni_Imp) for three cycles run under identical condition at 50 ͦC, 2 MPa hydrogen 

pressure for 300 min. 

 9. Characterization of the calcined, reduced and spent catalysts using X-ray 

diffraction (XRD), N2 physisorption, H2-temperature programmed reduction (H2-TPR), X-

ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), and 

Carbon monoxide chemisorption (CO-Chem). 
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1.4 Research methodology 
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1.5 Expected outcome 
 1. To obtain suitable method for preparation of nickel phyllosilicate with 

unique structure under mild condition. 

 2. To understand the characteristic and role of nickel phyllosilicate on the 

catalytic performance of both liquid phase and gas phase reaction. 

 3. To obtain suitable nickel phyllosilicate catalysts for liquid phase selective 

hydrogenation of furfural to furfuryl alcohol and gas phase hydrogenation of carbon 

dioxide. 

 4. The results of this research can be the formation and reaction model in gas 

phase and liquid phase reaction for the future study.  
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3.1 Abstract 
 Nickel-doped spherical silica (SSP) catalysts with ca. 10 wt% Ni were 

prepared via a sol-gel method using cetyltrimethyl ammonium bromide as the 

structure directing agent with different loading sequences of Ni and Si sources (Si1_Ni2, 

Ni1_Si2, and Ni_Alt_Si). For comparison purposes, the SSP supported Ni catalysts were 

also prepared by impregnation method (Ni/SSP (Imp)). All the prepared catalysts 

showed spherical shape with high specific surface area (357-868 m2/g). The X-ray 

diffraction and H2-temperature programmed reduction results revealed the stronger 

interaction between Ni and SiO2 in the form of nickel silicate for all the Ni-doped SSP 

catalysts except Ni/SSP (imp), in which only NiO species were detected. For the 

reaction temperature 350 ̊C, the CO2 conversion was in the order: Ni_Alt_Si (51%) > 

Ni1_Si2 (49%) > Si1_Ni2 (28%) > Ni/SSP (Imp) (10%) with methane selectivity 80-95%. 

The superior performances of the Ni_Alt_Si catalyst were correlated well to the higher 

electron density of Ni on the surface and higher CO2 adsorption ability as revealed by 

the X-ray photoelectron spectroscopy and CO2-temperature program desorption 

results.  

Keywords: CO2 methanation; Ni/SiO2 catalysts; Spherical silica; Nickel silicate.  
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3.2 Introduction  
 Reduction of carbon dioxide (CO2) emission, one of the main greenhouse gases 

to global warming, is the globally concerned topic [31]. This has been done by many 

routes including reduction of the consumption of fossil fuels, carbon capture, 

separation and storage, and transformation of CO2 to value added chemicals or fuel 

[32, 33]. CO2 methanation is a simple reaction widely used to produce the substitute 

natural gas. Production of biomethane from carbon dioxide is considered a significant 

process to increase the value of natural gas (natural gas upgrade) and biogas derived 

from biomass fermentation. The CO2 methanation is highly exothermic reaction and 

there are kinetic limitations [32, 34]. Therefore, the development of catalysts for this 

reaction is important and the performances of different metals such as Ru [31], Rh 

[102], Pd [103], Ni [31, 36], Co [92], and Fe [36] supported on various oxide supports 

including TiO2 [38], Al2O3 [31, 36], SiO2 [34, 36], CeO2 [37, 38, 92], and ZrO2 [37, 92] have 

been studied. Nickel-based catalysts are the most widely studied because of their high 

catalytic activity and relatively low price but they usually suffered from deactivation 

because of the sintering of nickel particles and carbon deposition [32]. Many attempts 

have been conducted to improve the catalytic performances of Ni-based catalysts, in 

order to possess both high activity and resistance to coke deposition. 

 In a number of studies, formation of nickel silicate species have shown an 

advantage synergistic effect of both metal and support [104] high dispersion of nickel 

metal after reduction, high surface area of catalyst, excellent reactivity and stability for 

hydrogenation reaction. The stronger metal support interaction compared to NiO can 

also  prevent particle agglomeration, [105], which are key parameters for high CO2 

methanation activity. Nickel silicate has been used as catalysts in various reactions 

such as deoxygenation of methyl palmitate to alkanes [106], carbon dioxide reforming 

of methane [107], partial oxidation of methane to syngas [105], hydrogenolysis of 5-
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hydroxylmethyl-2-furrylaldehyde to yield furanic fuels [108], and waste plastics-

derived syngas catalytic reaction [109]. Moreover, Le et al. [34] prepared Ni/SiO2 

catalysts by deposition-precipitation methods and studied in CO and CO2 methanation. 

The catalyst exhibited stronger interaction between the nickel species and support 

than those prepared by a wet impregnation and showed high Ni dispersion due to the 

availability of nickel silicate species, which resulted in high catalytic activity for both 

reactions. Lu et al. [110] synthesized a Ni-grafted SBA-15 catalyst with Ni phyllosilicate 

existing on the SBA-15 surface. The catalysts exhibited higher CO2 conversion and CH4 

selectivity than the ones containing only NiO species and had high thermal stability for 

CO2 methanation.  

 In the present work, nickel-doped spherical silica (SSP) catalysts were 

synthesized by modified-sol gel method with cetyltrimethyl ammonium bromide 

(CTAB) as the structural-directing agent and different loading sequences of Ni and Si 

source. The sol-gel-derived SSP usually has high surface area with tunable pore size 

and a narrow pore size distribution [111, 112]. The properties of Ni/SiO2 catalysts were 

investigated by X-ray diffraction (XRD), N2 physisorption, atomic absorption 

spectrophotometer (AAS), H2-temperature-programed reduction (H2-TPR), X-ray 

photoelectron spectroscopy (XPS), temperature-programmed desorption of CO2 (CO2-

TPD), transmission electron microscopy (TEM), and their catalytic activities were 

evaluated in CO2 methanation. 

 

3.3 Materials and Methods 
3.3.1 Preparation of SiO2 support  

 SSP supports were prepared according to the procedure given in Ref. [111]. 

Tetraethoxysilane (TEOS) was used as silica source and CTAB as the structure-directing 

agent. The SiO2 support was prepared by gel synthesis with the following molar ratio: 
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1TEOS: 0.3CTAB: 11NH3: 58ethanol: 114H2O. At first, ethanol and aqueous ammonia 

were added to distilled water (DI) with continuous stirring at room temperature and 

CTAB was dissolved in this solution. A mixture solution was then stirred for 15 min 

followed by slow addition of TEOS and the solution was further stirred for 2 h. After 

that, the white precipitate was separated by filtration, washed with distilled water, 

dried at 110˚C overnight and calcined in air at 550˚C for 6 h with a heating rate of 

2˚C/min.  

 

3.3.2 Preparation of Ni/SiO2 catalysts by modified sol gel and impregnation 
method. 

 Incorporation of 10wt% Ni in SSP were prepared using the modified sol gel 

method with three different loading sequences during the SSP synthesis. The Ni-doped 

spherical silica were synthesized using the previous procedure except that nickel 

nitrate hexahydrate as Ni precursor was added into the solution with sequences as 

following: adding Ni previous to TEOS, adding Ni and TEOS altogether, and adding TEOS 

previous to Ni. The obtained catalysts are referred to Ni1_Si2, Ni_Alt_Si and Si1_Ni2, 

respectively. Ni/SSP (Imp) was also prepared by a incipient wetness impregnation for 

comparison as follows, the SSP support was impregnated with an aqueous solution of 

nickel nitrate, following to drying at 110˚C overnight and calcination at 550 ˚C for 6 h 

in air. 

 

3.3.4 Catalysts characterization 

 The X-ray diffraction (XRD) was tested by using a Bruker D8 advance with CuKα 

Radiation in the 2θ scanning range of 10-90˚. Ni loading was determined by atomic 

absorption spectrophotometer (AAS). The specific surface area, pore volume and pore 

diameter were determined by N2 adsorption-desorption measurements with a 
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Micrometrics ASAP 2020 instrument. H2-temperature program reduction (H2-TPR) was 

used to measure the reduction temperature and reducibility of prepared catalysts. The 

catalyst samples (0.1g) were pretreated with 30 cm3/min of N2 flow at 300˚C for 1.5 h 

and then cooled to room temperature. Subsequently, gas mixture of 10%H2/Ar (30 

cm3/min) was introduced to the catalyst while the sample was heated from 30˚C to 

800˚C. After that, TPR profiles were recorded as a function of temperatures. 

Transmission electron microscopy (TEM) images were obtained with JEOL (JEM-2010) 

at 200 kV to observe the morphology of the catalysts. X-ray photoelectron 

spectroscopy (XPS) analysis was employed to investigate the binding energy and 

surface properties of catalysts with using an AMICUS photoelectron spectrum 

spectrometer equipped with an MgKα X-ray as primary excitation and KRATOS VISION2 

software. Temperature-programmed desorption of CO2 (CO2-TPD) was carried out in a 

quartz u-tube. 50 mg of the catalysts were reduced at 500˚C under H2 flow for 3 h and 

then purged with He for 10 min. After that, the catalysts were cooled down to 40 ˚C 

with He flow. The CO2 was introduced to the catalyst samples for 1 h at 40˚C to 

achieve saturation. The samples was then heated from 40˚C to 800˚C at heating rate 

of 10˚C/min with He flow. Finally, the CO2-TPD profiles were recorded during increase 

of temperature. The morphological properties of the support and the prepared 

catalysts were observed using scanning electron microscope (SEM).  

 

3.3.5 Catalytic activity 
 The CO2 methanation reaction was carried out in a fixed-bed quartz reactor 

under atmospheric pressure. Prior to the reaction test, the catalysts were reduced 

under H2 flow with flow rate 30 cm3/min at 500˚C for 3 h. The reactant feed were 

introduced into reactor at H2/CO2 ratio of 10/1 with weight hourly space velocity 

(WHSV) of 36000 cm3/(gcath) and N2 was added as an internal standard. The reaction 
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was performed at the temperature range of 350-500˚C in steps of 50˚C and then kept 

constant for 1 h at each temperature. The effluent gases were analyzed by a gas 

chromatograph with a thermal conductivity detector to separate CO2, CH4 and CO. 

 The catalytic performance was presented as CO2 conversion and CH4 selectivity, 

which were defined as following: 

XCO2 (%) =  
𝐶𝑂2.𝑖𝑛−𝐶𝑂2,𝑜𝑢𝑡

𝐶𝑂2,𝑖𝑛
  x 100, 

SCH4 (%) =  
𝐶𝐻4

𝐶𝐻4+𝐶𝑂
   x 100, 

where XCO2 and SCH4 were CO2 conversion and CH4 selectivity, respectively. 
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3.4 Results and Discussion 
3.4.1 Characteristics of the Ni/SiO2 catalysts 

 The XRD patterns of Ni/SiO2 catalysts prepared by the modified sol-gel and 

impregnation methods are shown in Fig. 3.1. The SSP support exhibtied only a broad 

peak, corresponding to amorphous silica. The diffraction peaks at 2θ = 33.8-36.1˚, 

60.8˚, which were assigned to nickel phyllosilicate [106], are shown in all the XRD 

patterns for all the Ni incorporated SSP catalysts. On the other hand, the sharp peaks 

at 2θ = 37.2˚, 43.3˚, 62.9˚, 75.4˚ and 79.4˚, which indicated the characteristic peaks of 

nickel oxides [32], were found for the Ni/SSP (Imp) catalyst. The formation of the nickel 

phyllosilicate with low crystallinity were observed on Ni1_Si2, Ni_Alt_Si and Si1_Ni2 

catalysts, suggesting that nickel particles were directly incorporated in the SSP during 

the synthesis to form nickel phyllosilicate. However, the nickel phyllosilicate phases 

were not detected in the Ni/SSP (imp) due possibly to the higher intensities of the 

nickel oxide species as compared to nickel phyllosilicate, thus the diffraction peaks of 

nickel oxide was keen. 

Figure 3. 1 XRD patterns of Ni/SiO2 catalysts after calcined at 550 ͦC for 6 h. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 75 

 The N2 adsorption-desorption isotherms of all the catalysts are shown in Fig. 

3.2. All the samples exhibited the characteristic type IV isotherms in the IUPAC 

classification with H1 and H4 type hysteresis loop. The H1 type hysteresis loop 

describes a cylindrical-shape pore structure [113-115], indicating that the agglomerates 

or spherical particles arranged in a fairly uniform way. The H4 type loops shows the 

existence of slit-like pores, indicating that hollow spheres with walls composed of 

ordered mesoporous silica [114, 115]. The BET surface area, pore diameter, and pore 

volume of the bare SSP support and the Ni/SiO2 catalysts are presented in Table 2.1. 

The specific surface area of the catalysts was ranging in the order: SSP (1214 m2/g) > 

Si1_Ni2 (868 m2/g) > Ni/SSP (Imp) (801 m2/g) > Ni1_Si2 (417 m2/g) > Ni_Alt_Si (357 m2/g). 

It can be noted that deposition of Ni metal on the SSP support caused a decrease in 

the surface area and pore volume of the catalysts while pore diameter was not 

obviously changed. In addition, Si1_Ni2 and Ni/SSP (Imp) showed larger surface area 

than Ni1_Si2 and Ni_Alt_Si. It is suggested that most of the Ni particles were formed 

inside the pores of Ni1_Si2 and Ni_Alt_Si samples, resulting in pore blockage and lower 

pore volume and surface area.  

Figure 3. 2 N2 adsorption isotherms of Ni/SiO2 catalysts. 
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Table 3. 1 Physical properties of the Ni/SiO2 catalysts 

catalysts 
BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore diameter 

(nm) 

SSP 1214 1.08 2.01 

Ni1_Si2 417 0.33 3.38 

Si1_Ni2 868 1.08 3.02 

Ni_Alt_Si 357 0.35 3.55 

Ni/SSP (Imp) 802 0.64 2.23 

*Pore volume and pore diameter determined from the Barret-Joyner-Halenda (BJH) 

desorption method. 

 The H2-TPR was carried out to investigate the reducibility of the catalysts and 

the interaction between metal and the support. Fig. 3.3 shows the TPR profiles of the 

nickel-doped spherical silica catalysts prepared by different loading sequences of Ni 

and impregnation methods. The peak below 500˚C was assigned to the reduction of 

NiO on a silica support [105], while the high temperature peak (500-800˚C) was due to 

the reduction of Ni2+ located in nickel phyllosilicates [17, 105, 108, 116]. For the Ni/SSP 

(Imp) catalyst, two reduction peaks were observed in the TPR profile. The first peak 

appears at low temperature (380˚C), which can be attributed to the reduction of nickel 

oxide and a small reduction peak appeared at higher temperature around 580˚C. On 

the other hand, the modified sol gel catalysts showed a board reduction peak in a 

range of 350-800˚C, corresponding to the reduction of nickel phyllosilicates. It can be 

observed that most of the nickel species on Ni1_Si2, Si1_Ni2 and Ni_Alt_Si were in the 

form of nickel phyllosilicates, which are in good agreement with the XRD results of the 

calcined catalysts. In addition, the reduction peak of the modified sol-gel catalysts 
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were shifted to higher temperatures compared to the impregnation catalyst. Such 

results indicated that the interaction between the Ni particles and the SiO2 support 

were stronger than that of the impregnation catalyst.  

 

Figure 3. 3 H2-TPR profiles of the Ni/SiO2 catalysts. 
 

 The actual amount of nickel content on the prepared catalysts were 

determined by using AAS technique to be ca. 10.5-13.9 wt. %. The Ni contents from 

AAS were close to the amounts of nickel determined by the TEM-EDX. The percentages 

of metal dispersion as obtained from the hydrogen chemisorption experiments of the 

Ni-containing spherical silica catalysts are shown in Table 3.2. It was found that all the 

Ni loading by the modified sol gel method led to higher metal dispersion than the 

Ni/SiO2 catalyst prepared by the conventional impregnation method. 
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Table 3. 2 Nickel loading and chemisorption results of the prepared catalysts. 

Catalysts AAS (Ni, wt. %) TEM (Ni, wt. %) Ni dispersion (%)a 

Ni1_Si2 12.1 12.40 8.30 

Si1_Ni2 10.5 13.55 7.03 

Ni_Alt_Si 11.2 10.59 9.76 

Ni/SSP (Imp) 13.9 14.91 5.10 

a Determined by hydrogen chemisorption. 

 

Figure 3. 4 SEM images of Ni/SiO2 catalysts after calcination. 
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Figure 3. 5 TEM images of Ni/SiO2 catalysts after calcination. 
 

 The SEM and TEM analysis of the Ni-doped SSP catalysts are shown in Fig. 3.4 

and 3.5, respectively. The SEM images show that the SSP support and the Ni-doped 

SSP catalysts exhibited spherical shape with 350-600 nm. The surface of the spherical 

silica particles was relatively smooth and became roughly spherical after nickel loading. 

The TEM analysis confirmed the results obtained by SEM analysis that the SSP particles 

had a spherical shape. After Ni loading, the TEM micrographs showed that the SSP 

supports were covered by nickel phyllosilicate layer, as shown by fibrous morphology 

[108], which are in good agreement with the XRD results for all Ni catalysts prepared 

by the modified sol gel method. According to the BET results, most of Ni species were 

formed on the surface of Si1_Ni2 thus the layer of nickel silicate was more apparent, 

compared to the Ni1_Si2 and Ni_Alt_Si catalysts. In the case of the impregnation 

catalyst, larger nickel particles agglomerated on outer surface of SiO2 was presented 

with lower pore volume compared to the bare SSP. In addition, Si1_Ni2 exhibited 

higher surface area and pore volume than the impregnation catalysts because of the 

presence of the layered structure of nickel phyllosilicate [17, 108].  
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 XPS analysis was conducted to investigate the chemical state and surface 

composition on the catalysts. Fig. 3.6 shows the XPS spectra for Ni-doped spherical 

silica catalysts after calcination. For the XPS spectra of the Ni/SSP (Imp) catalyst, the 

binding energy of Ni2p3/2was centered at about 857 eV, which can be attributed to 

nickel oxide [105, 117]. For Ni1_Si2, Ni_Alt_Si, and Si1_Ni2 catalysts, the Ni2p3/2 peak 

was shown at 858.7 eV, which was assigned to Ni2+ species in nickel phyllosilicate [106, 

118]. In addition, XPS analysis of the Ni/SiO2 catalysts, which were reduced using H2 at 

500 ͦC was also carried out. For all the modified sol-gel catalysts, a broad main peak 

of the Ni2p3/2 at around 852-859 eV assigned to nickel metal was observed along with 

nickel phyllosilicate. According to the TPR results, strong interaction between Ni and 

SSP in the form of nickel silicate resulted in partial reduction of nickel phyllosilicate to 

nickel metal at the reduction temperature of 500˚C. However, the XPS results showed 

that the peak corresponding to the binding energy of Ni 2p for Ni1_Si2 and Ni_Alt_Si 

shifted to lower binding energy than Si1_Ni2 catalysts, indicating the electron density 

of nickel species in Ni1_Si2 and Ni_Alt_Si were higher than Si1_Ni2 catalysts. It is noted 

that higher values of binding energy of the Ni species in this work as compared to the 

literature may be due to a bias in the calibration using C 1s peak position of the 

adventitious carbon[119].  
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Figure 3. 6 XPS spectra of Ni/SiO2 catalysts after calcination. 

Figure 3. 7 XPS spectra of Ni/SiO2 catalysts after reduction. 
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 Temperature-programmed desorption of CO2 was carried out to obtain the CO2 

adsorption ability over the catalysts. The CO2 TPD results are shown in Fig. 3.8. All the 

prepared catalysts showed only a desorption peak at low temperature in the range of 

90 to 200˚C. The amount of CO2 adsorbed on the modified sol gel catalysts was larger 

than on the impregnation catalyst. This indicated a larger number of active centers on 

the surface of modified sol gel catalysts, which facilitated the CO2 dissociation, and as 

a consequence improved the CO2 conversion. In addition, oxygenated species may be 

created by the dissociation of CO2, which resulted in the elimination of coke deposited 

and improved stability of the catalysts [34, 120]. 

 

Figure 3. 8 CO2-TPD of Ni/SiO2 catalysts. 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 83 

3.4.2 Reaction results 
The catalytic performances of the prepared catalysts were tested in the CO2 

methanation. Fig. 3.9 presents the CO2 conversion and CH4 selectivity over the Ni-

doped spherical silica catalysts at a WHSV of 36000 cm3/(gcat.h) at the temperature 

range of 350-500˚C as a function of reaction temperature. The catalysts were reduced 

in the H2 flowing at 500˚C for 3 h prior to the reaction. The CO2 conversion over all 

the catalysts increased with increasing reaction temperature and reached a plateau at 

the reaction temperature at around 500˚C. At 350˚C, the CO2 conversion increased in 

the order: Ni_Alt_Si (⁓51 %) > Ni1_Si2 (⁓ 49%) > Si1_Ni2 (⁓30 %) >Ni/SSP (Imp) (⁓ 

10%) with methane selectivity of 80-95%. Despite their lower surface area than the 

impregnation-catalysts, all the nickel silicate catalysts exhibited superior performances 

in CO2 methanation. Prior to the reaction, the catalysts were reduced at 500˚C with H2 

flow, which led to partly reduction of nickel phyllosilicate to nickel metal as confirmed 

by the TPR and XPS results. The existence of both nickel metal and nickel silicate on 

the catalyst surface appeared to be responsible for the high catalytic performance. 

Meanwhile, the nickel silicate catalysts may produce metallic nickel with high 

dispersion after reduction and improved the catalyst stability [17, 105]. Among the 

silicate catalysts, Ni1_Si2 and Ni_Alt_Si showed high CO2 conversion at all reaction 

temperatures with high methane selectivity (90-95%) and the best CO2 methanation 

performance was obtained on the Ni_Alt_Si catalyst. It is suggested that the higher 

electron density of Ni on the surface and the high metal dispersion as well as higher 

CO2 adsorption ability over Ni1_Si2 and Ni_Alt_Si catalysts were essential for catalytic 

activity in CO2 methanation. In addition, energy of CO2 desorption from differential 

scanning calorimetry (DSC) on Ni/SSP (Imp) (1.229 J/gcat) was larger than both of Si1_Ni2 

(0.586 J/gcat) and Ni_Alt_Si (0.983 J/gcat), suggesting that too strong interactions between 

the CO2 and the catalysts surface resulted to low CH4 production.  Consequently, it 

can be concluded that the modified sol gel method by Ni and Si source added 
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alternately during SSP synthesis is a useful method for preparing a highly active and 

stable Ni-incorporated SSP catalysts for CO2 methanation.  

 

Figure 3. 9 CO2 conversion and CH4 selectivity of Ni/SiO2 catalysts: Reduced under H2 
at 500˚C 3 h, Catalyst = 0.05 g, WHSV = 36000 cm3/gcath, H2:CO2 = 10:1 
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Figure 3. 10 Catalytic stability and recyclability of the Ni_Alt_Si catalyst. Reaction 
temperature (a) 300 ˚C (b) 450 ˚C. Reduced under H2 at 500˚C 3 h. Reaction 

condition: Catalyst = 0.1 g, WHSV = 24000 cm3/gcath, H2:CO2 = 10:1. Cycle I: ● CO2 

conversion, ■ CH4 selectivity Cycle II: ○ CO2 conversion, □ CH4 selectivity. 
 

The catalyst stability test was carried out for the Ni_Alt_Si catalyst for 5 h time 

on stream at 300 ͦC and 450 ͦC, WHSV = 24000 cm3/(gcat.h) and the results are shown in 

Fig 3.10. CO was not produced at these temperatures and CO2 conversion experienced 

a stable trend with 100% selectivity to CH4. Comparison of the performances of the 

Ni-containing spherical silica in this study and the other reported Ni-based catalysts in 

the CO2 methanation is shown in Table 3.3. Under similar reaction temperature, the 

performances of catalysts prepared in this study in the form of nickel silicate were 

comparable to the other supported Ni/NiO catalysts, however, the other reaction 

conditions such as space velocity, H2:CO2, and catalyst weight were varied among the 

various studies as indicated in the Table. The recyclability of Ni_Alt_Si catalyst was 

investigated for two reaction-regeneration cycles at a WHSV of 24000 cm3/(gcat.h) and 

reaction temperature of 300˚C and 450˚C. At temperature of 300 ͦC, CO2 conversion 

increased slightly from 20% in the first cycle to 30% in the second cycle with 100% 

selectivity of CH4. Similarly, there was a slight increase of CO2 conversion from 94% in 

the first cycle to 98% in the second cycle at reaction temperature of 450˚C. After the 
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catalytic test, TGA was conducted to examine the formation of coke after reaction test. 

Very small amount of coke was detected on these catalysts (< 4%).  

Figure 3. 11 TGA result of Ni_Alt_Si catalyst conducted in air-containing atmosphere. 
 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 87 

Table 3. 3 Review of catalytic performances of Ni-based catalysts in CO2 
methanation. 

Catalysts 
Preparation 

method 
Reaction 
temp (˚C) 

Reaction condition 
CO2 

conv. 
(%) 

CH4 
selec. 
(%) 

Ref. 

10%Ni/SiO2 
(Ni_Alt_Si)) 

Modified sol gel 350 
H2:CO2 = 10:1, WHSV = 36000 

cm3/(gcath), Cat. = 50 mg 
51 95 

This 
work 

15%Ni/SiC Impregnation 360 
H2:CO2 = 4:1, space velocity = 

12000 h-1
, Cat. = 200 mg 

79 100 
[86] 

15%Ni-La/SiC Co-impregnation 360 
H2:CO2 = 4:1, space velocity = 

12000 h-1
, Cat. = 200 mg 

85 100 

5%Ni-CZsol–gel Pseudo sol–gel 
350 

H2:CO2 = 4:1, space velocity = 
43000 h-1

, Cat. = 150 mg, Total 
flow = 55  cm3/min 

67.9 98.4 

[87] 
5%Ni-CZimp Wet impregnation 25.4 84.7 

5%Ni-SiO2 Wet impregnation 350 
H2:CO2 = 4:1, space velocity = 
11000 h-1

, Cat. = 150 mg, total 
flow = 55  cm3/min 

27.6 85.5 

15%Ni/Al2O3 Impregnation 
350 

H2:CO2 = 4:1, GHSV = 15000 
cm3/(gcath), Cat. = 200 mg, 

78.5 99 
[32] 

15%Ni-2CeO2/Al2O3 Co-impregnation 85 99 

10%Ni/CeO2 

Wet impregnation 

350 

H2:CO2 = 4:1, space velocity = 
10000 h-1

, Cat. = 300 mg, 

90 100 

[88] 
10%Ni/MgO 450 70 97 

10%Ni/TiO2 450 76 98 

10%Ni/α-Al2O3 450 80 99 

35Ni5Fe0.6Ru/ 
alumina xerogel 

sol–gel 220 (10 bar) 
H2:CO2 = 4:1, WHSV = 9600 

cm3/(gcath), Cat. = 50 mg 
68.2 98.9 [89] 

5NiC4Z impregnation 350 
H2:CO2 = 4:1, GHSV = 35,400 h− 1

, 

Cat. = 500 mg 
68.9 90.2 [90] 

30Ni/Al2O3.0.5SiO2 sol–gel 350 
H2:CO2 = 3.5:1, GHSV = 9000 
cm3/(gcat h), Cat. = 200 mg 

82.38 98.19 [91] 

10%Ni/ZSM-5 

impregnation 400 
H2:CO2 = 4:1, GHSV = 2400 h–1

, 

total flow = 40  cm3/min 

76 75 

[92] 
10%Ni/SiO2 66 65 

10%Ni/SBA-15 71 69 

10%Ni/MCM-41 64 63 

10%Ni–1Mg/Si co-impregnation 400 
H2:CO2 = 4:1, 

GHSV = 15,000 cm3 h− 1 g− 1
, Cat. 

= 200 mg, 
73 97 [93] 
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3.5 Conclusions 
 The hydrogenation of CO2 was studied over Ni-containing spherical silica 

catalysts prepared with different Ni loading sequences. The prepared catalysts 

exhibited outstanding textural properties with spherical shape and high specific surface 

area. Nickel catalysts prepared by the direct incorporation of Ni during SSP synthesis 

exhibited a stronger interaction between Ni and SiO2 in the form of nickel silicate, 

which led to better performances in CO2 methanation than the SSP supported NiO 

prepared by conventional impregnation. Alternate loading between Ni and Si 

(Ni_Alt_Si) resulted in the highest CO2 methanation activity and methane selectivity 

due to high electron density of Ni on the surface, high metal dispersion, and high CO2 

adsorption ability. 
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4.1 Abstract 
Enhancing catalytic performance of non-noble Ni catalysts in the selective 

hydrogenation of furfural to furfuryl alcohol (FA) in terms of furfural conversion, 

selectivity, and good recyclability is challenging. Here, spherical nickel phyllosilicate 

catalysts (Ni_PS) with fibrous-like structures, are prepared via a modified sol-gel 

method with Ni loadings of 2 – 30 wt%. Upon exposure to air, all the reduced Ni_PS 

catalysts exhibit more than 80% Ni0/Niphyllosilicate species on the surface, whereas a large 

portion of Ni oxide species (> 55%) is presented on the impregnated catalyst. The Ni2+ 

species in nickel phyllosilicate catalysts are active and highly stable during reduction, 

reaction, and regeneration, yielding stable catalytic performance for multiple recycle 

tests in furfural hydrogenation to FA. Furfural conversion over the Ni_PS catalysts 

increased monotonically with increasing Ni loading without FA selectivity drop. The 

presence of both metallic Ni0 and Niphyllosilicate also produces a synergistic promotional 

effect for FA formation.  
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4.2 Introduction 
 Nickel is one of the most frequently used metals in a wide variety of industrial 

manufacturing. Silica supported nickel catalysts (Ni/SiO2) are used extensively in 

catalytic reactions due to their low cost, high specific surface area, easy 

functionalization, and controllable morphology/adjustable pore structures.[1-3] 

However, Ni/SiO2 usually suffers from a weak interaction between nickel species and 

silica supports, which is a significant drawback that can cause leaching of nickel species 

during liquid phase reaction, as well as agglomeration and sintering of nickel under 

high thermal treatment and reaction process leading to low catalytic activity, 

deactivation of catalyst, and poor stability. Several efficient strategies have been 

reported to improve nickel dispersion and enhance the metal-support interaction such 

as the addition of various promoters such as La2O3 [7] and V2O5,[6] the formation 

perovskite and hydrotalcite structures,[11, 12]  the modification of the support and 

develop preparation method to enhance metal-support interaction and inhibit the 

catalyst agglomeration such as molecular layer deposition (MLD),[10] the construction 

of nickel-based catalysts with a confinement effect like mesostructured cellular foam 

(MCF).[11] However, there are still some limitation for these methods such as high cost, 

complicate procedure, requires multiple steps and unique instruments for preparation. 

 Metal phyllosilicates have received considerable attention in recent catalysis 

research because of their unique layered structure that can offer outstanding 

properties such as strong metal-support interaction, small metal domain size and high 

dispersion of active metal species, rich porous structures, excellent adsorption 

properties, high thermal stability, and simple preparation procedures. Ni phyllosilicates 

typically possess a lamellar structure, consisting of tetrahedral layers of SiO4 (Si-O-Si) 

and octahedral layers of Ni (II) (Ni coordinated to oxygen atoms or hydroxyl groups, Si-

O-Ni-O(OH)).[121] It has been reported that metallic nickel derived from the reduction 
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of nickel phyllosilicate can provide nickel particles with fine size at high nickel content 

and high dispersion. The Ni phyllosilicates show good performances in a number of 

reactions including CO2 and CO methanation,[16] hydrogenation of levulinic acid to γ-

valerolactone,[28] xylose hydrogenation to xylitol,[24] hydrogenation of maleic 

anhydride,[15] hydrogenation of polycyclic aromatic hydrocarbons,[29] and carbon 

dioxide reforming of methane.[30]  

 Generally, nickel phyllosilicates with different crystal structures can be 

synthesized via various methods including hydrothermal methods,[1, 5, 14, 19] the 

ammonia evaporation method,[20-22] deposition-precipitation methods [23, 24] and 

sol-gel method [25] though the reaction between nickel precursor and silica materials. 

Among which, the hydrothermal method has been employed for preparation of nickel 

phyllosilicate catalysts due to high crystallinity, handy experimental operation, 

environmentally friendly, and uniform dispersed of nickel phyllosilicate. However, 

conventional hydrothermal reaction is carried out in an autoclave under harsh 

hydrothermal conditions at high temperature (>180 ˚C) with long reaction time (> 24 

h), resulting in the loss of surface silanol group, limited nickel loading (even though 

there are excess nickel and silica amount),[7, 19, 26, 27] small amount of nickel 

phyllosilicate being formed, and large particles at relatively low hydrothermal 

temperatures (e.g. 120 and 160 ˚C).[16] Thus, it is a great challenge to improve and 

synthesize Ni phyllosilicates with high nickel contents under mild conditions and 

remain the superiority properties of nickel phyllosilicate. Chen et al. [5] synthesized 

nickel phyllosilicate with high nickel contents (22.4 wt%) using urea-assisted 

hydrothermal method under mild hydrothermal temperature and reaction time (180 

˚C, 24 h). The quick formation of nickel phyllosilicate was obtained because urea 

facilitate the formation of Ni(OH)2 and leaching of SiO2. Then, they [4] synthesized nickel 

phyllosilicate via the hydrothermal method assisted by NH4F and urea, which optimal 
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nickel phyllosilicate (N/D-120-12) exhibited high catalytic performance for CO2 

methanation and excellent anti-sintering property. They reported that ammonium 

fluoride and urea can be efficient accelerator of the formation of H4SiO4 and Ni(OH)2, 

respectively which is essential intermediates for the formation of nickel phyllosilicate. 

Nickel phyllosilicate could be formed under mild hydrothermal conditions at 100 ˚C 

for 12 h by double accelerators of ammonium fluoride and urea [1] which has similar 

morphology and nickel content with conventional hydrothermal method at 220 ˚C for 

48 h. Although, these modified hydrothermal method can improve hydrothermal 

condition, there are still some limited of complicated operation procedure and too 

low hydrothermal condition provides low nickel content and small amount of nickel 

phyllosilicate formation.[4]  

 Moreover, the preparation of nickel phyllosilicate usually consists of two major 

steps: step (1) silica material synthesis and step (2) nickel phyllosilicate formation via 

the reaction of silica material and nickel precursor. It consumes large amounts of the 

reagent and energy and requires long operation time. One-pot synthesis of Ni 

phyllosilicates has recently been reported, for example, Chen et al. [26] prepared 3D-

SBA-15 derived Ni phyllosilicate via a one-pot and two-pot hydrothermal methods at 

180 ˚C. One-pot synthesis exhibited small size nickel particles and showed high anti-

sintering due to strong metal-support interaction derived from nickel phyllosilicate. 

Many advantages of one-pot synthesized nickel phyllosilicate catalyst (Ni/S-O) were 

achieved including low cost, monolithic appearance, fine nickel particle size, high 

nickel phyllosilicate content, high convenience and elimination of the separation, 

drying and calcination process. In addition, it was found that hydrothermal conditions 

were significant factor for the formation of nickel phyllosilicate via one-pot synthesis, 

which sectional hydrothermal at 100 ˚C, 24 h and 180 ˚C, 24 h affected to the 

formation of nickel phyllosilicate in their work. 
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 In this study, spherical silica derived nickel phyllosilicate (Ni_PS) was 

successfully prepared via one-step modified spherical silica synthesis with alternate 

addition of nickel and silica precursor under room temperature. The one step 

synthesized Ni_PS catalysts with various nickel loadings (2 – 30 wt% Ni) were 

characterized by H2-TPR, STEM, EDS, and XPS and their catalytic properties were 

evaluated in the liquid phase selective hydrogenation of furfural to furfuryl alcohol 

(FA) under mild reaction conditions in order to simultaneously obtain excellent anti-

leaching property and improve catalytic activity. Furfural, synthesized via catalytic 

dehydration of xylose in hemicellulose, is a versatile platform molecule that can be 

further converted into many high value derivatives and downstream fine chemicals 

and biofuels. Among the non-noble metal catalysts for furfural hydrogenation, Ni has 

been demonstrated to be a good furfural hydrogenation catalyst due to its excellent 

H2 dissociation and relatively low cost. 

 

4.3 Results and discussion 
4.3.1 Characterization of the calcined catalysts            

 The presence of nickel phyllosilicate and nickel oxide on the prepared catalysts 

was probed by XRD and the results are shown in Figure 4.1. A broad peak located at 

2θ=23˚, which is a characteristic peak of amorphous oxide, was observed for all the 

samples. The catalysts prepared by one-step modified spherical silica synthesis display 

the major diffraction peaks at 2θ degrees = 34.1 and 60.8, which are attributed to the 

nickel phyllosilicate structure.[30] The intensity of the characteristic diffraction peaks 

of nickel phyllosilicate increased with increasing nickel loading from 10-30 wt% and 

was not observed with low nickel loading (2-5wt%) may be due to small amount /low 

crystallinity of nickel phyllosilcate (Figure 4.1A). On the other hand, the sharp 

diffraction peaks assigned to nickel oxides were clearly evident as expected at 2θ = 
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37.3˚, 43.3˚, 62.8˚, 75.5˚ and 79.3˚ [32] in the XRD patterns of the 20Ni_Imp catalyst. 

The oxidation states of nickel species on the catalyst surface before 

reduction/passivation were analyzed by XPS and the results are shown in Figure 4.1. 

As shown in Figure 4.1B, the Ni 2p3/2 peaks of the calcined 20Ni_Imp were 

deconvoluted into two peaks at the binding energy 854.2 eV and 856.2 eV, which were 

assigned to aggregated NiO and highly dispersed Ni2+, respectively.[22, 122] For all the 

calcined Ni_PS catalysts, the observed strong peaks at around 857-859 eV were 

assigned to Ni2+ species that strongly interact with silica in the nickel phyllosilicate 

structure.[30] The XPS peak intensity can be used to indicate the different levels of 

nickel dispersed on catalyst surface.[105] The results demonstrate that nickel 

phyllosilicate phase was successfully obtained by one-step modified spherical silica 

synthesis even for relatively low nickel content (2 wt%) under mild conditions (room 

temperature and short time). 

 

Figure 4. 1 A) XRD patterns and B) Ni 2p XPS spectra of the calcined catalysts (a) 
2Ni_PS, (b) 5Ni_PS, (c) 10Ni_PS, (d) 15Ni_PS, (e) 20Ni_PS, (f) 25Ni_PS, (g) 30Ni_PS, (h) 

20Ni_Imp 
 The structures and morphology of the calcined catalysts are shown in the TEM 

images in Figure 4.2. All the prepared catalysts displayed a spherical particle shape, 

with average size ca. 0.30 μm for the series of Ni_PS. The average particle size was 
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slightly decreased with increasing nickel loading (0.2 μm for 30Ni_PS) and was ca. 0.5 

μm for the 20Ni_Imp catalyst. Owing to simultaneous loading of nickel and silica 

precursors during one-step modified spherical silica synthesis, nickel can form within 

the structure and on the surface, and nickel density were increased from the unique 

structure of nickel phyllosilicate that interfere with each other, resulting in smaller 

particle size with increasing nickel loading. According to the literature, the decrease of 

particle size of mesostructured silica nanoparticles (MSN) resulted to the improved 

formation of nickel phyllosilicate due to the increase of surface silanol group 

concentration.[123] A fibrous-like structure was observed on the nickel phyllosilicate 

catalysts, whereas on the impregnated catalysts, large metal oxide particles (dp  60 

nm) were formed on the spherical silica support. It is confirmed that nickel 

phyllosilicate was successfully formed under relatively mild conditions. The N2 

physisorption results and the corresponding nitrogen adsorption-desorption isotherms 

are shown in Table 4.1 and Figure S4.1. The specific surface area, pore volume, and 

pore size diameter of the bare spherical silica support are 1084 m2/g, 0.79 cm3/g, and 

2.6 nm, respectively. Compared to the bare SiO2, all the Ni_PS catalysts with 2 – 30 

wt% Ni loading possessed lower BET surface areas and smaller pore volumes with 

slightly larger average pore diameters. The BET surface area and pore volume 

decreased from 977 to 168 m2/g and 0.77 to 0.06 cm3/g with increasing Ni loading from 

2 wt% to 10 wt% and then were slightly increased to reach 260 m2/g surface area and 

0.15 cm3/g pore volume for the 30Ni_PS sample. Typically, the formation of the 

fibrous-like structure of nickel phyllosilicates can result in an increased specific surface 

area and pore volume, compared to the silica support and impregnation based 

catalysts.[15, 108, 121] This correlates with a unique porous structure for the lamellar 

nickel phyllosilicate. However, a different trend was observed in the present work. 

Here, nickel phyllosilicate was formed by simultaneous loading of nickel and silica 
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precursors during the one-step modified spherical silica synthesis with CTAB as the 

structure directing agent, followed by calcination at 550 oC for 6 h. For Ni loadings ≤ 

10 wt% on the spherical silica, the higher surface area could be attributed to the 

mesostructured SiO2 being formed in addition to the nickel phyllosilicate phase, as 

confirmed by the presence of mesopores in the adsorption isotherm. Samples with 

larger nickel loadings lacked mesopores according to the nitrogen physisorption 

isotherms.  Further increases of Ni loading to 15, 20, 25, and 30 wt% led to increasing 

BET surface area, as a result of the formation of fibrous-like structure of the nickel 

phyllosilicate domains. The specific surface area and pore volume of the 20Ni_Imp 

catalyst were 828 m2/g and 0.55 cm3/g, respectively, which were comparable to those 

of the Ni_PS samples with Ni loadings between 2 to 5 wt%. 
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Figure 4. 2 TEM images of the nickel catalysts (a) calcined-20Ni_Imp, (b, c, d) 
calcined-20Ni_PS, (e) reduced-20Ni_Imp, (f, g, h) reduced-20Ni_PS, EDS mapping 

images and the Ni particle size distribution histogram of the (i) reduced-20Ni_Imp, (j) 
reduced-20Ni_PS 
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Table 4. 1 Physical properties of the calcined catalysts and CO pulse chemisorption 
results 

*Pore volume and pore diameter determined from the Barret-Joyner-Halenda (BJH) 

desorption method. 

a  Determined by CO-pulse chemisorption: catalysts were reduced at 500 ˚C for 3 h  

b  Calcined catalysts  

 

 The reducibility of both Ni_PS and 20Ni_Imp catalysts was further investigated 

by H2-TPR and the results are shown in Figure 4.3. The impregnation catalyst exhibited 

two reduction peaks, a strong reduction peak at 342 ˚C and a weak shoulder peak at 

around 489 ˚C, which are attributed to reduction of the nickel oxide species and the 

weak interaction between isolated nickel ions (Ni2+) and SiO2, respectively.[22] 

Interestingly, all the Ni_PS catalysts exhibited only broad reduction peaks in the high 

temperature ranges from 500 ˚C to 800 ˚C, which are assigned to the reduction of Ni2+ 

located in the nickel phyllosilicate with strong interaction between nickel species and 
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silica.[22] These nickel species existed mostly in the form of strong, chemically bonded 

Ni-O-Si species in the nickel phyllosilicate structure. Additionally, the reduction peak 

tended to shift to higher temperature and larger area with increasing nickel loading 

from 2 to 30 wt% indicating the more nickel phyllosilicate and more difficult to be 

reduced. The H2-TPR results suggest the incomplete reduction of nickel species to 

metallic metal for all catalysts during the reduction process at 500 ˚C for 3 h prior to 

the reaction tests. 

 

Figure 4. 3 H2-TPR profiles of the calcined catalysts (a) 2Ni_PS, (b) 5Ni_PS, (c) 
10Ni_PS, (d) 15Ni_PS, (e) 20Ni_PS, (f) 25Ni_PS, (g) 30Ni_PS, (h) 20Ni_Imp 

 

4.3.2 Characterization of the reduced catalysts 
 After reduction with H2 at 500 ˚C for 3 h (Figure 4.4), the distinct XRD peaks at 

2θ = 44.6˚, 51.8˚ and 76.2˚ observed on the 20Ni_Imp are ascribed to metallic 

nickel,[50] indicating that the crystalline nickel oxides on the impregnation catalyst 

were primarily reduced to nickel metal. On the series of reduced/passivated Ni_PS 
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catalysts, the diffraction peaks of nickel phyllosilicate were moderately weakened and 

disappeared for the Ni_PS with nickel loadings ≤ 10wt%. Small diffraction peaks 

corresponding to metallic nickel were additionally detected on the reduced Ni_PS with 

relatively high Ni loading (e.g., ≥ 15 wt% Ni). Such results indicate the co-existence of 

nickel phyllosilicate and nickel metal on the reduced Ni_PS, whereas the crystalline 

nickel oxide species appeared totally reduced into metallic nickel on the 20Ni_Imp. In 

addition, the morphology of the reduced/passivated catalysts are shown in the TEM 

images in Figure 4.2 along with the elemental mapping of Ni and Si species on the 

catalysts. Small bright sports representing nickel metal domains were well distributed 

on both types of reduced samples. As shown in Figure 4.2f-h, high dispersion of small 

nickel particles on the catalyst surface without any large aggregation was observed 

over 20Ni_PS, in addition to the fibrous-like structure of the nickel phyllosilicate, which 

remained after reduction. The TEM results are consistent with the XRD and H2-TPR 

results, showing that the nickel phyllosilicate species were not completely reduced 

under the reduction conditions used in this work. The average diameters of the nickel 

particles on the reduced catalysts as well as their size distribution histograms are 

shown in Figure 4.2i and j. The average nickel particles after reduction at 500 ˚C for 

the reduced 20Ni_PS and 20Ni_Imp are 3 nm and 29 nm, respectively. It can be implied 

that the remaining of nickel phyllosilicate layer after reduction process act as the 

support on metallic nickel which resulted in the highly dispersed nickel particles with 

small size of homogeneous nickel particle at high loading.[108] The nickel 

phyllosilicate catalyst is highly resistant to sintering and high stability because of the 

enhanced interaction of Ni and SiO2 in the nickel phyllosilicate layers, preventing 

agglomeration under high temperature reduction processes such as the method 

deployed here.[19, 22, 30]  
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Figure 4. 4 XRD patterns of the reduced catalysts (a) 2Ni_PS, (b) 5Ni_PS, (c) 10Ni_PS, 
(d) 15Ni_PS, (e) 20Ni_PS, (f) 25Ni_PS, (g) 30Ni_PS, (h) 20Ni_Imp 

 The Ni 2p XPS spectra of the reduced/passivated catalysts were deconvoluted 

into five peaks as shown in Figure 4.5. The first peak at 853.3 eV is assigned to Ni0 

species. The binding energy at 855.8 eV belongs to highly dispersed of Ni2+ and the 

strong peak at around 857.6 eV and 859.0 eV were ascribed to Ni2+ species with strong 

interactions with SiO2 in nickel phyllosilicate structure. The last peak centered at 862 

eV is attributed to the Ni 2p satellite peak due to electron shake-up.[15] As also 

revealed by H2-TPR results, the nickel phyllosilicate species could not be totally 

reduced at 500 ˚C, thus, the XPS peaks corresponding to nickel phyllosilicate domains 

were still apparent on the catalysts after reduction/passivation. For the 

reduced/passivated 20Ni_Imp, the Ni 2p3/2 peaks were deconvoluted into three typical 

nickel species at binding energies of 852.8, 854.5, 855.9-856.9 eV, which corresponded 

to metallic nickel Ni0, NiO, and highly dispersed Ni2+, respectively.[7, 22] Comparing to 

the metallic Ni0 peaks of the 20Ni_Imp at 852.8 eV, the Ni0 peaks of the Ni_PS catalyst 

were shifted to a higher binding energy at 853.3 eV, indicating a stronger interaction 

between nickel metal and the silica support of the nickel phyllosilicate catalysts. Such 

results are in good agreement to the well-established trend in the literature.[124] The 
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surface atomic ratios of Ni(total)/Si, Ni0/Si, (NiO+Ni2+)/Si), and NiPhyllosilicate/Si of the various 

catalysts are provided in Table 4.2. The surface atomic ratios of Ni(total)/Si on the Ni_PS 

catalysts increased with increasing Ni loading and appeared to reach a threshold limit 

at around 20-25 wt% Ni. For a similar Ni loading (20 wt% Ni), the surface atomic ratio 

of Ni0/Si on the reduced/passivated 20Ni_PS catalysts is lower compared to the 

reduced/passivated impregnation catalyst (20Ni_Imp), which is consistent with the H2-

TPR results showing that the impregnation catalyst was easier to reduce than the nickel 

phyllosilicate materials. However, the surface atomic ratios of Ni(total)/Si on 20Ni_PS was 

twice that of 20Ni_Imp, indicating a large amount of Ni phyllosilicate species on the 

catalyst surface. Moreover, all the reduced Ni_PS catalysts still exhibit more than 80% 

Ni0+Niphyllosilicate/Nitotal species on the surface, whereas a large portion of Ni oxide species 

(> 55%) is presented on the impregnated catalyst. CO pulse chemisorption was 

performed to evaluate the number of potential Ni active sites on the catalysts, 

assuming that one CO molecule adsorbed on one nickel site, and the results are 

reported in Table 4.1. On the calcined catalysts, the amounts of CO adsorbed on the 

calcined 20Ni_Imp and 20Ni_PS were 1.8 μmol/g and 37.6 μmol/g, respectively. It is 

suggested that CO cannot adsorb on bulk nickel oxides but can adsorb on nickel 

phyllosilicate domains. The amounts of CO adsorbed on the reduced catalysts are as 

follows: 2Ni_PS (10.3 μmol/g), 5Ni_PS (10.4 μmol/g), 10Ni_PS (9.8 μmol/g), 15Ni_PS 

(10.8 μmol/g), 20Ni_PS (35.8 μmol/g), 25Ni_PS (26.5 μmol/g), 30Ni_PS (19.3 μmol/g). 

The amounts of CO adsorbed on the Ni_PS catalysts with 2-15 wt% Ni were quite 

similar, being around 10 μmol/g. The amount of CO adsorbed was maximized on the 

20 wt% nickel loading, 20Ni_PS catalyst, at 35.8 μmol/g, which was much higher than 

the 20Ni_Imp (11.38 μmol/g). Further increase of Ni loading to 25 and 30 wt% resulted 

in a decline of adsorbed CO to around 20 μmol/g. Nevertheless, the results suggest 

that both metallic Ni0 and Ni2+ in the phyllosilicate structure were active for CO 
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chemisorption and may provide high active sites for furfural hydrogenation reaction. It 

can be seen that this work provides simple one-step strategy for the synthesis of 

spherical silica derived nickel phyllosilicate at room temperature, which still exhibited 

unique property of nickel phyllosilicate. 

 

Figure 4. 5 Ni 2p XPS spectra of the reduced/passivated catalysts 
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4.3.3 Catalytic test results 
 The catalytic performances of the prepared catalysts were evaluated in the 

selective hydrogenation of furfural to FA at 50 ˚C under H2 pressure of 20 bar for 5 h 

with methanol as the solvent. All the catalysts were reduced at 500 ˚C under H2 flow 

for 3 h and passivated prior to the reactions. Furfural is an interesting biomass platform 

molecule that contains several functional groups in its structure, which can be 

hydrogenated to various products. The desired product in this work is FA, while THFA 

was found as a minor product. The blank test result is shown in Table S4.1, 2-

furaldehyde dimethyl acetal was the only by-product obtained ( 6% conversion) 

which was produced by the solvent reaction via acetalization mechanism.[44, 125] The 

influence of nickel loadings in the range of 2-30 wt% Ni in the Ni_PS catalysts on 

furfural conversion, selectivity, and FA yield as a function of reaction time are shown 

in Figure 4.6.  

 Typically, furfural conversion and FA selectivity over nickel catalysts increase 

with increasing nickel loading up to an optimum amount (e.g. 4.6%Ni in the Ni-Cu/ZrO2 

catalyst [126] and 10%Ni/CNT),[46] then decrease with further increases of nickel 

content, which is possibly due to agglomeration of Ni particles at high Ni loadings 

resulting in low metal dispersion/low activity.[12] Interestingly, furfural conversion of 

all the Ni_PS catalysts monotonically increased with increasing nickel loading from 2 

to 30 wt% Ni. Although the CO chemisorption and XPS results suggest the largest 

availability of active sites and the highest Ni0/Si on the surface at 20 wt% Ni loading, 

furfural conversion continued to increase on 30Ni_PS comparing to 20Ni_PS and 

25Ni_PS.  For a similar Ni loading at 20 wt%, 20Ni_Imp exhibited a higher hydrogenation 

rate than 20Ni_PS. Furfural conversion over 20Ni_Imp and 20Ni_PS after 5 h of reaction 

time were 58% and 48 %, respectively. However, it can be clearly seen that all the 

nickel phyllosilicate catalysts exhibited higher FA selectivity (65-75%) than 20Ni_Imp 
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( 48% FA). The selectivity of THFA on all the Ni_PS catalysts was below 10% (except 

for 30Ni_PS, where the THFA selectivity was  13%) while that of 20Ni_Imp was > 15%. 

According to the literature, and as shown in Figure 4.6, the selectivity of FA and THFA 

did not depend on furfural conversion and reaction time and was rather affected by 

the electronic properties of Ni species and/or Ni-support interaction.[61, 70, 127-129]  

 

 

Figure 4. 6 Hydrogenation of furfural to FA over nickel phyllosilicate catalysts with 
varying nickel loading and impregnation catalyst (20Ni_Imp) versus reaction time. 
Reaction conditions: 250 mg catalyst, 3 mmol furfural, 50 ml methanol solvent, 0.4 
mmol dodecane, reaction temperature 50 ˚C, 20 bar H2 pressure, reaction time 5 h 
and catalysts were reduced at 500 ˚C



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 A proposed reaction pathway for furfural hydrogenation over Ni-based catalysts 

is shown in Figure S4.2. Hydrogenation of carbonyl group (C=O) in furfural produces 

the desired product FA and further hydrogenation of FA (C=C) results in THFA. Other 

by-products such as furan, tetrahydrofuran, methyl furan, etc. are produced in a small 

amount (total selectivity ≤ 10%). The carbon balances (Table S4.1.) were calculated 

above 85 % over all samples for each time point. Typically, supported Ni catalysts 

without modification/addition of a promoter produce higher selectivity towards THFA 

than FA (76-91% selectivity of THFA).[46, 47] The use of high surface area spherical 

silica in this study can enhance FA selectivity of the impregnated Ni/SiO2 catalysts since 

significant amounts of highly dispersed Ni2+ species were formed on the 20Ni_Imp 

catalyst, as revealed by the XPS results. Based on the catalyst characterization and 

reaction results, nickel phyllosilicate species were active for both CO chemisorption 

and also for furfural hydrogenation under mild reaction condition. Synergistic of highly 

dispersed nickel particles and Lewis acid sites of the remaining nickel phyllosilicate 

contributes to the low-temperature hydrogenolysis/hydrogenation in biomass 

conversion.[108, 121]  For the same Ni loading (20 wt% Ni), the amount of CO adsorbed 

on 20Ni_PS was much higher than 20Ni_Imp, despite its lower hydrogenation activity. 

The larger amounts of CO chemisorption on the Ni_PS catalysts were correlated to the 

larger amounts of Ni phyllosilicate being formed, and not the higher hydrogenation 

activity. In other words, the Ni_PS exhibited higher CO chemisorption ability but the 

hydrogenation activity of Ni phyllosilicate species was lower than metallic Ni0. It is 

widely accepted that metallic Ni0 function as active sites for H2 dissociation [15, 29, 66] 

while Ni2+ in NiO is inactive. However, Ni2+ species that are strongly interacting with SiO2 

can play an important role in binding and activating the C=O group in the furfural 

structure, as suggested by CO chemisorption results. The electron-deficiency of some 

Ni2+ atoms may allow them to act as Lewis acid sites for the adsorption of the C=O 

bond through oxygen atoms, which likely enhances the adsorption and conversion of 
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furfural.[80] The presence of both metallic Ni0 and highly dispersed Ni2+ that strongly 

interact with SiO2 is suggested to be necessary for high furfural conversion and high FA 

selectivity under mild reaction condition.  

 Loading of 20 wt% Ni by impregnation on high surface area spherical silica 

resulted in about 50:50 metallic Ni0 species: (NiO/highly dispersed Ni2+) as revealed by 

XPS results.  As a result, the 20Ni_Imp catalyst exhibited relatively high conversion of 

furfural but the selectivity of FA was lowest among the catalysts studied, producing 

the highest %THFA. The 20Ni_PS (78% Ni phyllosilicate species, 5% Ni0) showed lower 

activity with higher FA selectivity and as a consequence the FA yield was essentially 

similar to that of 20Ni_Imp. This is because the hydrogenation activity of Ni 

phyllosilicate is lower than metallic Ni0. However, increasing the Ni loading on Ni_PS 

to 30 wt% can further increase the furfural conversion without any change in FA 

selectivity, resulting in much higher FA yield on the 30Ni_PS.  

 

4.3.4 Catalyst Recyclability Tests 
 The recyclability of the catalysts was investigated on the 30Ni_PS and 20Ni_Imp 

catalysts by conducting three cycles run under identical conditions at 50 ˚C under 20 

bar H2 pressure for 5 h. After use, the spent catalysts were washed with methanol 

solvent several times and were subjected to H2 reduction at 500 ˚C for 3 h before 

being reused for furfural hydrogenation.  The recyclability results are shown in Figure 

4.7. It is clear that the 30Ni_PS exhibited excellent recyclability for furfural 

hydrogenation with enhanced FA selectivity. The conversion decreased slightly (by 

10%) while FA selectivity increased from 64% to 74% in the third cycle. On the other 

hand, the 20Ni/_Imp catalyst showed poor reusability. Furfural conversion drastically 

declined from 58% for the fresh catalyst to 29% in the third cycle ( 50% change) 

with a significantly drop of FA selectivity from 48% to 32% in the third run. 
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Figure 4. 7 The recycle test for the hydrogenation of furfural to FA over 30Ni_PS and 
20Ni_Imp catalysts with three repeated runs. Reaction conditions: 250 mg catalyst, 3 
mmol furfural, 50 ml methanol solvent, 0.4 mmol dodecane, reaction temperature 
50 ˚C, 20 bar H2 pressure, reaction time 5 h and catalysts were reduced at 500 ˚C. 
 

The spent catalysts after three runs were further characterized by TEM and XPS 

to examine the changes in the characteristics of the catalysts after reaction and the 

results are shown in Figure S4.3, Figure S4.4 and Table S4.2. TEM images confirm that 

there were no significant changes in the morphology of the spent 30Ni_PS catalyst, in 

which spherical particles of 0.19 μm covered by nickel phyllosilicate layers were 

evidently observed. The average nickel particle size was slightly increased from 2.9 to 

3.1 nm after the third cycle of reaction tests. It has been suggested that the fibrous 

nickel phyllosilicate structure can inhibit the growth of nickel particles and prevent the 

sintering/leaching of nickel particles during CO2 methanation [19] and hydrogenation 

of maleic anhydride.[15] In contrast, the average Ni particle sizes on 20Ni_Imp increased 

from 29 nm to 35 nm, indicating that agglomeration of Ni particles on the silica support 

occurred under reaction conditions as a result from weaker interaction between nickel 

and the silica support, which led to a decline in the catalytic performance for each 

run. The XPS spectra of the used 30Ni_PS catalyst confirmed the presence of nickel 

metal and nickel phyllosilicate domains after the third run. There was no obvious 
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change in the XPS spectra before and after the reaction tests. The high stability of 

Ni_PS catalysts was ascribed to strong metal-support interaction and unique properties 

of Ni phyllosilicate that the unreduced Ni2+ could serve as a good support for the Ni0 

species, resulting in the active metallic nickel highly dispersed with small size nickel 

particle.[108] However, the atomic surface ratio of Ni0/Si species increased from 0.36 

to 0.57 on the 30Ni_PS whereas that of 20Ni_Imp decreased from 2.1 to 1.4. It is 

suggested a lower Ni dispersion on the spent 20Ni_Imp. Such results also suggest that 

nickel phyllosilicate species could be reduced into metallic Ni0 during reaction on the 

30Ni_PS, which was still beneficial for reaction. The good recyclability of the Ni_PS 

catalysts was attributed to the strong interaction between nickel and the silica support 

and the high stability of the nickel phyllosilicate species that can prevent 

agglomeration of Ni particles during reaction and re-reduction.[7, 15, 24] 

4.3.5 Effects of reduction temperature and reaction temperature  
 The effects of reduction temperature and reaction temperature in the selective 

hydrogenation of furfural to FA were further investigated on the 30Ni_PS catalyst. Prior 

to the reactions, the 30Ni_PS catalyst was reduced under H2 at 400700 ˚C. The 

catalyst reduced at 400 ˚C yielded low furfural conversion. The highest furfural 

conversion and FA selectivity were obtained after 5 h of reaction time on the catalysts 

reduced at temperatures between 500600 ˚C. Further increasing the reduction 

temperature to 700 ˚C led to a drop of furfural conversion, despite the larger amount 

of metallic Ni0 formed (from TPR and XPS results). Interestingly, the catalysts reduced 

at relatively high reduction temperatures (500, 600, and 700 ˚C) maintained their high 

selectivity to FA, varying from 60-70% during the 5 h reaction time with negligible 

amounts of THFA and undesired products. 
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Figure 4. 8 Hydrogenation of furfural to FA at different reduction temperatures over 
30Ni_PS catalysts. Reaction conditions: 250 mg catalyst, 3 mmol furfural, 50 ml 
methanol solvent, 0.4 mmol dodecane, reaction temperature 50 ˚C, 20 bar H2 
pressure, reaction time 5 h 
 

 The reduced catalysts were characterized by TEM, BET, and XPS analyses to 

correlate their characteristics with the catalytic performances. From the TEM results, 

the nickel phyllosilicate layers still existed on the surface of the 30Ni_PS catalysts. The 

average nickel particle sizes were slightly increased from 2.9 nm to 3.2 nm with 

increasing reduction temperature from 500 ˚C to 700 ˚C (Figure S4.5), but were still 

much smaller than the reduced 20Ni_Imp catalyst, as shown in Figure 4.2. Such results 

suggest that the reduction temperature has little effect on the particle size of metallic 

nickel being formed. The BET surface area, pore volume, and pore diameter of the 

reduced catalysts are presented in Table S4.3. There were no major differences in the 

structural properties of the reduced catalysts. They had similar average nickel particle 

sizes of ca. 3 nm with BET surface areas 236-257 m2/g, pore volumes 0.11-0.13 cm3/g, 

and pore diameters 4.3-4.4 nm. It confirms that Ni_PS catalyst presented a high anti-
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sintering and prevented the agglomeration of nickel particles at high temperature. 

However, as revealed by XPS results, the main peak, assigned to nickel phyllosilicate 

at around 857.6-859 eV disappeared on the catalyst reduced at 700 ˚C and the peak 

corresponding to metallic Ni0 species was observed at the binding energy 853.1 eV 

instead. The results suggest that a suitable proportion of metallic nickel and nickel 

phyllosilicate can enhance the catalytic performances of Ni_PS catalysts in the furfural 

hydrogenation to FA. 

 The influence of reaction temperature on the catalytic performances of 

30Ni_PS on furfural conversion, FA selectivity, and FA yield are shown in Figure 4.9. 

Furfural conversion significantly increased with increasing reaction temperature and 

with increasing reaction time. The complete conversion of furfural (100%) was achieved 

at 100 ˚C. At 3 h reaction time, the furfural conversion was enhanced from 44% to 

66% and reached 100% when the reaction temperature rose from 50 ˚C to 80 ˚C and 

100 ˚C, respectively. The reaction temperature also had a significant impact on the 

product distribution. From the results, it is obviously seen that higher temperature and 

longer reaction times promoted deeper hydrogenation of the furan ring in furfural, 

resulting in higher selectivity towards THFA and lower FA selectivity. The optimum 

reaction temperature and reaction time to produce the highest yield of FA over the 

30Ni-PS catalyst were 80˚C and 4 h reaction time, which gave 82% conversion and 42% 

yield of FA.  
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Figure 4. 9 Hydrogenation of furfural to FA under different reaction temperature over 
30Ni_PS catalysts. Reaction conditions: 250 mg catalyst, 3 mmol furfural, 50 ml 
methanol solvent, 0.4 mmol dodecane, 20 bar H2 pressure, reaction time 5 h and 
catalysts were reduced at 500 ˚C 
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4.4 Conclusions 
 Spherical silica supported nickel phyllosilicate catalysts were synthesized by 

the one-step modified spherical silica synthesis at room temperature with nickel 

loadings of 2-30 wt% and evaluated in the liquid-phase selective hydrogenation of 

furfural to FA at 50 ˚C and 2 MPa H2. The unique properties of nickel phyllosilicate 

were successfully obtained via a simple one-step synthesis strategy by an alternate 

addition of the nickel and silica sources during the spherical silica synthesis, yielding a 

high dispersion of small Ni particles (< 3 nm) in the silica matrix, as well as nickel 

phyllosilicate species throughout the spherical particles, as revealed by TEM and XPS 

results. The strong interaction between nickel and the silica support and the unique 

structure of nickel phyllosilicate not only prevent Ni agglomeration during reaction and 

re-reduction but also facilitate furfural adsorption via the C=O bond through oxygen 

atoms, resulting in higher FA yield and good recyclability. The nickel phyllosilicate 

catalysts were superior to the impregnated Ni on spherical silica, which suffered from 

agglomeration of nickel particles and a large portion of inactive NiO. Moreover, there 

appeared to be a synergistic effect due to the presence of both metallic nickel and 

nickel phyllosilicate that promoted FA formation under the reaction conditions used. 

The optimum reduction temperature, reaction temperature, and reaction time to 

produce the highest yield of FA (42%) over the nickel phyllosilicate catalyst with 30 

wt% Ni were 500 ˚C, 80 ˚C, and 4 h reaction time, respectively. The attractive 

properties of Ni_PS catalysts could be a great potential for mild reaction condition of 

furfural hydrogenation to FA. 
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4.5 Materials and methods 
4.5.1 Preparation of spherical silica  

 The spherical silica supports were prepared by using tetraethoxysilane (TEOS) 

as the silica source and hexadecyltrimethylammonium bromide (CTAB) as the 

structure-directing agent. The molar ratio of TEOS: CTAB: NH3: ethanol: H2O was 

1:0.3:11:58:114. First, a mixture of ethanol and distilled water was stirred at room 

temperature followed by the addition of aqueous ammonia. After that CTAB was 

dissolved the mixed solution under continuous stirring for 15 min, TEOS was added 

and the mixed solution was further stirred for 2 h. Then, the obtained white precipitate 

was collected by filtration and washed with distilled water. Finally, the resulting 

powder was dried overnight at 110 ˚C and calcined at 550 ˚C for 6 h in air with a 

heating rate of 2 ˚C/min 

 

4.5.2 Loading of nickel on spherical silica  
 Nickel nitrate hexahydrate was chosen as the nickel precursor and was 

incorporated into the spherical silica support by a one-step modified spherical silica 

synthesis method with different nickel loadings in the range of 2-30 wt%. After a 

solution of ethanol, aqueous ammonia, distilled water and CTAB was continuously 

stirred for 15 min, the nickel precursor and TEOS were simultaneously loaded into the 

solution and further stirred for 2 h. The precipitate was separated by filtration, washed 

with distilled water, dried at 110 ˚C, and calcined at 550 ˚C for 6 h in air. The obtained 

catalysts are referred to xNi_PS catalysts, where x indicates the percent nickel loading.  

 For comparison proposes, 20 wt% Ni on spherical silica was prepared by 

incipient wetness impregnation and is denoted as the 20Ni_Imp catalyst. The spherical 

silica support was impregnated with an aqueous solution of nickel precursor followed 

by drying at 110 ˚C overnight and calcination in air at 550 ˚C for 6 h. 
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4.5.3 Catalytic Reactions  
 The obtained catalysts were used in the liquid phase hydrogenation of furfural 

in a 160 mL stainless steel Parr autoclave reactor with a Teflon liner. Prior to the 

reaction, the catalysts were reduced under H2 flow at 500 ˚C for 3 h, then cooled to 

room temperature, followed by passivation with 1%O2/N2 for 1 h. This passivation step 

was performed to protect and control the reduced catalysts from oxidation in air by 

creating an oxide layer over the metallic surface. In a typical experiment, 3 mmol of 

furfural, 50 mL of methanol solvent, 0.25 g of the reduced/passivated catalysts, and 

0.4 mmol of dodecane (internal standard) were charged into the autoclave. After that, 

it was purged with N2 (300 psig, 2 min) five times and heated to reaction temperature 

(50-100 ˚C) under N2 to ensure minimal reaction during heat up. When the reaction 

reached the target temperature, the autoclave reactor was purged with H2 (500 psig, 2 

min) five times and the reaction was carried out under 800 rpm stirring with 20 bar of 

H2 for 5 h. Samples were collected through a sampling port with a sample volume less 

than 300 μL for each sample (every 60 min), to minimize reaction volume losses. The 

liquid products were filtered and analyzed by a Shimadzu GC-2010 chromatograph 

using an auto sampler with a CP-Wax 58 FFAP CB column and a flame ionization 

detector. Furfural conversion, selectivity, and FA yield were calculated using dodecane 

as an internal standard. For the recyclability study, the catalysts were washed with 

methanol solvent several times and recycled for three cycles under the same reaction 

conditions. 

 

4.5.4 Catalyst Characterization 
 X-ray diffraction (XRD) was conducted by using PaNalytical X’Pert Pro Alpha-1 

diffractometer with Cu Kα radiation. XRD patterns of the calcined and 

reduced/passivated catalysts were measured in a range from 10˚ to 90˚ at room 
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temperature. Nitrogen physisorption was carried out by a Micromeritics Tristar II 3020 

at -196 ˚C. The samples (about 0.1 g) were pretreated at 180 ˚C for 10 h under vacuum 

prior to the nitrogen physisorption measurement. The average pore diameter and pore 

volume were determined using desorption isotherm by the BJH method. X-ray 

photoelectron spectroscopy (XPS) analysis was performed on the calcined and 

reduced/passivated catalysts in a Thermo K-Alpha spectrometer with a 

monochromatic Al Kα radiation source. H2-temperature programmed reduction (H2-

TPR) and CO- pulse chemisorption were carried out on a Micromeritics AutoChem II 

2920 equipped with a TCD to measure the reducibility and chemisorption uptake of 

the catalysts. For TPR experiments, the sample (0.03 g) was loaded on a bed of quartz 

wool in a quartz u-tube. First, the sample was pretreated under He flow at 200 ˚C for 

1 h and was then cooled to 50 ˚C. The gas was switched to 10%H2/Ar flowing at 20 

mL/min and the sample was heated to 800 ˚C at a ramp rate of 10 ˚C/min. For CO-

pulse chemisorption analysis, approximately 0.03 g of the catalyst was introduced into 

a quartz u-tube like the TPR experiment. Prior to the chemisorption, the catalyst was 

reduced under H2 flow at 500 ˚C for 3 h and was then cooled to 400 ˚C with He flow 

for 30 min to remove weakly adsorbed species. After that, the sample was cooled to 

40 ˚C followed by CO-pulse chemisorption testing. Doses of 10%CO/He were passed 

over the reduced catalyst until saturation was obtained, as analyzed in the TCD. Finally, 

He was passed over the sample for 60 min. Scanning transmission electron microscopy 

(STEM) images and EDS element mapping were obtained on a Hitachi HD 2700. TEM 

samples were dispersed in ethanol and then the suspension was dropped on a TEM 

grid. 
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4.6 Support information 

 

Figure S4. 1 N2 adsorption-desorption isotherm results of the calcined catalysts (a) 
20Ni_Imp, (b) SSP, (c) 2Ni_PS, (d) 5Ni_PS, (e) 10Ni_PS, (f) 15Ni_PS, (g) 20Ni_PS, (h) 

25Ni_PS, (i) 30Ni_PS 
Table S4. 1 Carbon balance over nickel phyllosilicate catalysts with varying nickel 
loading and impregnation catalyst for hydrogenation of furfural to FA 

 

Reaction conditions: 250 mg catalyst, 3 mmol furfural, 50 ml methanol solvent, 0.4 mmol 

dodecane, reaction temperature 50 ˚C, 20 bar H2 pressure, reaction time 5 h and catalysts were 

reduced at 500 ˚C. 

*Reaction conditions without catalyst: 50 μl furfural in 10 ml methanol at 50 ºC with a 50 mg 

catalyst under 20 bar H2 for 2 h (% furfural conversion/% selectivity of solvent product (SP) = 2-

furaldehyde dimethyl acetal) 
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Figure S4. 2 A proposed reaction pathway for the hydrogenation of furfural 
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Figure S4. 3 TEM images of the freshly reduced and the spent catalysts of 30Ni_PS 
and 20Ni_Imp catalysts and the Ni particle size distribution histogram 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 123 

 

Figure S4. 4 Ni 2p XPS spectra of the freshly reduced and the spent catalysts a) 
Reduced-20Ni_Imp, b) 3cycles-20Ni_Imp, c) Reduced-30Ni_PS, d) 3cycles-30Ni_PS 

 

Table S4. 2 Ni species proportion over the surface of freshly reduced and the spent 
catalysts in the Ni 2p binding energy region 
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Figure S4. 5 TEM images of the reduced 30Ni_PS catalysts with varying reduction 
temperature (500 ˚C and 700 ˚C) and the Ni particle size distribution histogram 

 

Table S4. 3 Physical properties of reduced 30Ni_PS catalyst at different reduction 
temperatures 
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Figure S4. 6  Ni 2p XPS spectra of the 30Ni_PS catalysts with varying reduction 
temperature 
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CHARPTER V  
CONCLUSIONS 

5.1 Conclusions 
 The spherical silica derived nickel phyllosilicate catalysts were successfully 

synthesized via a simple one-step modified spherical silica synthesis at room 

temperature by the direct incorporation of nickel precursor during spherical silica 

synthesis. The prepared catalysts exhibited a stronger interaction between nickel and 

silica in the form of nickel phyllosilicate than the silica supported NiO prepared by two 

step conventional impregnation method. The presence of unique layer structure of 

nickel phyllosilicate not only solved the main problem of conventional Ni/SiO2 

catalysts during reduction, reaction and regeneration but also can improve the catalytic 

performances in both gas phase and liquid phase reactions. 

Paper I: Highly active and stable Ni-incorporated spherical silica catalysts 
for CO2 methanation 

 Spherical silica supported nickel phyllosilicate catalysts (10 wt%) were 

synthesized by the one step modified spherical silica synthesis with different loading 

sequenced of nickel and silica source (Si1_Ni2, Ni1_Si2, and Ni_Alt_Si) and evaluated 

in gas phase hydrogenation of carbon dioxide. All the nickel loading by one step 

strategy exhibited nickel phyllosilicate species with a strong interaction between nickel 

species and silica material and high specific surface area. Ni-doped spherical silica had 

a spherical silica shape with 350-600 nm and were cover by nickel phyllosilicate layer 

with the fibrous morphology. The loading sequence of Si and Ni source affect to the 

formation of nickel phyllosilicate. The layer of nickel phyllosilicate was more apparent 

on Si1_Ni2 catalyst and showed larger surface area than Ni1_Si2 and Ni_Alt_Si catalysts 

because the most of nickel species were formed on the surface for Si1_Ni2 and can 

form inside the pored for Ni1_Si2 and Ni_Alt_Si. For the impregnation catalyst, the 
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nickel oxide species were observed and the agglomeration of large nickel particle were 

found on the outer surface.  

 The amount of CO2 adsorbed on the nickel phyllosilicate was larger than on 

the impregnation catalyst, indicating a larger number of active center on the surface. 

Thus, all the spherical silica derived nickel phyllosilicate exhibited superior 

performance than spherical supported NiO prepared by conventional impregnation 

method in the order: Ni_Alt_Si (⁓51 %) > Ni1_Si2 (⁓ 49%) > Si1_Ni2 (⁓30 %) >Ni/SSP 

(Imp) (⁓ 10%) with methane selectivity of 80-95% at 350 ͦC. The best CO2 methanation 

performances were obtained on the Ni_Alt_Si catalyst (highest CO2 methanation 

activity and methane selectivity) due to high electron density of Ni on the surface, high 

metal dispersion, and high CO2 adsorption ability. The Ni_Alt_Si catalyst was stable 

during the regeneration and recyclability tests. 

Paper II: Highly stable nickel phyllosilicate prepared by modified spherical 
silica synthesis in selective hydrogenation of furfural to furfuryl alcohol 

 Nickel phyllosilicate supported on spherical silica prepared via one-step 

strategy with various nickel loadings in the 2-30wt% range by an alternate addition of 

the nickel and silica sources during the spherical silica synthesis and evaluated in liquid 

phase selective hydrogenation of furfural to furfuryl alcohol. A fibrous-like structure of 

nickel phyllosilicate was obtained for all the prepared catalysts. After reduction at 

500˚C, the co-existence of nickel phyllosilicate and nickel metal were observed on the 

reduced Ni_PS and small nickel particles was highly dispersed without any large 

aggregation. The crystalline nickel oxide species appeared to be totally reduced into 

metallic nickel on the 20Ni_Imp. Moreover, all the reduced Ni_PS catalysts still exhibit 

more than 80% Ni0+Niphyllosilicate/Nitotal species on the surface, whereas a large portion 

of Ni oxide species (> 55%) is presented on the impregnated catalyst.  
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 All the nickel phyllosilicate catalysts exhibited higher FA selectivity (65-75%) 

than 20Ni_Imp ( 48% FA, producing the highest %THFA). Increasing the Ni loading on 

Ni_PS to 30 wt% can further increase the furfural conversion without any change in FA 

selectivity. For similar nickel loading, 20Ni_PS (78% Ni phyllosilicate species, 5% Ni0) 

showed lower activity with higher FA selectivity than 20Ni_Imp because the 

hydrogenation activity of Ni phyllosilicate is lower than metallic Ni0. Thus, Ni2+ species 

that are strongly interacting with SiO2 can play an important role in binding and 

activating the C=O group in the furfural structure. The presence of both metallic Ni0 

and Niphyllosilicate also produced a synergistic promotional effect for FA formation under 

mild reaction condition. 

 The 30Ni_PS exhibited excellent recyclability for furfural hydrogenation with 

enhanced FA selectivity (from 64% to 74% in the third cycle). The Ni2+ species in nickel 

phyllosilicate catalysts are active and highly stable during reduction, reaction, and 

regeneration, yielding stable catalytic performances for multiple recycle runs in the 

furfural hydrogenation to furfuryl alcohol. The 20Ni_Imp catalyst showed poor 

reusability because the agglomeration of Ni particles on the silica support occurred on 

20Ni_Imp as a result from weaker interaction between nickel and the silica support. It 

can conclude that the fibrous nickel phyllosilicate structure can inhibit the growth of 

nickel particles and prevent the sintering/leaching of nickel particles because there 

were no significant changes in the morphology and average nickel particle size of the 

spent 30Ni_PS catalyst. Thus, the excellence of stability/recyclability of Ni_PS catalysts 

was ascribed to a unique properties of Ni phyllosilicate that the unreduced Ni2+ could 

serve as a good support for the Ni0 species, resulting in the active metallic nickel highly 

dispersed with strong metal-support interaction.  

 The highest furfural conversion and FA selectivity were obtained on the 

reduction temperatures between 500600 ˚C. The high reduction temperatures (500, 
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600, and 700 ˚C) maintained their high selectivity to FA, varying from 60-70%. 

Combined reaction results with characterization, the reduction temperature has little 

effect on the particle size of metallic nickel (3 nm) and there were no major differences 

in the structural properties of the reduced catalysts. Thus, one step strategy derived 

nickel phyllosilicate catalyst presented a high anti-sintering and prevented the 

agglomeration of nickel particles at high temperature. The best catalytic performance 

was obtained on reduction temperature at 500 ͦC. 

 The reaction temperature also had a significant impact on the product 

distribution. The higher temperature and longer reaction times promoted deeper 

hydrogenation of the furan ring in furfural, resulting in higher selectivity towards THFA 

and lower FA selectivity. The optimum reduction temperature, reaction temperature, 

and reaction time to produce the highest yield of FA (42%) over the nickel 

phyllosilicate catalyst with 30 wt% Ni were 500 ˚C, 80 ˚C, and 4 h reaction time, 

respectively 

 

5.2 Recommendations 
 1. The acidity analysis should be carred out in order to study the effect of 

acidity on nickel phyllosilicate. 

 2. The catalytic performance of selective hydrogenation of furfural to furfuryl 

alcohol should be investigated at higher temperature (>100 ͦC) and high hydrogen 

pressure comparable to the other reports. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 130 

APPENDIX A 
Table A1 Hydrogenation of furfural to FA over 10wt% Ni by one-step modified 
spherical silica synthesis with difference loading sequence of Ni and Si source 
and impregnation catalysts 

catalysts 

  

Reduction 

condition 

  

Rxn time 

(min) 

Conv. 

(%) 

Selectivity (%) 
FA 

Yield  FA  THFA  Other 

Ni_Alt_Si 500 ˚C, 3h 120 81 73 14 13 59 

Ni_Alt_Si 600 ˚C, 3h 60 50 66 9 25 33 

Ni_Alt_Si 600 ˚C, 3h 120 73 68 8 24 50 

Si1Ni2 500 ˚C, 3h 120 90 63 26 11 57 

Si1Ni2 600 ˚C, 3h 60 51 63 14 23 32 

Si1Ni2 600 ˚C, 3h 120 72 63 18 19 45 

Ni1Si2 500 ˚C, 3h 120 94 61 26 13 57 

Ni1Si2 600 ˚C, 3h 60 52 64 13 23 33 

Ni1Si2 600 ˚C, 3h 120 70 60 21 19 42 

Ni1Si2 600 ˚C, 3h 180 90 57 30 13 51 

Ni/SSP(imp) 500 ˚C, 3h 120 95 49 39 12 47 

Ni/SSP(imp) 500 ˚C, 3h 180 91 48 36 16 44 

Ni/SSP(imp) 500 ˚C, 3h 240 90 50 36 14 45 

Ni/SSP(imp) 600 ˚C, 3h 60 22   100(SP) 0 

Ni/SSP(imp) 600 ˚C, 3h 120 19   100(SP) 0 

*Reaction conditions: 50 μl FA in 10 ml methanol at 50 ºC with a 50 mg catalyst under 20 bar H2 

*solvent product (SP) = 2-furaldehyde dimethyl acetal  
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Table A2 Hydrogenation of furfural to FA under water solvent over 10wt% Ni by 
one-step modified spherical silica synthesis with alternate addition of the nickel 
and silica sources during the spherical silica synthesis and impregnation 
catalysts. 

catalysts 

  

Reduction 

condition 

  

Rxn time 

(min) 

Conv. 

(%) 

Selectivity (%) 
FA Yield 

FA Other 

Ni_Alt_Si 500 ˚C, 3h 10 53 62 38 33 

Ni_Alt_Si 500 ˚C, 3h 60 100 52 48 52 

Ni/SSP(imp) 500 ˚C, 3h 10 89 48 52 43 

Ni/SSP(imp) 500 ˚C, 3h 30 100 42 58 42 

Ni/SSP(imp) 500 ˚C, 3h 120 100 10 90 10 

1%Pt_Alt_Si 200 ˚C, 2h 60 18 91 9 16 

1%Pt/SSP(imp) 200 ˚C, 2h 60 18 98 2 18 

*Reaction conditions: 50 μl FA in 10 ml water at 50 ºC with a 50 mg catalyst under 20 bar H2 
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APPENDIX B 
Table B1 Hydrogenation of furfural to FA under methanol solvent over 10wt% 
Ni by one-step modified spherical silica synthesis with alternate addition of the 
nickel and silica sources during the spherical silica synthesis modified with 
second metal. 

Catalysts conversion 
Selectivity (%) FA Yield 

(%) 
FA THFA SP Furun Others 

No cat 36   100   0 

NiAltSi 81 73 14   13 59 

Fe-NiAltSi 64 70 8   22 45 

Mn-NiAltSi 79 48 12   40 38 

Pd-NiAltSi 76 7 83  3 7 5 

Co-NiAltSi 91 34   55 11 31 

*Reaction conditions: 50 μl FA in 10 ml methanol at 50 ºC with a 50 mg catalyst under 20 bar H2 

for 2 h, Catalysts: 10wt%Ni and Ni : 2nd metal mole ratio = 15:1 

*solvent product (SP) = 2-furaldehyde dimethyl acetal  
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Table B2 and figure B1 CO2 conversion and CH4 selectivity over 10wt% Ni by 
one-step modified spherical silica synthesis with alternate addition of the nickel 
and silica sources during the spherical silica synthesis modified with second 
metal. 

Catalysts Temp (˚C) Time (min) CO2 conversion CH4 selectivity 

Ni_Alt_Si 300 60 20.8 100 

 450 60 94.1 100 

Fe-Ni_Alt_Si 300 60 23.78 100 

 450 60 97.16 100 

Mn-Ni_Alt_Si 300 60 23.72 100 

 450 60 92.73 100 

Co-Ni_Alt_Si 300 60 28.02 100 

 450 60 97.92 100 

Pd-Ni_Alt_Si 300 60 24.5 100 

 450 60 96.29 100 

 

**Reaction conditions: reduced under H2 at 500˚C 3 h, Catalyst = 0.1 g, WHSV = 24000 cm3/gcath, 

H2:CO2 = 10:1, Catalysts: 10wt%Ni and Ni : 2nd metal mole ratio = 15:1 
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APPENDIX C 
 The effect of second metal, preparation method and loading sequence 
of Ni, Si, and second metal were investigated in hydrogenation of furfural to FA  
Catalysts: 20wt%Ni loading, Ni:Fe mole ratio 10:1, Ni:Cu mole ratio 10:1 and 5:1 

NiAltSi = One-step modified spherical silica synthesis with alternate addition of the 

nickel and silica sources during the spherical silica synthesis 

(2CuNiSi)Alt = One-step modified spherical silica synthesis with alternate addition of 

the nickel, copper and silica sources during the spherical silica synthesis (Ni:Cu mole ratio 

10:1) 

(4CuNiSi)Alt = One-step modified spherical silica synthesis with alternate addition of 

the nickel, copper and silica sources during the spherical silica synthesis (Ni:Cu mole ratio 

5:1) 

(NiAltSi)-4Cu = One-step modified spherical silica synthesis with alternate addition of 

the nickel and silica sources during the spherical silica synthesis and then addition of 

copper (Ni:Cu mole ratio 5:1) 

(NiCu)-Imp/SSP = Impregnation co-precursor between nickel and copper source onto 

spherical silica (Ni:Cu mole ratio 10:1) 

NiFeSi = One-step modified spherical silica synthesis with alternate addition of the 

nickel, iron and silica sources during the spherical silica synthesis (Ni:Cu mole ratio 10:1) 

(NiSi)-Fe = One-step modified spherical silica synthesis with alternate addition of the 

nickel and silica sources during the spherical silica synthesis and then addition of iron 

(Ni:Cu mole ratio 10:1) 
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*Reaction conditions: 250 mg catalyst, 3 mmol furfural, 50 ml methanol solvent, 0.4 mmol 

dodecane, reaction temperature 80 ˚C, 20 bar H2 pressure, reaction time 5 h and catalysts were 

reduced at 500 ˚C 
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