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Abstract 

Catalytically converting CO2 to methanol by hydrogenation offers a method to 

effectively reduce the excessive CO2 emission in the atmosphere and produces 

value-added chemicals simultaneously. Thus, the investigations on catalysts in 

methanol synthesis reaction has gained attraction in the past few years. 

Commercial catalysts based on Copper, Zinc, and Zirconium are popular, but 

increasingly, researchers are looking for other options with superior conversion and 

selectivity. 

From prior literature, catalysts based on Nickel and Gallium, specifically a Ni5Ga3 

bimetallic catalyst exhibits a similar CO2 conversion and higher methanol yield 

compared with commercial Copper-based catalysts. However, the purities of 

Ni5Ga3 catalysts were found to be restricted during the reported synthesis process. 

Thus, a simpler and reproducible method to prepare highly pure Ni5Ga3 is desirable. 

In this study, we developed a method to synthesize highly pure Ni5Ga3 catalyst from 

hydrotalcite-like compounds (HTlc) precursors for CO2 hydrogenation to methanol. 

A series of Ni-Ga HTlc precursor was synthesized in the temperature range 

between 90 °C and 150 °C. The results indicated the HTlc phase in the nickel-

gallium precipitant became better crystallized and the structure became more 

stable as the synthesis reaction temperature increased. Bimetallic alloy Ni5Ga3 was 

obtained by reducing the as-prepared HTlc precursors in a hydrogen atmosphere. 

X-ray absorption spectroscopy (XAS) investigation   confirmed that a stable and 

complete HTlc precursor structure assisted in the synthesis of a steady and 

perfectly structured Ni5Ga3 alloy, where the bond distance of Ni-Ga and cell volume 

increased with temperature. Ni-Ga HTlc precursor prepared at a hydrothermal 

temperature of 110 °C resulted in the formation of bimetallic alloy, Ni5Ga3, which 

demonstrated characteristics such as smaller crystal size and stable structure 

under optimized conditions. The enhanced performance was demonstrated by an 

endurance test with a constant CO2 conversion and 100% methanol selectivity at 

200 °C, and the turnover frequency reached 0.27 s-1. 

Metal oxide promoters are well known to enhance catalytic properties, thus, a 

modification by incorporating promoters, such as Mg, Zn and Zr, was investigated. 

A new series of Ni-Ga-X HTlc precursors (X represented Mg, Zn and Zr) were 
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prepared by a similar synthesis procedure, followed by a H2 reduction process. The 

results revealed that the main Ni-Ga phase transformed from Ni5Ga3 to Ni3Ga when 

promoters were incorporated in the Ni-Ga catalytic system, due to an unstable HTlc 

structure as additional elements were incorporated in the parent precursor. Mg and 

Zr were present as metal oxides, while ZnGa2O4 structure was present in Zn-

promoted Ni-Ga catalysts. The BET surface area was measured for all prepared 

Ni-Ga-X catalysts, and the surface area exhibited a sharp increase after the 

promoter modifications. Among all samples, the Ni-Ga-Zr revealed the highest BET 

surface area. TEM-mapping measurements, for Ni-Ga-Zr catalyst, showed Ni-Ga 

assembly as a core, while Zr surrounded the core, which isolated and separated 

Ni-Ga catalysts. Thus, the average particle sizes of Ni-Ga-Zr catalysts were 

considerably decreased compared with other samples, resulting in a relatively large 

surface area. However, the promotion effect was not obvious in other samples, 

because Mg could not be completely precipitated in the catalysts and ZnGa2O4 was 

formed instead. Furthermore, ZrO2 also facilitated the reduction of Ni-Ga-Zr HTlc 

precursor due to an enhanced electron transfer.  

Additionally, incorporation of promoters generated additional strong basic sites in 

the catalytic system, as demonstrated by CO2-TPD measurement. The catalytic 

properties were evaluated, and a maximum methanol yield (3.8%) was obtained 

over a Zr-modified Ni3Ga catalyst at 300 °C, 30 bar, which exhibited a similar 

reactivity of commercial Cu-based catalysts.  

The Ni-Ga-Zr catalysts were subsequently mixed with a commercial high-

temperature CO2 adsorbent (MG50). The Ni-Ga-Zr (NGZr) and MG50 were well-

mixed, as revealed from SEM images, and the Ni3Ga phase did not change when 

MG50 was introduced in the Ni-Ga-Zr catalytic system. A series of mixed samples, 

with different ratios of MG50 and NGZr, was prepared. The corresponding CO2 

conversion exhibited a mild decrease as the amount of Ni-Ga-Zr decreased due to 

loss of active sites, however, the methanol space-time yield was greatly improved 

as MG50 increased, which suggested that the catalytic property was considerably 

promoted in the presence of MG50. The highest space-time yield was observed in 

25%NGZr/MG50 mixture, with 123.5 gmeth`gcat
-1

`h-1 at 300 °C. The promotion was 

ascribed to enhanced CO2 adsorption on MG50 adsorbent, resulting in higher CO2 
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concentration adjacent to NGZr active sites, contributing to a higher reaction rate 

and CO2 conversion. 

Despite the great improvement in methanol space-time yield in NGZr/MG50, the 

overall CO2 conversion was lower than that of Cu-based catalysts under moderate 

temperatures, such as 200 °C - 250 °C. Thus, the NGZr catalysts were 

subsequently modified by optimizing the Zr amount in the NGZr catalytic system. 

The TEM-mapping revealed that once the ZrO2 concentration increased above 15%, 

ZrO2 experienced a severe agglomeration between the Ni-Ga particles instead of 

surrounding them. Consequently, the interactions between Ni3Ga and ZrO2 was not 

further increased as Zr content increased from 15% to 25%. The batches of NGZr 

catalysts were tested for catalytic performance, respectively. The Ni3Ga catalysts 

with 15% Zr content exhibited a higher CO2 conversion under the entire reaction 

temperature range when compared to Cu-based catalysts, which indicated that the 

Ni-Ga-Zr (15%) catalyst area promising candidate for future catalytical CO2 

conversion to methanol. 
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Chapter 1 Introduction 

Fossil fuels have been widely used for the past few centuries and are still a major 

contributor to the modern energy system. The massive use of fossil fuels leads to 

a large amount of CO2 emissions. CO2 contributes two-thirds of greenhouse gases 

and it is predicted that 9.7 Gt CO2 emission per year is expected by 20501. The 

increasing amount of CO2 contributes to global warming and other environmental 

issues, accordingly, efforts have been made in recent years to control the CO2 

emissions. Several strategies and technologies have been applied in recent years 

to tackle environmental issues, namely energy efficiency improvement, renewable 

energy, CO2 capture and storage, and CO2 utilisation. However, since fossil fuels 

remain to be a major resource for energy in the past and foreseeable future, it would 

be difficult to eliminate CO2 emission by strategies such as renewable energy and 

energy efficiency improvement alone. CO2 is a ubiquitous, cheap, and nontoxic C1 

feedstock, thus CO2 utilization to produce value-added chemicals offers one option 

to not only tackle the problem of global warming, but also a potential source of 

renewable energy. 

Methanol synthesis from CO2 reduction, utilization of the captured CO2 from power 

plants is industrially feasible and economical. However, CO2 is a linear molecule, 

where the central carbon atom is linked to two oxygen atoms with double bonds, 

contributing to high thermodynamic stability. The splitting of the C=O bond requires 

high energy, which increases the difficulty in CO2 utilization. For example, extreme 

reaction conditions such as elevated pressures and temperatures are required for 

methanol production. Hence, in the past few decades, the development of a suitable 

catalyst has been attracting wide interest because it could greatly improve the 

overall reaction kinetics, and thus enhance the methanol yield. 

The aim of this study is to develop and optimize a novel Ni-Ga catalyst for methanol 

synthesis.  

Specifically, the thesis outline is as follows, 

-Chapter 2 

In the literature review, the catalytic system for methanol synthesis will be briefly 

introduced, including catalytic preparation methods, active metal sites for methanol 

synthesis and reaction mechanisms. 

-Chapter 3  
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Discussion and summary of some experimental methodology and materials. 

-Chapter 4 

A ‘HTlc as precursor’ method was developed, to synthesize highly pure Ni5Ga3, and 

the relationship between parent precursor and reduced catalysts will be discussed 

accordingly. 

-Chapter 5 

The precursor was further modified by other additives, such as Mg, Zn and Zr. The 

catalytic performance was investigated for as-prepared catalysts. 

-Chapter 6 

The catalyst, with the best catalytic properties in Chapter 5, was subsequently 

modified by a high-temperature CO2 adsorbent, followed by investigations of 

catalytic performance. 

-Chapter 7 

The optimized recipe for catalysts was studied, by preparing a series of catalysts 

with different compositions of elements. 

-Chapter 8 

Conclusions and future work were discussed in this section. 
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Chapter 2 Literature Review 

Catalytically converting CO2 to valuable fuels or chemical raw materials is highly 

desirable because CO2 acts as an almost zero cost feedstock2. Traditionally, CO2 

utilization is limited to urea, salicylic acid and polycarbonate synthesis3. However, 

the usage of CO2 is far from the target goal to reduce CO2 emissions. Consequently, 

more CO2 utilization routes have been investigated during the past few decades, to 

synthesize products with greater economic value, such as methane, formic acid 

and methanol.  

Hydrogenation is one of the effective ways to convert CO2 to other valuable 

chemicals, however, traditional H2 production mainly depends on fossil fuels, which 

could produce additional CO2 emission. Green H2 production, such as water 

electrolysis, coupling with CO2 hydrogenation, contributes to an ideal route for 

value-added chemical production and CO2 emission control, simultaneously.  

 

Fig. 1 CO2 hydrogenation to value-added chemicals4 

2.1 CO2 hydrogenation to methane 

Methane is the major component of natural gas, and it has been widely used as an 

alternative fuel for energy plants, replacing traditional fossil fuel to reduce air 

pollution. CO2 hydrogenation to produce methane is known as the Sabatier reaction, 

and can be seen from Equation (1). The hydrogen needed in the reaction could be 

generated in multiple ways, such as water electrolysis or biomass gasification etc5, 

thus, it offers an efficient method to produce methane as a renewable feedstock 

from the use or renewable H2. 
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C𝑂2 + 4𝐻2 ↔ 𝐶𝐻4 + 2𝐻2𝑂        ∆𝐺 = −114 𝑘𝐽/𝑚𝑜𝑙    (1) 

CO2 methanation is thermodynamically favourable at low temperatures because it 

is highly exothermic. However, the kinetics are restricted due to the high stability of 

CO2 molecule. Normally catalytic hydrogenation activities will be promoted above 

200 °C depending on different catalysts systems and conditions. 

Nickel-based catalysts have been widely investigated for CO2 methanation 

because of their low cost and high catalytic performance6. Additionally, supported 

nickel catalysts have been widely investigated for methanation of CO2. Al2O3 was 

one of the most common supports as it has moderate surface area and porous 

structure. Daroughegi et al.7 prepared Ni/Al2O3 catalysts, and the results showed 

that the well-separated nickel results in 74% CO2 conversion and 99% CH4 

selectivity at 350 °C. The enhanced activity from the strong metal-support 

interaction (SMSI) between nickel and alumina inspired the investigations for other 

metal oxides as supports. Muroyama et al.8 investigated CO2 methanation via nickel 

supported on different metal oxide carriers, such as La2O3, ZrO2, CeO2, Sm2O3, 

Y2O3. The results revealed that Y2O3 significantly promoted the reaction activity, 

with the highest CH4 yield of 80% at 300 °C. The promotion effect was ascribed to 

the moderate basic sites in Y2O3. To increase the surface area of the carrier, 

Rahmani et al9 synthesized mesoporous Al2O3 as support, and roughly 80% CO2 

conversion was achieved at 350 °C. 

Apart from nickel-based catalysts, noble metals, such as palladium and cobalt, 

presented a higher reaction activity and methane purity. CO2 methanation over 

mesoporous Co/SiO2 was studied for the effect of different calcination temperature, 

and the result revealed that the precursor, calcinated at 100 °C exhibited the highest 

CO2 reaction rate, up to 3.29 x 10-5 mol/gcat/s at 360 °C10. Zhou et al. investigated 

the effect of mesoporous silica structure (KIT-6) as support on CO2 methanation 

performance. The high dispersion of Co on KIT-6 exhibited a CO2 conversion of 

48.9% and 100% methane selectivity at 280 °C. The enhanced catalytic activity 

could be attributed to the highly ordered mesoporous structure and large surface 

area11. 

Over the past decades, considerable efforts were devoted to study the mechanism 

for CO2 methanation. However, the reaction pathways are still in debate. Presently 



5 
 

there were two major agreed pathways: (1) CO as intermediate, followed by CO 

hydrogenation and (2) direct CO2 hydrogenation to methane without CO as 

intermediate12,6. For example, CO was detected as the intermediate in Ru catalyzed 

CO2 methanation, and the reaction pathway, investigated by DRIFT revealed that 

CO was produced from Reverse Water-Gas Shift (rWGS), and then was further 

hydrogenated to methane13. Similar results were observed with Ni/Al2O3 catalysts8. 

However, a different mechanism was reported by Pan et al.14; where, Formate was 

detected as an important intermediate by in-situ FTIR, instead of CO, in 

Ni/Ce0.5Zr0.5O2 catalyst system, and similar intermediate was also reported in 

Ni/Y2O3
8
 catalyst system.  

2.2 CO2 hydrogenation to formic acid  

Formic acid is an essential raw material for various applications, such as the 

agriculture and textile industry. Formic acid synthesis from gaseous CO2 and H2 is 

not thermodynamically favourable, as can be seen from Equation (2), 

𝐶𝑂2(𝑔) + 𝐻2(𝑔) → 𝐶𝐻3𝑂(𝑙)  ΔG°=32.9 kJ/mol ΔH°=-31.2 kJ/mol   (2) 

However, the participation of solvent in this system could promote the forward 

reaction because it slightly decreases the Gibbs free energy in aqueous phase4, as 

can be seen from Equation (3), 

𝐶𝑂2(𝑎𝑞) + 𝐻2(𝑎𝑞) → 𝐻𝐶𝑂𝑂𝐻(𝑎𝑞)    ΔG°=-4 kJ/mol  (3) 

Water was once considered as a solvent, but high CO2 and H2 pressures were 

necessary to drive the equilibrium. Bases were further proposed as a favourable 

solvent to increase the proton transfer, and thus help drive the reaction and 

increase the formic acid yield15. The mechanism of Lewis base coupling with H2 on 

the gold surface was investigated by Lv et al.16. The dissociated hydrogen atom 

from H2 and proton from NH3 transferred to CO2, followed by the formation of 

concerted hydride, as an important intermediate in the synthesis of formic acid.  In 

this process, NH3 enhanced the electron donation to the Au surface, and thus 

promotes the overall reaction. Normally, high-boiling nitrogenous bases were used 

in formic acid synthesis. Basic solvent increased the formic acid production, 

however, the separation of base and catalysts limited the application15. 
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Homogenous catalysts have attracted widespread attention in the past few decades. 

The homogenous catalysis offered many actives and higher catalytic activity. 

Cationic rhodium hydride complexes (Rh(NBD)(PMe2Ph)3)BF4 was first 

investigated for the mechanism for homogenous CO2 hydrogenation to formic acid. 

The result revealed that the intermediate H2Rh(PMe2Ph)3(S) were active sites for 

CO2 reduction to formic acid17. Despite numerous advantages in the homogenous 

catalytic system, catalytic deactivation was one of the major setbacks in its 

application. To study the preparation method and catalyst stability, bidentate 

phosphine ligand, 1.2-bis-(diphenylphosphino) ethane(dppe), was reported to 

assemble stable RuCl2(dppe)2 catalyst for CO2 reduction to formic acid via 

immobilization method. Immobilization of the Ru-phosphine complex on silica 

support with covalently linked ligands for the synthesis of homogenous Ru catalyst, 

resulted in high stability and high activity, compared with simple impregnation 

method18.  To further improve the reaction rate and formic acid yield, supercritical 

CO2 (scCO2) was considered. Jessop et al.19 reported a highly promoted formic 

acid synthesis in scCO2, with 4000 h-1 at 50 °C via RuH2[P(CH3)]4 or 

RuCl2[P(CH3)3]4 catalytic system. The prompt H2 diffusion, increased interaction 

between scCO2 and H2 and a strong stability of catalyst contributed to the enhanced 

catalytic performance. 

2.3 CO2 hydrogenation to methanol 

Methanol is an important chemical for many facets of industry. It can be an 

alternative fuel for combustion engines, and it is also a common starting material 

for the synthesis of higher hydrocarbons. Methanol synthesis from CO2 involves 

three parallel reactions, namely methanol synthesis reaction (4), Reverse Water-

Gas Shift (rWGS) reaction (5) and CO2 methanation (6)20. 

C𝑂2 + 3𝐻2 → 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 ΔH298K=-49.5 kJ/mol    (4) 

C𝑂2 + 𝐻2 → 𝐶𝑂 + 𝐻2𝑂  ΔH298K=41.2 kJ/mol    (5) 

𝐶𝑂2 + 4𝐻2 ⇌ 𝐶𝐻4 + 2𝐻2𝑂  ΔH298K=-165.0 kJ/mol   (6) 

To achieve a high methanol yield, working closer to equilibrium would be the ideal. 

As a result, high pressures are necessary to drive the forward reaction and achieve 

high CO2 conversion as per Le Chatelier principle, and low temperatures were also 
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advantageous due to the exothermic nature of the reaction. However, low 

temperatures results in a decrease in the reaction rate. In general, elevated 

temperature and pressures favoured methanol synthesis, and these reaction 

conditions also hinder the formation of CO generated from the rWGS reaction. 

2.3.1 Non-supported/nano-metal catalysts 

2.3.1.1 Cu-based catalysts 

Cu-based catalysts have been investigated for the past few decades. The Imperial 

Chemical Industries first developed a ternary Cu-ZnO-Al2O3 for CO2 direct 

reduction to methanol from natural gas as feedstock4. Based on its overwhelming 

catalytic performance, the researchers shifted their attention to the study of Cu-ZnO 

based catalytic system. One of the most exciting results indicated that the methanol 

yield was proportional to the metallic copper surface area in the general copper-

based catalyst system21. Hence, a desire to develop a Cu-catalyst with better 

copper dispersion and higher surface area to enhance the overall methanol yield 

gained importance. A number of different synthetic methods, each with various 

impacts on the catalytic performance have been reported. In the first section of 

this review, different preparation methods for catalyst synthesis will be 

discussed. 

The conventional co-precipitation method was the most commonly used for the 

preparation of Cu-based catalysts. A constant pH during the co-precipitation 

process would create a mild nucleation environment to prevent agglomeration of 

catalyst particles. Different components, such as copper and zinc, can be 

precipitated simultaneously, which could contribute to a better interaction between 

chemical species. Arakawa et al.21 prepared a series of Cu-ZnO-metal oxide 

catalysts via a constant pH co-precipitation. Maximum methanol yield was achieved 

at 250 °C, whereas there was an obvious decrease over 250 °C due to 

thermodynamic limitations. In the co-precipitation method, removal of alkali-metal 

impurities was difficult by washing steps. Jun et al. further investigated the residual 

sodium effect on catalytic performance. Precipitated Cu-ZnO-Al2O3 were washed 

with different amounts of water to obtain a series of content of sodium cations on 

the surface. A sharp decrease in reaction rate was observed due to residual sodium 
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which was found to be detrimental to Cu, ZnO and Al2O3 interactions, resulting in a 

poor Cu dispersion22.  

Oxalate route was another precipitation technique in the coprecipitation method. 

Instead of changing pH in solution by addition of alkaline solution, oxalate formed 

complexes with ions in the precursor, such as CuC2O4 and ZnC2O4. The obtained 

precipitates were calcinated and reduced before use. This method did not introduce 

additional metal ions from the precipitant thus reducing the risk of metal alkaline 

residue on the catalyst surface. Ma et al. reported that the water content in metal 

oxalate precipitants should be controlled in the range of 0≤x≤1 with a formula of 

Cu/ZnC2O4.xH2O to form a significantly less-ordered structure. The disorder 

contributed to a well-separated Cu and Zn, thus enhancing the metal-support 

interactions to promote the catalytic activity23. A further investigation under the gel-

oxalate coprecipitation method suggested that the morphologies, including surface 

area, pore volume and particle size were promoted by using a mild calcination 

step24.  

The solid-state route developed a faster way to prepare catalysts. Specifically, 

hydrated metal salts and citric acid ligands were directly mixed, followed by 

physically mixing followed by calcination. In this process, the metal salts behaved 

as oxidants, while organic materials were used as fuels. This rather simple and 

solvent-free approach has attracted wide interest. Guo et al.25 prepared Cu-ZnO-

ZrO2 (CZZ) catalysts via the solid-state method and high dispersion of Cu was 

achieved, and CZZ calcinated at 400 °C exhibited the highest catalytic activity with 

the largest copper surface area. However, Zhuang et al26 compared different 

synthesis methods for the preparation of Cu/ZrO2, namely fractional precipitation 

(FP), impregnation-precipitation (IP) and solid-state reaction (SR). Cu/ZrO2 

prepared from IP method showed the best performance with higher CuO dispersion 

and stronger interaction between metal and support, while SR exhibited the worst 

copper dispersion. In his work, NaOH was used for combustion instead of citric acid. 

These reverse results raised interest in investigations for fuels in the solid-state 

reaction process. Lei et al.27 compared the influence of citric acid, oxalic acid and 

urea on the catalytic properties. The result suggested that citric acid was more 

appropriate for SR method of catalyst preparation, as it resulted in catalyst with 

smaller particle sizes; whereas, severe agglomeration was observed when oxalic 
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acid and urea were used.  More investigations were conducted on fuels in SR using 

glycine as complexing agent as it is known to react non-violently with metal nitrates. 

Guo et al. reported that the chemical properties were greatly influenced by the 

amount of glycine. A moderate amount of glycine (50% stoichiometric amount) 

resulted in the highest methanol yield with large BET surface area and high 

dispersion of copper, whereas a detrimental effect was observed with the increasing 

glycine amount. In this case, glycine as fuel generates combustion heat, while fuel-

rich reaction would generate a great amount of heat and gas with a long reaction 

time resulting in further agglomeration of copper28. 

Hydrotalcite-like compounds (HTlc) / Layered-double Hydroxide (LDH) as 

precursors to prepare catalysts have been widely used in copper-based catalysts. 

HTlc can be described with a formula of [M1-x
2+Mx

3+(OH)2]Ax/n
n-.mH2O, where M2+ 

and M3+ represent divalent and trivalent cations, respectively, and include Mg2+, 

Ni2+, Cu2+, Co2+ or Mn2+ and Al3+, Cr3+ or Ga3+. A pure phase HTlc could be obtained 

when the x value varies between 0.20 to 0.33. The cations are wrapped in a 

hydroxide octahedral framework, consisting of a positively charged layer structure. 

An- represents the anions stored in the gallery, which could neutralize the extra 

charge brought from the cations in layers.  

 

Fig. 2 The structure of hydrotalcite-like compounds (HTlc)/ Layered-double hydroxide (LDH) 

The precursors can be typically synthesized by hydrothermal reaction and co-

precipitation. Traditionally, sodium carbonate or other alkaline solution was mixed 

with metal nitrates with vigorous stirring. The solution was aged several hours under 
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high temperature or transferred to a Teflon-lined autoclave for hydrothermal 

reactions. The obtained precursors were calcinated to produce mixed metal oxides 

and further reduced under H2 prior to use. The as-prepared samples possessed a 

high copper metallic surface area due to homogenous atomic dispersion and 

revealed a strong resistance to sintering. A typical Cu-ZnO-Al2O3 catalyst was firstly 

synthesized by HTlc precursor, the as-prepared sample exhibited a homogenous 

Cu dispersion with an average particle diameter of 10-20 nm. However, a ZnAl2O4 

spinel structure was formed with a Zn:Al ratio of to 2 was used over 600 °C. The 

copper embedded into the spinel matrix, contributed to a lower metallic copper 

surface area. At elevated synthesis temperature and other Zn:Al ratio, on the other 

hand, an amorphous carbonate-modified ZnO-Al2O3 form was synthesized at the 

same time and copper was well segregated by the mixed metal oxides29. Based on 

this typical Cu-Zn-Al HTlc synthesis, Gao et al.30 further partially replaced Al3+ with 

Zr4+, and the HTlc yield reduced with the increasing amount of Zr in the precursor, 

due to a large distortion brought from Zr4+. Other than elemental replacement, the 

pH during HTlc synthesis also played an important role. Xiao et al.31 reported a pure 

phase HTlc could be prepared under the high pH over 9.0, and the resulting 

catalysts exhibited a higher catalytic performance. 

Metal-organic framework (MOF) is a highly ordered porous material, with high 

surface area. The various chemical variations of the organic composition greatly 

enhance its high catalytic performance32. MOF has not been investigated as a 

catalyst for CO2 reduction to methanol until recent years. Rungtaweevoranit et al.33 

reported a Cu nanocrystal catalyst, encapsulated in the Zr-based MOF structure. 

Specifically, copper was embedded in nanosized Zirconium oxide secondary 

building units that were built with a formula of Zr6O4(OH)4(BDC)6, BDC=1,4-

benzene dicarboxylate. The catalysis performance was tested, and an 

overwhelming methanol TOF was observed at 175 °C, which was 8 times higher 

than commercial Cu-ZnO-Al2O3. The greatly enhanced performance was 

suggested by a large surface area, strong interactions with Zr oxide and Cu 

nanoparticles. Also, the metal oxide building units facilitated the interaction between 

reactants and embedded copper, and removal of generated water and methanol. 
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Fig. 3 Crystal Structure of UiO-66 Where Zr Oxide SBUs Are Linked with BDC To Form an Ordered Array of 
the SBUs, where C, black; O, red; Zr, blue polyhedra. H atoms are omitted for clarity. Yellow spheres 
represent the space in the framework33.  

 

 MOF and HTlc  are known as important templates for the preparation of porous 

materials, as a result, Zhao et al.34 integrated HTlc and MOF to synthesize 

hierarchical sheet-like Cu-Zn-Al catalyst. The integrated catalyst revealed a high 

methanol selectivity (>90% at 200 °C) 34. Overall, the MOF derived catalyst 

revealed significantly high reactivity, however, the thermal instability at high 

temperature limited its applications. 

Copper-based catalysts are major components in the catalytic system and have 

been investigated for the past few decades. The studies suggested that superior 

catalytic performance was ascribed to the synergy effect between copper and other 

metal oxides. Among all the copper-based catalysts, ZnO accounted for a major 

component and was one of the compositions of industrial methanol synthesis 

catalyst. Other metal oxides, such as ZrO2 and CeO2, were also investigated by 

researchers.  

In the second section, the interactions between copper and different metal oxides 

are compared and summarized. 

1) Zinc Oxide (ZnO) 

Industrial methanol synthesis consists of Cu/ZnO/Al2O3, with roughly 50-70%CuO 

and 20-30%ZnO35. Compared with Cu, ZnO is an inert component, and it alone 

does not show any reactivity. However, the CO2 conversion showed a significant 

improvement with the introduction of ZnO into the Cu catalyst. Given that CO2 
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conversion was related to the metallic copper surface area, researchers first ascribe 

this superior activity to a better copper dispersion in the Cu-ZnO matrix. Generally, 

CuO was geometrically separated by ZnO, contributing a smaller metallic copper 

particle size. As a result, ZnO was known as “spacer” or “stabilizer” because it 

diluted the active component and also hindered the sintering process36,37. Moreover, 

the intrinsic activity was also affected by other contributions.  ZnO is known as a 

semiconductor, and the characterization facilitates the electron transfer. The XPS 

measurement results reported by Liao et al.38 indicated the polar (002) face in plate-

like ZnO appears to have a strong electronic transfer to Cu nanoparticles. 

Specifically, spilled hydrogen atoms from the Cu surface would transfer to ZnO and 

react with CO2 activated on the ZnO surface. Subsequently, the electron transfer 

was confirmed by Operando Synchrotron PXRD and modulated-excitation infrared 

spectroscopy; and an elongated ZnO was preferred to enhance methanol synthesis 

as well as rWGS39.   

 

Fig. 4 Schemes of Cu-ZnO catalytic system 

Significant efforts have been made to understand the nature of active sites in the 

Cu-ZnO system, however, it remains debatable in recent studies. Some argued Cu 

was the active site whereas ZnO acts as a H2 reservoir, electronic promoter, and 

physical structure stabilizer, as described above. Other researchers suggest that 

ZnO is partially reduced and a CuZn alloy is synthesized, which promoted methanol 

synthesis. Behrens et al.40 reported Zn was partially alloyed at Cu in the step. To 

compare the intrinsic activity via CuZn alloy with Cu-ZnO hybrid catalyst, density 

functional theory (DFT) calculations were conducted on Cu(111), Cu(211) and 
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CuZn(211) faces. The result revealed that the lowest energy barrier reaction 

pathway was observed on CuZn(211) face. Moreover, the intermediates were 

stabilized on the surface of CuZn(211), contributing to a higher reactivity for 

methanol synthesis. However, Grunwaldt et al. reported that the surface CuZn alloy 

was observed under strong reducing conditions (e.g. over 300 °C), and the 

formation of the alloy was reversible and was not permanently present in the Cu-

ZnO system41. Similar results were reported by Kattel et al.42 suggesting that Zn in 

CuZn alloy eventually transformed back into ZnO under normal methanol synthesis 

reaction conditions. The oxidation was due to the accumulation of *O species 

derived from CO2 dissociation on CuZn(211) face. The result also pointed out that 

a steady methanol production was generated on the interface from Cu/ZnO. Based 

on the results, Kuld et al. reported methanol synthesis activity exhibited a strong 

interdependency with Zn coverage on Cu surface, supported by DFT calculations43. 

A further investigation suggested that catalytic performance on ZnO/Cu (100) 

exceeded that on ZnO/Cu(111), and also observed that ZnCu alloy was unstable 

during optimized reaction conditions44.  

2) Zirconium (ZrO2) 

ZrO2 is one of the most widely used additives in Cu-based catalysts. ZrO2 is known 

as a transition metal oxide, with moderate alkalinity and oxygen vacancy. The ZrO2 

modified catalysts exhibit a greatly improved CO2 conversion and methanol 

selectivity, and thus efforts have been devoted to understanding the ZrO2-doped 

catalytic system. Identically, to the function of ZnO, ZrO2 could adsorb and activate 

CO2, and accept the dissociated hydrogen atom from Cu. Zhuang et al.26 

considered that fact that ZrO2 was a p-semiconductor, and suggested that the 

strong interactions between Cu and ZrO2 possibly turns copper into an electron-

deficient state. This state could improve H2 and CO2 adsorption capacity, which 

would promote methanol production. Consequently, ZrO2 was also known as a 

“hydrogen reservoir”, and the H2 donation from Cu was denoted as “hydrogen 

spillover” effect. Evidence was provided to prove the strong interactions between 

Cu and ZrO2. Schilke et al.45 reported an in-situ infrared measurement on Cu-Zr-Ti 

type catalyst. A bidentate carbonate intermediate was observed both on Cu and 

ZrO2 surfaces, and methanol production was enhanced with an increasing amount 

of ZrO2, far surpassing the performance via individual Cu or ZrO2. The interaction 
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was also found to help separate the active component, resulting in a smaller Cu 

particle size and higher dispersion. Barbera et al.46 reported an increasing BET 

surface area with the introduction of ZrO2 and a lower reduction temperature due 

to smaller CuO particles.  

ZrO2 has different polymorphs, including monoclinic phase (m-ZrO2), cubic phase 

(c-ZrO2), and tetragonal (t-ZrO2). It was reported that t-ZrO2 transformed to m-ZrO2 

as the temperature increased47, and the phase changes can affect the physical 

properties accordingly. Guo et al.25 prepared Cu/ZnO/ZrO2 (CZZ) under different 

calcination temperatures, and the transformation was observed over 600 °C. The 

result revealed that the CO2 conversion was higher via t-ZrO2 as support due to a 

higher metallic Cu dispersion. However, it was observed in CO hydrogenation to 

methanol by Rhodes et al. 48,  that the reactivity of Cu/m-ZrO2 was 10 times higher 

than Cu/t-ZrO2. In their study, CO adsorption capacity was enhanced because of 

the presence of anionic vacancies on the surface of m-ZrO2, which resulted in the 

exposure of Zr4+. The presence of Zr cations enhanced the Bronsted acidity, 

contributing to CO adsorption as starting intermediate for methanol synthesis49. 

3) Additional metal oxides (CeO2/Ga2O3/TiO2) 

CeO2 as promoters in Cu-based catalysts systems are reported to have an obvious 

enhancement in methanol synthesis due to its high redox ability. Bonura et al. found 

the H2 spillover effect was facilitated across the ceria lattice, contributing to a 

promoted methanol synthesis rate50. Senanayake et al.51 compared the apparent 

activation energy for methanol synthesis reaction on Cu (111), ZnO/Cu(111) and 

CeOx/Cu(111) plane, and the result revealed that cerium oxide decorated copper 

catalysts exhibited the lowest activation energy, leading to a conclusion that the 

interface of Ce and Cu played a vital role in methanol synthesis. A highly active Cu-

Ce catalyst was reported to exhibit 14 times faster rate than Cu/ZnO by Graciani et 

al52. The Ce/Cu interface activated CO2, and the abundant oxygen vacancies on 

the CeOx surface promoted the reactivity. The morphologies of CeO2 were also 

found to have an influence on methanol synthesis. Ouyang et al. prepared three 

types of CeO2 with different nanostructures, namely nanorod, nanotubes and 

nanoparticles53. The result suggested that nanorod-type CeO2 exhibited the highest 
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performance due to a strong interaction between copper and the exposure of plane 

(100) and (110) of CeO2. 

Fujitani et al.54 first reported the introduction of Ga2O3 in the Cu-ZnO system. It was 

suggested that Cu/ZnO combined with Ga2O3 provided a higher copper surface 

area, which contributes to activity of the catalyst. Similar results were observed in 

the Cu-Ga2O3-ZrO2 ternary system55. A careful control of Cu-Ga-Zr content resulted 

in well-dispersed Cu active sites, and thus maximized the metallic copper surface 

area. Regarding the Ga2O3 surface functionality during the methanol synthesis 

reaction, an in-situ FTIR study was conducted56. When Cu-Ga2O3 was treated with 

CO2, a polydentate carbonate was detected on the Ga2O3 surface, which could be 

retained even at 450 °C. The polydentate carbonate was an intermediate when CO2 

was adsorbed to Ga2O3 surface, and the presence of polydentate carbonate 

indicated the ability of CO2 adsorption. Thus, it was also revealed that Ga provided 

uniform and weak surface basicity which facilitated methanol synthesis. 

TiO2 has been widely applied in CO2 hydrogenation to produce methanol because 

of its excellent electron transfer properties, low cost and high stability57. Nomura et 

al.58 decorated Cu-ZnO with TiO2 and found that  Cu:Zn:Ti ratio  of 3:3:4 was optimal;  

while Xiao et al.59 came up with a different optimum ratio with only 10% TiO2 loading 

in the Cu-ZnO system. Summarily, the introduction of TiO2 enhanced Cu dispersion, 

and the preferred TiO2 loading content was observed with the highest metallic 

copper surface area. Other than surface area, the addition of TiO2 increased the 

number of basic sites, promoting the CO2 adsorption on its surface, and thus 

facilitate overall methanol production60. Furthermore, to prove the CO2 adsorption 

on TiO2 surface, intermediates were detected by an in-situ FTIR measurement61. 

The result indicated Cu could only scarcely adsorb CO2, while TiO2 established a 

weak bonding with CO2 and the adsorbed CO2 species promptly converted to a 

formate species.  

Generally, Cu-based catalysts were widely used in industry for its high stability, low 

cost and reasonable methanol production. However, the non-negligible CO 

generated from rWGS, even modified by metal oxides, increased the difficulty in 

product separation and thus limited its application. 

2.3.1.2 Noble metals 
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1) Palladium (Pd) 

Pd is one of the noble metals, and the derived Pd-based catalysts exhibit high 

stability and activity in methanol synthesis. Similar to Cu-based catalysts, the 

catalytic performance is greatly promoted by metal oxides. Ga2O3 modified Pd 

catalysts were investigated by Collins et al.62, and the hydrogen spillover effect from 

Pd metal via SiO2 to Ga2O3 was observed by in-situ FTIR. Furthermore, the shape 

of Ga2O3 was found to influence CO2 conversion and methanol selectivity. 

Specifically, Ga2O3 nanorod and nanoplate were synthesized separately, and plate-

like Ga2O3 revealed a higher CO2 conversion and methanol selectivity (17.33% and 

51.62%, respectively). The promoted reactivity was due to an enhanced electron 

transfer between the (002) plane on Ga2O3 and Pd surface because of a strong 

SMSI63. A ternary Pd-Zn-Al was investigated, and the best result was observed in 

Pd-ZnO with 3.93 wt% Al content. ZnO exhibited a similar CO2 activation and 

adsorption with Cu-based catalysts, and the decoration with Al, further enhanced 

its adsorption ability. However, a ZnAl2O4 spinel structure was formed with an 

excess amount of Al, which in contrast hinders methanol production64. A 

significantly enhanced Pd-ZnO catalyst, with a 200% increase of CO2 conversion, 

was reported by Wu et al.65 under a novel light irradiation modified fixed bed reactor. 

It was suggested that a localized surface plasmon resonance contributed to the 

promoted reactivity. In addition, In2O3 modified Pd catalysts were also found to be 

highly active for methanol synthesis, with over 20% CO2 conversion and 70% 

methanol selectivity. Rui and co-workers prepared Pd-In2O3 hybrid catalyst via a 

thermal treatment method66. Highly dispersed Pd on In2O3 exposed highly active 

(111) plane, which could adsorb and dissociate H2 into atomic H, followed by a 

hydrogen transfer to In2O3. The creation of oxygen vacancy by hydrogen transfer 

significantly promoted methanol production. The results also indicated that Pd-

In2O3 interface, rather than Pd-In bimetallic surface, was highly active for methanol 

synthesis. 

2) Gold (Au) 

Gold is a precious metal and has been widely used in catalysis. Even though bulk 

Au is catalytical inactive, the metal oxides modified with Au have been observed to 

be highly active for methanol formation from CO2. Different metal oxides, including 
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ZrO2, ZnO, CeO2 and TiO2 decorated Au catalysts were investigated by Wu et al67. 

A fine Au particle size was obtained (1.6 nm) on Au/ZrO2, and a strong interaction 

between Au and ZrO2 contributed to an outstanding TOF (around 20 h-1). The 

functionality of CeOx/TiO2 was further investigated by Yang et al.68 Au nanoclusters 

were well-separated on CeOx and TiO2, and CO2 was greatly activated by an 

electronic polarization near the Au-CeOx/TiO2 interface. DFT calculations further 

revealed that Ce-Ti mixed oxides can decrease the energy barrier of the methanol 

synthesis reaction, leading to a low-pressure CO2 hydrogenation with high 

methanol selectivity. 

2.3.1.3 Bimetallic catalysts 

Bimetallic catalysts have a strong synergistic effect on promoting the methanol 

synthesis reaction, consequently, more investigations were carried out to 

understand the chemistry on a bimetallic interface for methanol formation. 

The Ni-Ga catalytic system was first reported by Studt et al69. The DFT calculations 

indicated that the intrinsic activity for CO2 reduction over Ni3Ga and Ni5Ga3 was 

close to that of conventional Cu-based catalysts, as can be seen from Fig. 5. 

 

 

 

Fig. 5 Theoretical activity volcano for CO2 hydrogenation to methanol69 

To test the activity on different Ni-Ga catalysts, the methanol synthesis reaction was 

compared over a series of SiO2 supported Ni-Ga bimetallic catalysts, namely 
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NiGa/SiO2, Ni3Ga/SiO2 and Ni5Ga3/SiO2. The result indicated that Ni5Ga3 was 

highly active and selective to methanol synthesis, while Ni3Ga exhibited a low 

methanol selectivity, with most of the CO2 converted to methane. Compared with 

Cu-based catalysts, Ni5Ga3 revealed a comparable methanol formation activity 

under ambient pressure. The active site in Ni5Ga3 was investigated, and it was 

reported that Ni-rich Ni5Ga3 active site was poisoned by CO (by-product) during the 

reaction. Thus, the methanol synthesis was in turn promoted and a high methanol 

selectivity was observed. Based on this result, Gallo et al.70 found the fact that an 

amorphous Ga2O3 shell was formed around Ni5Ga3 nanoparticles when the fresh 

catalyst was exposed to air, and the shell could only be reduced over 600 °C. 

Interestingly, however, the amorphous Ga2O3 shell was found to facilitate the 

methanol synthesis. Later, Ahmad and co-workers71 attempted to understand the 

impact of different catalyst preparation methods on the overall catalytic 

performance. The highest methanol formation rate was observed over a Ni-Ga 

catalyst prepared from an incipient wetness impregnation method (IWI), while 

Ni5Ga3 via co-condensation-evaporation method (CE) revealed a rather poor 

reactivity. The promoted activity was attributed to a high surface area and better 

metal dispersion with smaller particle sizes. In addition, it was worth mentioning that 

Ni5Ga3 purity was also affected by different methods. Although, impurities (Ni3Ga) 

were observed in all three methods, no obvious Ni5Ga3 phase was detected via 

samples prepared from CE method, which possibly resulted in a poor catalytic 

property. The SiO2 supported Ni5Ga3 was further modified by a micro fibrous-

structured Ni5Ga3/SiO2/Al2O3/Al-fibre. This new support provided a crucial outcome 

for reducing Ni5Ga3 nanoparticle sizes, and it could stabilize bimetallic catalytic with 

a longer lifetime (over 75 hours)72. Promoters, such as Au, Co, and Cu were 

introduced in the Ni-Ga system, and the highest TOF for CO2 hydrogenation was 

observed in the Au-Ni-Ga catalyst, almost 4-times higher than Ni5Ga3
73 alone. 

Unlike the previous study, Au-Ni-Ga exhibited a typical Ni5Ga3 XRD pattern, 

whereas Cu-Ni-Ga and Co-Ni-Ga showed the formation of Ni3Ga. However, the 

post-experiment XRD result showed that all samples exhibited a pure Ni3Ga phase, 

indicating a phase change during the reaction and the Ni3Ga was the active site 

with the presence of promoters. 
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The combination of Pd and Cu was reported to be highly reactive for methanol 

synthesis. Pd-Cu/SiO2 catalyst was first reported by Jiang et al.74, and the highest 

methanol formation rate was observed when Pd/(Pd+Cu) was 0.34, which was two 

times higher than individual Pd or Cu monometallic catalyst. Moreover, the 

coexistence of the Pd-Cu and PdCu3 alloy played a crucial role in methanol 

synthesis promotion. The promotion effect was further confirmed by theoretical 

calculations, indicating that the bimetallic interface facilitated H2 and CO2 

adsorption75. Different Pd-Cu phases, such as Pd3Cu6 and Pd6Cu3, were further 

compared with Cu catalysts for the catalytic mechanism by DFT calculations76. The 

result indicated that the overall methanol selectivity was greatly promoted by 

inhibiting CO and CH4 on Pd3Cu6(111) and Pd6Cu3(111) surfaces, because of the 

adsorption ability and interactions between intermediates and the active sites were 

tuned with the addition of Pd on Cu surface. Other Pd-based bimetallic catalysts, 

such as PdIn77, PdCu, PdGa and PdZn were reported as potential candidates for 

methanol production. For example, Ojelade et al.78 prepared a PdZn/CeO2 catalyst 

via sol-gel method, and the optimized PdZn catalyst (Pd: Zn=1) exhibited a 100% 

methanol selectivity with 8% CO2 conversion at 180 °C. The high methanol 

selectivity and mild reaction conditions were attributed to the formation of PdZn 

bimetallic alloy. A long lifetime Pd2Ga/SiO2 catalyst, was reported by Fiordaliso and 

co-workers, and it was reactive under ambient pressure, with 1.6 times higher 

reactivity compared with Cu-ZnO-Al2O3 catalyst79. The Pd-Ga bimetallic alloy, 

however, was found to be unstable when exposed to air80. PdIn intermetallic 

nanoparticles were reported to exhibit a 70% higher reaction rate compared with 

conventional Cu-ZnO-Al2O3 catalysts, and an elevated methanol selectivity (over 

80%)81. 

2.3.2 Supported metal catalysts 

Supports are favourable due to a large surface area, high thermal stability and some 

can even provide tunable pore sizes to facilitate the formation of catalyst particles82.  

The impregnation method is one of the most widely used methods to prepare metal-

supported catalysts. Among them, the incipient wetness impregnation method (IWI) 

is well known for its fast and simple preparation process. Generally, a metal 

precursor containing catalytically active component is prepared by dissolving the 
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required metal nitrates in water. The precursor is then added dropwise to the 

support, and the volume of solution equals that of the support pore volume83. 

Modifications were made to IWI by introducing citric acid in the solution, coupling 

with the active component to obtain a uniform catalyst dispersion82. For supported 

metal catalysts, the impregnation method is quite simple and easy, however, poor 

stability due to sintering at high temperatures is observed. Modifications were 

carried out to increase its lifetime. For example, Wang et al.84 prepared Cu-SiO2 

nanocatalyst via an ammonia-evaporation method. Specifically, aqueous ammonia 

solution was added to a metal precursor to form a complex solution, silica gel was 

subsequently added to the above solution, followed by a heating step to evaporate 

NH3 and produce a highly active, well-dispersed catalyst with a long-lifetime.  

Wisely selecting supports from a variety of possible candidates is one of the 

important steps in catalyst preparation. Mesoporous materials with an ordered 

porous structure, and moderate pore size can significantly enhance catalyst 

dispersion and improve the diffusion of reactants and products, contributing to 

higher catalytic performance. In addition, nano-structured materials, such as carbon 

nanotubes, also have advantages such as high surface area and excellent 

adsorption ability of H2. Normally, inert supports are desirable due to their high 

chemical and thermal stability. As a result, silica and carbon are widely utilized as 

an effective material for supported metal catalysts. Previously, metal oxides such 

as ZnO and ZrO2, introduced as promoters in the catalytic matrix, could also be 

denoted as supports, however, the electron transfer promotion and chemical 

interactions attracted more interest. Therefore, we will discuss the interactions 

between supports and active sites and exclude promoting effect between metal 

oxides and active sites. 

1.3.2.1 Silicon dioxide (SiO2) 

Porous silica was commonly selected as a support for its high mechanical stability 

and large surface area and greatly enhanced the catalytic properties by stabilizing 

active components and preventing against sintering. 

Porous silica is available with different dimension and pore structures. SBA-15 and 

MCM-41 are 2-dimensional mesoporous silica with long channels arranged 

hexagonally. These two materials have almost the same composition, while the 
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former contains micropores in the walls. KIT-6 is another mesoporous silica, with a 

3-dimensional gyroid cubic structure82. Koizumi et al.83 prepared MCM-41 and SBA-

15 supported Pd catalysts by incipient wetness impregnation method. The result 

indicated methanol production rate was proportional to the average pore diameter 

of support. Pd-MCM-41catalyst exhibited the highest methanol formation rate with 

a large average pore diameter and an accordingly high Pd dispersion. Koh and co-

workers82 compared Cu deposited on different morphological mesoporous silica, 

namely SBA-15, MCF and KIT-6. The smallest Cu particle size was observed in 

Cu-Zn-Mn/KIT-6, and the reason was ascribed to a short pore channel in KIT-6, 

contributing to a better separation of Cu particles and avoiding the loss of mesopore 

volume such as in SBA-15. In addition, the high effective diffusivity in Cu-Zn-

Mn/KIT-6 resulted in promoting reactant molecule transfer towards the active sites 

and a faster removal of products, leading to an enhanced reaction performance. 

The morphology of SBA-15 was also found to influence the activity of Cu-ZnO 

catalyst for CO2 reduction to methanol, and fibre-shaped SBA-15 supported catalyst 

exhibited a higher Cu dispersion (29%) compared with the spherical-like SBA-15, 

contributing a higher CO2 conversion (13.96%) and methanol selectivity (91.32%)85. 

1.3.2.2 Carbon 

Carbon as a widely used support exhibits several advantages, for example, it 

provides high metal dispersion and it facilitates the reduction of the metal precursor. 

Sawdust was the first resource of activated carbon (AC), reported by Sakata et al.86, 

and the derived AC showed a moderate surface area (roughly 200 m2/g). However, 

the microporous structure in AC could not help confining particles within the pores 

and the mass transfer was inhibited due to a small pore size. 

Nanocarbon material later drew increasing attention, especially carbon nanotube 

(CNT), as a novel material to prepare supported catalysts. Multiwall CNT 

possessed a graphitized tube-wall, demonstrating a high electrical conductivity and 

high surface area. It was worth mentioning that it also exhibited a great hydrogen 

adsorption ability. These characteristics contributed to novel catalyst support or 

promoter87. Liang et al.87 prepared a multiwall CNT supported Pd-ZnO catalyst, and 

an increasing amount of catalytically active Pd species were reduced by CNT 

support. Moreover, the hydrogen adsorption ability contributed to a higher 
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concentration of surface H atom species, greatly improving the rate of surface 

hydrogenation reactions. Similar results were reported by Dong and co-workers88 

via a CNT-promoted Cu-ZnO-Al2O3. It was worth mentioning that the reversible 

hydrogen adsorption on CNT was feasible up to 573K, suggesting that methanol 

synthesis would be promoted under the reaction conditions due to an enhanced 

spillover effect between Cu and ZnO88,89. In addition, the nitrogen-decorated CNT 

supported Cu-ZrO2 was investigated for methanol synthesis properties. Bao et al.90 

compared different nitrogen sources of CNT, and the results indicated pyridinic 

nitrogen resulted in strong CO2 adsorption, contributing to a highly promoted 

methanol synthesis catalyst  with a highly uniform Cu dispersion.  

The AC and CNT were found to facilitate the overall catalytic properties; however, 

the specific area was still low (i.e., less than 200 m2/g)91. Recently, graphene has 

attracted wide interests because of its high surface area (i.e., over 2000 m2/g) and 

extraordinary thermal and chemical stability. Witoon et al.92 reported a 1 wt% Cu-

ZnO-ZrO2/graphene oxide catalysts which revealed a higher catalytic performance 

compared with graphene-free Cu-ZnO-ZrO2 catalysts. They suggested that the 

graphene was acting as bridges, transferring the dissociated hydrogen and 

intermediates to ZnO and ZrO2, for further hydrogenation. 

1.3.2.3 Layered double hydroxides (LDH) 

LDH is an anionic clay, which has been introduced in previous sections, as a 

template for catalyst preparation. Generally, LDH has a porous structure and a 

double-layer gallery, where CO2 and H2O can be stored as carbonates and 

hydroxides. Hence, LDH is also considered as a great candidate for CO2 and H2O 

adsorption, especially at high temperatures. The LDH derived oxides, derived from 

thermal treatment of LDH, also exhibits high CO2 adsorption. Leon et al.93 

investigated the sorption mechanisms for adsorption irreversibility. The results 

suggested the CO2 adsorption on strong basic sites was irreversible due to the 

formation of unidentate CO2 adsorbent species. However, highly reversible 

adsorption was found on weaker basic sites. This property attributes to a fact that 

the catalysts supported by LDH/LDH-derived metal oxides could promote catalytic 

performance. 
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Xin et al.94 prepared a Cu-ZnO-ZrO2 catalyst supported on Mg-Al LDH via a co-

precipitation method. The as-prepared catalysts exhibited uniformly dispersed 

metal nanoparticles, which was closely attached to the surface of LDH. In addition, 

high CO2 adsorption on LDH contributes to an increasing CO2 concentration near 

the active sites, which promoted the methanol synthesis reaction.  

2.3.3 Reaction mechanism 

The reaction mechanism has been investigated in the past few years; however, the 

results are still an area of debate. Two main reaction mechanisms have been 

proposed, namely a formate pathway and a rWGS pathway, as can be seen from 

Fig. 6. In the formate pathway, CO2 is adsorbed and hydrogenated to formate 

(HCOO*), followed by a stepwise hydrogenation to dioxomethylene (H2COO*) and 

formaldehyde (H2CO*). In the other proposed pathway, CO2 is firstly transformed 

into hydrocarboxyl (HOCO*), and CO is generated from HOCO* via rWGS reaction, 

which is further hydrogenated to formyl (HCO*) and H2CO*. Methanol is produced 

via key intermediates, formaldehyde (H2CO*) and methoxy (H3CO*) from both 

possible reaction pathways.  

 

Fig. 6 Reaction network scheme of the formate pathway and the rWGS pathway95 
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The active sites coupling with metal oxides were found to be highly active for 

methanol production, and a great number of research has been conducted to study 

the mechanism via active site/ metal oxide interfaces. Cu-ZrO2 interface was one 

of the most widely investigated fields, and the formate pathway was mostly 

supported by many researchers. Hong and co-workers simulate96 and calculate the 

mechanism over the (212) plane on Cu/ZrO2 by Monte Carlo simulations. The 

results showed over 90% CO2 was converted to methanol via a formate pathway, 

and CO was generated either by little amount of CO2 hydrogenated via rWGS or by 

decomposition of H3CO* produced via the formate pathway. Similar DFT 

calculations were reported by Larmier et al.97 CO2 exhibited the lowest free energy 

when adsorbed on the Cu/ZrO2 interface, followed by the ZrO2 surface, and it hardly 

adsorbed on the Cu surface. Free energy of key intermediates from both pathways, 

namely COOH* and HCOO*, were further calculated accordingly. The lowest free 

energy was observed in HCOO*, indicating the overall reaction will preferably follow 

the formate pathway. The calculation was further evaluated by in situ IR and NMR 

measurement, which reported that H/D exchanged formate species participated in 

the methanol formation. A similar result was observed in the La-promoted Cu-Zn-

Al catalyst, suggesting both methanol and CO were produced from surface formate 

species based on the DRIFT result98. Atakan et al.99 suggested that methanol was 

synthesized via a formate pathway, and dimethyl ether was directly formed from 

H3CO* over a Cu-Zr-SBA-15 catalyst. In addition, Chen et al.2 investigated the 

crucial role of Cu-LaOx via in-situ DRIFTS studies, and the results revealed that 

HCOO* and H3CO* were detected, suggesting the formate pathway was preferable 

rather than  rWGS route. Pd/Ga2O3 catalyst was reported to follow a formate 

pathway as well. However, Ga2O3, in the case of the Pd/Ga2O3 interface, was found 

to be highly active for methanol synthesis, and the Pd-Ga bimetallic particles 

dissociated and spilled over hydrogen atom to Ga2O3 surface79. 

Others supported the rWGS reaction pathway and some fundamental study was 

reported in recent years. DFT calculations were used to understand the reaction 

mechanism on a stepped Ni5Ga3(111) and a Ni5Ga3(211) surface100,101. The results 

indicated that the dissociative adsorption of H2 on Ni5Ga3 (221) surface was almost 

with no barrier, and this contributed to the promoted reaction rate of methanol 

synthesis. On stepped Ni5Ga3 (111) surface, the energy barrier was lower than 



25 
 

Ni5Ga3 (211) surface, and the reactivity on stepped (111) surface was even more 

active than the stepped Cu (211) surface. It was also suggested that the rWGS 

reaction pathway was agreed to be the most favourable route for its comparatively 

low energy barrier. Zhao et al.102 tried to explore all possible pathways on the 

Cu(111) by DFT calculation, and the result showed methanol synthesis via formate 

pathway was not possible due to a high free energy barrier for HCOO* and H2COO*. 

As a result, the rWGS was found feasible for methanol synthesis, and water was 

also considered indispensable on clean Cu(111) surface at low temperature. Tao 

and co-workers agreed that the rWGS pathway was preferred for methanol 

synthesis where CO2 was hydrogenated to HOCO free radical, followed by further 

hydrogenation to methanol with an enthalpy energy of -35.39 kJ/mol103. A highly 

active Cu/CeO2, with 14 times higher catalytic performance compared to Cu/ZnO 

was also reported to follow the rWGS pathway for methanol synthesis. The reaction 

route was investigated by APXPS measurement, and the only species observed 

was HCOO-. However, when DFT calculations were further carried out, the results 

indicated HCOO- was too stable to convert to methanol with a high activation energy 

barrier. The absence of HCO*, H2CO* and H3CO* in the rWGS pathway was 

because of a low residence time under reaction conditions52. Yang et al.95 

investigated the reaction route over different catalyst planes by a DFT calculation 

and Kinetic Monte Carlo simulations. The report indicated the reaction pathway 

varied depending on different catalyst compositions. Generally, the formate 

pathway was preferred in methanol production, however, doping some active 

metals, such as Pd, Rh, Pt and Ni, can help stabilize intermediate like CO* and 

HCO*, which then promote the methanol synthesis via rWGS pathway. 
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Chapter 3 Methodologies and Characterisation 

3.1 Reagents and materials 

3.1.1 Reagents 

The chemicals used in this study are listed in Table 1. The reagents were used 

without further purifications. 

Table 1 Reagents used in this study 

Reagents Formula Purity Manufacturer 

Nickel nitrate 
hexahydrate 

Ni(NO3)2·6H2O 
98.5% 

Sigma Aldrich 

Gallium nitrate 
hydrate 

Ga(NO3)3·9H2O 
99.99% Changsha 

Easchem Co., 
Limited 

Magnesium 
nitrate 

hexahydrate 
Mg(NO3)2 · 6H2O 

98.0% 
Sigma Aldrich 

Zinc nitrate 
hexahydrate 

Zn(NO3)2 · 6H2O 
98.0% 

Sigma Aldrich 

Zirconium 
oxynitrate hydrate 

ZrO(NO3)2 · xH2O 
99.0% 

Sigma Aldrich 

Urea (powder) NH2CONH2 99.0% Sigma Aldrich 
De-ionized water H2O N.A. Lab supply 

 

3.1.2 Materials 

Pural MG50 is a commercial hydrotalcite-like compound, produced by the Sasol 

company. It has a typical layered structure, with carbonates and hydroxides stored 

between the layers. The elemental composition included 50% (weight) MgO and 

50% Al2O3. The activated hydrotalcite exhibited a specific surface area of 200 m2/g. 

13X beads were procured from UOP. 

The commercial Cu-based methanol synthesis catalyst is produced by the Alfa 

Aesar company. The elemental composition is 63.5% (weight) CuO, 24.7% ZnO 

and 10.1% Al2O3, determined by manufacturers.  

 

3.2 Characterisation 

3.2.1 Structural and morphology characterization 

1) X-Ray Diffraction (XRD) 
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The phase purity information of samples was collected by lab powder X-ray 

diffraction (PXRD) on a Phillips Analytical PW1140/90 X-ray diffractometer with a 

Cu Kα radiation (wavelength 1.404λ; 2θ from 5 to 90°). Phase identification, particle 

size and crystal lattice parameters of samples were fitted and analyzed by TOPAS 

5 software (Bruker). The broadening of peaks in PXRD was influenced by both size 

and lattice strain. As a result, the Voigt-function model was used to obtain correct 

particle size and to remove  the effect of lattice strain104. 

The in-situ synchrotron H2-PXRD was conducted in the Powder Diffraction 

beamline at Australian Nuclear Science and Technology Organisation (ANSTO). 

The samples were packed in a 0.7 mm quartz capillary. Prior to the experiment, the 

capillary was vacuumed in-situ, and then required H2 was introduced into the 

capillary. The sample was heated from 30 °C to 700 °C with a ramping rate of 

5 °C/min. The XRD pattern was collected every 50 °C, and the temperature was 

kept constant for each point for 60s. A Mythen-II detector was used for data 

collection with an X-ray wavelength of 0.7733 Å for all samples. 

2) Microscopy (SEM, HIM and HRTEM) 

The surface morphologies of the samples were examined by a high-resolution 

scanning electron microscope with energy dispersive X-ray spectrometry (SEM-

EDS, JSM-7001F, JEOL), and Helium-ion beam microscopy [(HIM) (Carl Zeiss, 

Orion Nanofab, Peabody MA, USA)].  

The structural features, such as fringes, and elemental distributions were analysed 

by the High-Resolution Transmission Electron Microscopy (HRTEM) on a Philips 

CM20 and FEI Tecnai F20. The samples were finely crushed, dispersed into 10 mL 

ethanol, sonicated for 5 minutes, before loading on the Cu grid. 

3) Inductively Coupled Plasma spectrometry (ICP) 

The analysis of the composition of samples was carried out by an induced plasma 

spectrometry (ICP Varian 720-ES). To prepare the standard Mg2+ concentration 

curve, Mg(NO3) was dissolved in distillate water , and achieved a series of Mg2+ 

concentration, ranging from 0 to 0.5 mmol/L. Prior to the measurement, the samples 

were dissolved in HNO3, and diluted until desirable. 

4) Thermogravimetric Analysis (TGA) 
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The thermal stability of the samples was measured by a thermogravimetric analyzer 

(TGA, Mettler Toledo). The fresh samples were dried at 100 °C overnight prior to 

the measurements. The tests were performed within the temperature range of 30 °C 

to 750 °C with a heating rate of 2 °C min-1 under a constant N2 flow of 30 mL min-1. 

The TGA-CO2 stability test was carried out under similar conditions. The fresh 

samples were dried overnight at 100 °C prior to measurements. The CO2 stability 

tests were performed within the temperature range of 30 °C to 800 °C with a heating 

rate of 2 °C min-1 under a constant CO2 flow of 40 mL min-1. 

5) N2 adsorption-desorption measurement 

The specific surface area of samples was determined by a N2 adsorption-desorption 

measurement, at -196 °C in a liquid nitrogen environment (Micromeritics 3-flex 

instrument, USA). The pre-treatment included degassing the samples to 0.0133 Pa 

at 300 °C for 3 hours. The specific surface area and pore size distribution were 

calculated with Brunauer-Emmett-Teller (BET) and Horvath-Kawazoe (H-K) models, 

respectively. 

6) X-ray absorption spectroscopy (XAS) 

The local structural information, including electron state and crystal structure of the 

samples, was obtained by X-ray absorption spectroscopy (XAS) experiments at 

XAS beamline, Australian Synchrotron (ANSTO). A fluorescence mode was used 

for the detection of Gallium k-edge by a multi-element solid state Ge fluorescence 

detector in a cryostat at -263 °C. The obtained data were processed and analyzed 

with the Demeter software package105. The parameters describing the structural 

information were obtained by fitting the measured data to a theoretical path model 

generated by FEFF6 in R-space for the first coordination shells, including 

coordination number (CN), amplitude factor (S0
2), bond distance (R), Debye-Waller 

factor (σ2), and inner potential shift (ΔE0). 

7) X-ray photoelectron spectra (XPS) 

X-ray photoelectron spectra (XPS) of the catalysts were measured on a Thermo 

Scientific K-alpha X-ray photoelectron spectrometer system equipped with an Al K-

alpha source. The binding energy was referenced to the adventitious C 1s peak at 
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284.6 eV, and the corresponding binding energies of Ni 2p and Ga 3d were 

corrected, respectively. 

3.2.2 Reducibility and adsorption characterization 

1) Temperature Programmed Reduction (TPR) 

The reducibility of the materials was determined by conducting the temperature-

programmed reduction (TPR) on BEL-Cat (Bel Japan Inc.). The sample was treated 

at 300 °C for 1 hour in a Helium atmosphere and gradually cooled to room 

temperature. The TPR measurement consisted of the reduction of the catalyst with 

a 5% H2/Ar mixture gas at a flowrate of 30 mL min-1, with a temperature range from 

30 °C to 850 °C at a ramping rate of 2 °C. The amount of H2 consumption was 

monitored by a thermal conductivity detector (TCD) during the entire measurement. 

2) Temperature Programmed Desorption TPD-CO2 

The basicity of the samples was evaluated by means of temperature-programmed 

desorption (TPD) of CO2. The outlet gases were analysed by a TCD detector. 

Initially, the samples were reduced in-situ at 700 °C under 5% H2/Ar mixed gas for 

6 hours, and then cooled down to room temperature. The surface of the samples 

was then saturated with CO2 (5% in He) for 1 hour at 60 °C. The excess adsorbed 

CO2 was purged with He for 1 hour at 60 °C, followed by cooling to room 

temperature. Finally, the TPD of CO2 was measured in He gas flow with a heating 

rate of 2 °C min-1 up to 700 °C. 

3) CO2 adsorption isotherm 

High-temperature CO2 adsorption was measured by a BELSORP instrument 

(Model BELSORP-max, BEL Co., Ltd.). All samples were degassed for 6 hours at 

400 °C prior to the experiment. The isotherms were measured at 200 °C, 250 °C 

and 300 °C. 

 

3.3 Catalytic performance evaluation 

The activity of the catalysts for the CO2 hydrogenation reaction was measured in a 

fixed bed micro reactor, as shown in Fig. 7. The reactor was equipped with three 

feed gas pipelines, including pure N2 for flushing the entire system, pure H2 to 
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reduce the catalysts, and a gas mixture with 75%H2 balanced with CO2 as a 

reactant for methanol synthesis. The catalysts samples (1 g, 40-60 mesh), diluted 

by the same amount of quartz sand, were placed into the centre of the reactor 

column. The reactor was covered by a 3-stage heater, and a temperature controller 

was placed in the centre of the catalysts to maintain the specific temperature during 

the entire reaction. Prior to the reaction, pure N2 was purged for at least one hour 

to remove the impurities, such as oxygen and residue products. The H2/CO2 was 

then introduced into the reactor, the flowrate of which was controlled constantly by 

a mass flow controller, and the reactor was heated to the required temperatures for 

methanol synthesis reaction. The pressure was increased stepwise to the desired 

pressure (30 bar) and kept constant during the reaction. The exhaust gas was 

collected and measured by a gas chromatography (GC, 7890B, Agilent 

Technologies) with a thermal conductivity detector (TCD) and flame ionization 

detector (FID), respectively, and the residue was cooled by a cold trap. 

 

Fig. 7 Micro-reactor structure for methanol synthesis94 

 

The methanol selectivity (SMeOH), methanol yield (YMeOH) and methanol space-time 

yield (STYMEOH) were defined as,  

SMeOH = [1 −
𝐹𝑜𝑢𝑡×(𝑓𝐶𝑂+𝑓𝐶𝐻4)

𝐹𝑖𝑛×𝑓𝑐𝑜2𝑖𝑛
−𝐹𝑜𝑢𝑡×𝑓𝐶𝑂2

] × 100%   (7) 
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YMeOH = (1 −
𝐹𝑜𝑢𝑡×𝑓𝑐𝑜2

𝐹𝑖𝑛×𝑓𝑐𝑜2𝑖𝑛

) × 𝑆𝑀𝑒𝑂𝐻 × 100%   (8) 

𝑆𝑇𝑌𝑀𝑒𝑂𝐻 =
𝐹𝑖𝑛×𝑓𝐶𝑂2𝑖𝑛

−𝐹𝑜𝑢𝑡×𝑓𝐶𝑂2

22.4×𝑔𝑐𝑎𝑡
× 𝑌𝑀𝑒𝑂𝐻 × 𝑀𝑀𝑒𝑂𝐻             (9) 

Where, Fin is the inlet H2/CO2 mixed gas molar flowrate, fco2in is the CO2 molar 

fraction in the feed gas, and fCO2, fCO and fCH4 are the molar percentage of CO2, CO 

and CH4, respectively, in the exhaust gas, which was calculated based on GC 

measurement results. In addition, gcat is the mass of catalyst, and MMeOH is the molar 

weight of methanol. In the exit gas, CO, CH4 and CH3OH are the only detected 

carbon-based products in GC measurements, and thus the carbon-balance was 

calculated by considering CO2 and the three products described above. 
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Chapter 4 Synthesis of Ni5Ga3 catalyst by Hydrotalcite-like 

compound (HTlc) precursors for CO2 hydrogenation to methanol 

4.1 Introduction 

As discussed in Chapter 2, the Ni-Ga catalytic system exhibited a high methanol 

synthesis activity. Among all three Ni-Ga phases, Ni5Ga3 was reported to reveal a 

comparable CO2 conversion and high methanol selectivity with Ni3Ga and NiGa. 

However, synthesis of highly pure Ni5Ga3 was found to be very difficult. For example, 

Ni5Ga3 prepared from incipient wetness impregnation method and co-precipitation 

method resulted in some purities, such as Ni3Ga, revealed from PXRD patterns. 

Hence, preparation of pure Ni5Ga3 was investigated in this section via a HTlc 

precursor as a template. In this chapter, we discuss a preparation method of Ni5Ga3 

bimetallic catalyst via Ni-Ga HTlc precursors, and its corresponding catalytic 

performance for CO2 hydrogenation to methanol. The structural and morphological 

impact of synthesis temperature on HTlc precursor and the derived Ni5Ga3 catalysts 

were characterized by a powder X-ray diffraction (PXRD), thermal gravimetric 

analysis (TG), scanning electron microscopy (SEM) and X-ray absorption 

spectroscopy (XAS). The relationship between the structure of the HTlc precursor 

and the property of the derived Ni5Ga3 bimetallic catalyst was investigated 

accordingly. The optimized hydrothermal temperature for HTlc precursor was 

determined, based on the catalytic properties of CO2 reduction to methanol via as-

prepared Ni5Ga3 catalysts prepared under different temperature.  

4.2 Methodologies 

4.2.1 Catalyst synthesis 

4.2.1.1 Ni-Ga HTlc precursor synthesis 

The Ni-Ga HTlc precursor was prepared by a hydrothermal synthesis via urea 

hydrolysis method. All the chemicals were used without further purification. 

Typically, Ni(NO3)2·6H2O and Ga(NO3)3·9H2O were dissolved in 50 mL distilled 

water in a molar percentage ratio of 65% to 35% with a total cationic concentration 

of 0.5 mol/L. Urea with the same ratio of nitrates was then dissolved in the aqueous 

solution with vigorous stirring. Different samples of the as-prepared mixed solution 

were sealed in a hydrothermal reactor (Parr reactor model 4748) at 90°C, 110 °C, 
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130°C and 150°C to investigate the effect of synthesis temperature. The product 

was maintained at reaction temperatures for another 16 hours, and then centrifuged 

and washed at least 4 times, with deionized water, and dried at 100 °C overnight. 

The precursors were named as x-HTlc, where x indicated the corresponding urea 

hydrolysis synthesis temperature.  

4.2.1.2 Ni5Ga3 bimetallic catalyst synthesis by reduction of HTlc precursors 

The dried cake x-HTlc produced above was collected, crushed and sieved with a 

40-60 mesh. The meshed HTlc precursors were further reduced in a sealed tube 

furnace, flowing a mixed gas containing 5% H2 balanced with Ar, at a flow rate of 

40 mL/min, at 700 °C with a ramping rate of 5 °C/min, and then maintained at 700 °C 

for another 6 hours. The corresponding reduced Ni-Ga bimetallic alloy was denoted 

as x-Ni5Ga3. The reduced catalysts were immediately transferred to a fixed bed 

reactor to avoid any surface oxidation of the bimetallic catalyst. 

4.2.1.3 Ni-Ga bimetallic catalyst synthesis by impregnation method 

To compare the Ni5Ga3 formation and purities between different preparation 

methods, as well as to understand the ease with which the Ni5Ga3 phase could be 

synthesized, the Ni-Ga bimetallic alloys were also synthesized by a conventional 

impregnation method. Specifically, nickel and gallium nitrates (Ni:Ga molar ratio 

varied from 58:42 to 65:35) were mixed in 50 mL distilled water with an overall 

cationic concentration of 0.5 mol/L, which was similar to the synthesis of HTlc 

precursor described above. The solution was then evaporated, dried overnight at 

100 °C and then reduced by 5% H2 in Ar at 700 °C for 6 hours, as described earlier 

in section 3.2.1.2. The obtain the as-prepared Ni-Ga bimetallic samples were 

denoted as i-Y%-NiGa (Y refers to nickel molar percentage). 

4.3 Results and Discussion 

4.3.1 Effects of hydrothermal temperature on the structural properties of HTlc 

precursors 

4.3.1.1 Crystal structure analysis of HTlc precursors with PXRD patterns 

The PXRD patterns of x-HTlc precursors synthesized at different temperatures are 

shown in Fig. 8. As can be seen in Fig. 8, the reflections for (00l) lattice plane, like 
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(003), (006) and (009) at low angles between 10° to 35°, were sharp and symmetric. 

The peak shape indicated the formation of a typical layer structure in the HTlc 

precursor. The peaks located at a higher 2θ angle above 35°, exhibited a relatively 

asymmetric and broad shape corresponding to the lattice planes (012), (015) and 

(018). However, the (012) plane overlapped with (009) plane, resulting in a small 

shoulder in the original (009) peak area. The (110) plane, which described the plate-

like layer horizontally, was also overlapped by (113) plane. As can be seen in the 

patterns, the intensity of these peaks increased as hydrothermal temperature 

increased, suggesting an increasingly perfect and stable structure of HTlc precursor 

synthesized at elevated temperature. However, the 90 °C-HTlc exhibited relatively 

weak and unclear peaks, indicating the formation of HTlc was incomplete. The 

results suggested that hydrothermal temperature greater than 90 °C was 

appropriate for Ni-Ga HTlc precursor synthesis. 

 

Fig. 8 PXRD patterns of x-HTlc precursors prepared at a hydrothermal reaction temperature between 90 °C-

150 °C 

The crystal structure of the HTlc precursor belonged to R3m space group, with a 

rhombohedral unit cell. As can be seen from Fig. 9, The nickel and gallium atom 

were wrapped by hydroxide radical and consisted of an octahedral basic unit, which 

constructed a layer structure in a-b plane. To describe the crystal structure of HTlc 

precursor, lattice parameters a and c, represented an average distance between 

cations on the layers, such as Ni2+
 and Ga3+, and three times of the thickness of 

interlayer distance, respectively, was calculated based on the equation, a=2 d(110) 

and c= 3*(d(003)+d(006)*2)/2106. The corresponding cell volume of the HTlc 
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precursors was then calculated according to: V=(a2c)sin60°107, as shown in Table 

2. The results demonstrated that the cell volume, as well as both lattice parameters 

a and c, decreased slightly as the hydrothermal temperature in HTlc synthesis 

increased. 

The growth of the crystallite size of HTlc precursors was depicted from two 

directions, namely [003] and [110] direction, respectively,  and the Scherrer 

Equation was used to calculate the average crystallite size according to different 

directions, d=Kλ/βcosθ, where K is the shape factor, λ is the X-ray wavelength, β is 

line broadening at half the maximum intensity. 

 

Fig. 9 Crystal structure of Ni-Ga type HTlc 

Table 2 Lattice parameters of x-HTlc precursors synthesized under different temperatures. 

Samples a(Å) c(Å) Unit cell volume(Å) 

90 °C-HTlc 3.09±0.08 23.94±0.18 197.96 

110 °C-HTlc 3.06±0.08 22.35±0.18 181.24 

130 °C-HTlc 3.06±0.08 22.35±0.18 181.24 

150 °C-HTlc 3.05±0.08 22.04±0.18 177.56 

 

The size from [003] direction described the growth of the thickness of interlayer 

distance while that in [110] direction related to the growth of the layer horizontally. 

The reason was ascribed to the fact that HTlc was a plate-like shape, with lateral 

average size exceeding the longitudinal size, and thus the particle size would be 

inaccurate if it was described as a sphere with one average diameter. As can be 

seen in Fig. 10, both the crystallite sizes in the [003] and [110] directions were 

enlarged at elevated hydrothermal synthesis temperatures. The growth of HTlc 

crystallite size derived from PXRD calculation is consistent with the previous report, 
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that an elevated synthesis temperature contributed to the accelerating growth of 

HTlc24.  

 

Fig. 10 Crystallite size of HTlc precursor in [003] and [110] directions 

4.3.1.2 Morphologies of HTlc precursors 

HTlc samples prepared by the hydrothermal method presented plate-like structures, 

as can be seen from Fig. 11, instead of the “sand rose” morphologies prepared by 

conventional co-precipitation method108. The controlled urea hydrolysis method 

provided a mild pH change during the hydrothermal reaction, contributing to a slow 

and uniform nucleation formation process, and thus it could produce a relatively 

“diluted” and well-separated disk-like particles, avoiding severe agglomerations 

compared with conventional co-precipitation method.  It was also observed that 

complete plate-like shapes and well-defined edges appeared with the increasing 

temperature of the hydrothermal reaction, suggesting a complete HTlc structure at 

elevated synthesis temperature. 



37 
 

 

Fig. 11 SEM images of a) 90 oC-HTlc precursor, b) 110 oC-HTlc precursor, c) 130 oC-HTlc precursor, d) 150 
oC-HTlc precursor 

To procure more detailed morphology information, an HIM image of 110 oC-HTlc 

was captured and is, shown in Fig. 12. The thickness along the interlayers in the 

macroscale was around 12-16 nm, which was in accordance with the calculations 

shown in Fig. 10. However, the thickness was observed to be around 40 nm, which 

was formed by overlapping or stacking of many HTlc single layers. 
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Fig. 12 HIM of 110 oC-HTlc 

4.3.1.3 Thermal stability of HTlc precursors 

The TG patterns of the x-HTlc precursors are shown in Fig. 13. Generally, two steps 

of weight loss were observed (except 90°C-HTlc sample), and the strength of the 

peaks in derivative thermogravimetry (DTG) curves increased as the hydrothermal 

reaction temperature increased. The first weight loss step was attributed to the 

desorption of the physically adsorbed water stored in HTlc interlayers. The 

dehydroxylation and decarbonation, occurred simultaneously at higher temperature 

contributed to the second weight loss peak in DTG curve due to a higher binding 

energy compared with physically adsorbed water109. The HTlc structure was 

completely decomposed over 500 °C because no further weight loss was observed 

at elevated temperature. 

The calculated weight loss percentages and the corresponding temperatures due 

to water removal, dehydroxylation and decarbonization in DTG curves are shown 

in Table 3. As mentioned earlier, two weight loss steps were observed in the DTG 

curve for samples 110°C-HTlc, 130°C-HTlc and 150°C-HTlc. Specifically, the first 

step appeared between 157 °C and 200 °C while the second major loss peak was 

located between 287 °C and 301 °C. In summary, both peaks shifted to a higher 

temperature as hydrothermal temperature increased, suggesting an increase in 

stability at elevated temperature. In contrast to other samples, 90°C-HTlc exhibited 

only one peak at 300 °C, surprisingly the peak around 100 °C, due to the desorption 

of physically adsorbed water, was missing. As discussed earlier, HTlc precursor 

was poorly crystallized and exhibited instability at low hydrothermal temperature, 

accordingly the “first” weight loss peak of 90°C-HTlc shifted to a lower temperature, 

potentially lower than 100 °C. The pre-treatment of all samples involved heating all 

the materials at 100 °C, possibly at this stage the physically adsorbed water was 

already removed, contributing to the absence of the first peak of 90°C-HTlc in DTG 

curves. 
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Fig. 13 TG and DTG curve for x-HTlc precursors 

Table 3 Weight loss of water/carbonates and hydroxides of HTlc precursors  

Sample 
Weight loss% 

(first/second step) 

DTG temperature peaks oC 

(first/second step) 

90 °C-HTlc precursor ~/24.7 ~/305 

110 °C-HTlc precursor 10.4/20.9 158/287 

130 °C-HTlc precursor 10.6/24.9 179/287 

150 °C-HTlc precursor 11.8/25.4 200/301 
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4.3.1.4 Surface characterization of HTlc precursors 

The specific area, pore volume and pore size of HTlc precursors were summarized 

in Table 4. BET surface area remained almost constant in all the samples. The pre-

treatment, included calcination for removal of the interlayer anions, creating 

vacancy and pores in the calcinated precursor, contributing to a moderate surface 

area generated from the layered structure.  

Table 4 Surface area of x-HTlc Precursors 

Sample BET surface area (m2/g) 
Pore volume 

(cm3/g) 

90 °C-HTlc 176.3 0.14 

110 °C-HTlc 174.4 0.17 

130 °C-HTlc 174.6 0.32 

150 °C-HTlc 173.4 0.24 

 

A typical mesoporous structure of HTlc was revealed from a hysteresis loop in N2 

adsorption-desorption isotherm. The mesoporous pores were generated from the 

pre-treatment, due to the removal of CO2 and H2O previously formed as carbonates 

and hydroxides stored between the interlayers. And the pore volume increased as 

the hydrothermal temperature increased, as shown in Table 4. Additionally, all the 

samples showed a uniform micropore size distribution as shown  in Fig. 14, 

calculated by H-K model110, with pores size ranging between 3 Å to 5 Å. The 

micropores corresponded to those from the typical octahedral unit in the double-

layered structure. 
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Fig. 14 a) N2 adsorption-desorption isotherms, b) pore distributions for x-HTlc precursors 

 

4.3.2 Textural and structural properties for as-prepared Ni5Ga3 catalysts 

4.3.2.1 PXRD patterns and structural analysis of Ni5Ga3  

As can be seen from Fig. 15, all samples exhibited clear and strong reflections, 

positioned at 2θ = 43.2°, 48.4°, 54.5°, 72.5°, 75.2° and 86.5°, which corresponded 

to the Ni5Ga3 crystal planes (221), (002), (040), (402), (440) and (223) 

respectively111. The impurities, such as Ni3Ga could be not be observed in the 

PXRD patterns, indicating that an ultra-pure Ni5Ga3 was synthesized by this method. 

A typical Ni5Ga3 structure belongs to a Cmmm space group, with an orthorhombic 

unit cell, hence, lattice parameters a, b, and c were used to depict the three-

dimensional crystal structure. The as-calculated lattice parameters a, b and c, and 

the particle size as well as lattice strain, based on the PXRD data, are summarized 

in Table 5. The result revealed that the crystal expanded in the x and z-axis 

directions, while contracted along y-axis direction, as the hydrothermal synthesis 

temperature for HTlc precursor increased. Correspondingly the unit cell volume 

exhibited an increasing trend with an increase in hydrothermal temperature. The 

particle size was calculated accordingly, and the smallest particle size was 

observed in 110 °C-Ni5Ga3, and the particle size increased as the precursor 

crystallized size increased, resulting in the largest particle size in 150 °C-Ni5Ga3 

sample. 
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Fig. 15 PXRD patterns of as-prepared x-Ni5Ga3 catalysts 

Table 5 Information of crystal structure for Ni5Ga3 prepared from different reaction temperatures 

 a (Å) b (Å) c (Å) Unit Cell volume (Å3) 
Crystallized 

size (nm) 

90 °C- Ni5Ga3 7.500 6.761 3.732 189.240  173.0±8.7 

110 °C- Ni5Ga3 7.478 6.784 3.721 188.769  171.1±8.7 

130 °C- Ni5Ga3 7.503 6.758 3.734 189.334  199.2±8.7 

150 °C- Ni5Ga3 7.528 6.735 3.744 189.825  208.9±8.7 

Ni5Ga3 in ref112 7.530 6.720 3.770 190.768  - 

 

4.3.2.2 Morphologies of Ni5Ga3 samples 

The morphologies of as-prepared Ni5Ga3 catalysts were shown in Fig. 16(a-d). As 

shown, the typical layered structure disappeared, with acute agglomeration of 

catalyst particles, which was attributed to a high temperature (700 °C) in the 

reduction process. The particle size of 110 °C-Ni5Ga3 sample was estimated by 

HIM, and the result indicated that the particle size was around 200 nm, which was 

in accordance with the particle size calculation based on the PXRD pattern. 

Interestingly, the individual particle of 110 °C-Ni5Ga3 sample in HIM images 

maintained the disk-like shape, inherited from parent HTlc precursor, as shown in 

Fig. 17(a). The elemental distribution was investigated for all the samples by TEM-

mapping Fig. 18 (a-d), and it was clearly observed that the nickel and gallium were 

uniformly dispersed within catalysts, despite of severe agglomeration due to the 

high-temperature treatment resulting in larger grain size of Ni5Ga3 as well as low 
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specific surface area  due to the destruction of layered structure. And the BET 

surface area for all as-prepared catalysts were under 10 m2/g, as can be seen in 

Table 8. 

 

Fig. 16 SEM images of x-Ni5Ga3 
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Fig. 17 a) HIM and b) HRTEM images of 110 °C-Ni5Ga3 sample 

The lattice fringes of 110 °C-Ni5Ga3 samples were clearly observed with a d spacing 

of 0.509 nm, which corresponded to the spacing of (110) surface in Ni5Ga3 crystal 

unit, as can be seen in Fig. 17(b). 
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Fig. 18 Elemental distribution of a) 90 oC-HTlc precursor, b) 110 oC-HTlc precursor, c) 130 oC-HTlc precursor, 
d) 150 oC-HTlc precursor 

 

4.3.2.3 Local structure of Ni5Ga3 

The electron state and structural information for all catalysts were obtained by XAS 

and are shown in Fig. 19. It could be clearly observed that 90 °C-Ni5Ga3 exhibited 

a totally different oscillating trend in Ga K-edge in X-ray absorption near edge 

structure (XANES) and fine structure in the extended X-ray absorption fine structure 

(EXAFS) spectra, compared with other three samples and is in accordance with 

reference material (Ga2O3) with the adsorption edge. The Fourier transform spectra 

plot (Fig. 20) in R space revealed that 90 °C-Ni5Ga3 sample consisted of a mixture 

of Ga oxides and Ga-Ni alloy, suggesting that the Ga element in the sample was 
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partially oxidized. Considering that all the samples were prepared under similar 

conditions before the experiment, 90 °C-Ni5Ga3 was more easily oxidized compared 

with other samples, indicating an instability of Ni5Ga3 crystal prepared at lower 

hydrothermal temperature. Hence, the impact of HTlc precursor on Ni5Ga3 catalysts 

was discussed based on 110 °C-Ni5Ga3, 130 °C- Ni5Ga3 and 150 °C- Ni5Ga3 

because of its stable HTlc precursor and Ni5Ga3 crystal structure. 

 

Fig. 19 a) Ga K-edge EXFAS spectra of x-Ni5Ga3 and b) Fourier transform (k2-weighted, Δk=4-14 Å-1) 
plotting in R space of 110 °C-Ni5Ga3, c) 130 °C- Ni5Ga3, d) 150 °C- Ni5Ga3 (solid line - experimental curve 

and dash line - fitting curve. 
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Fig. 20 Fourier transforms plotting in R space of 90 °C-Ni5Ga3 and 110 °C-Ni5Ga3 

 

Fig. 21 Frist coordination shell around center gallium, with 12 nickel atoms surrounded (bule-Nickel, red-

Gallium) 

The corresponding Fourier transforms plotting in R space for the EXAFS region 

were fitted within the first coordination shell and subsequently plotted in Fig. 21. 

One centre gallium atom (Ga1) was surrounded by 12 nickel atoms with three nickel 

types and 2 gallium atoms, namely Ni1, Ni2, Ni3 and Ga2, respectively. The fitting 

simulated different reflection pathways between nickel and gallium atoms (dash 

line), and it was in agreement with the experimental curve (solid line) in Fig. 19 (b-

d) within 1 Å and 2.8 Å. The bond distance was listed in Table 6, and the shortest 

bond distance (e.g. Ni-Ga and Ga-Ga bond) was observed in 110°C-Ni5Ga3, and 

the bond distance increased with an increasing HTlc precursor synthesis 
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temperature. These results corresponded to the PXRD calculation that 110°C-

Ni5Ga3 exhibited a smaller cell volume. 

The Debye-Waller factor (σ2), which described the thermal disorder generated from 

bond vibrations113, was calculated and summarized in Table 6. A decreasing σ2 was 

observed as hydrothermal temperature for HTlc precursor synthesis increased, 

indicating that 150°C-Ni5Ga3 exhibited a higher stability. In addition, the Debye-

Waller factor was fairly small, indicating that all reduced samples were well 

crystallized114.  

Summarily, 110oC-Ni5Ga3 was expected to exhibit a higher catalytic performance 

for CO2 hydrogenation to methanol due to the smallest grain size and a relatively 

Ni5Ga3 crystal stability. 

Table 6 Structural parameters in EXAFS for x-Ni5Ga3 

 Bond type 110 °C-Ni5Ga3 130 °C-Ni5Ga3 150 °C-Ni5Ga3 

R (Å) 

Ga1-Ni1 2.521 2.532 2.537 

Ga1-Ni2 2.520 2.527 2.526 

Ga1-Ni3 2.430 2.437 2.458 

Ga1-Ga2 2.789 2.814 2.816 

σ2 (10-3 Å2)  3.71 2.62 0.99 

 

4.3.3 The reducibility of the catalysts  

The reducibility of the as-prepared samples was investigated by TPR 

measurements (Fig 22). 90 °C-HTlc sample exhibited four strong and major peaks 

within the entire temperature range. Since nickel was more easily reduced 

compared with gallium, the first two peaks located at lower temperatures (e.g. below 

550 °C) represented the reduction of nickel oxides, while the other two peaks, over 

600 °C, were attributed to the step-wide reduction of gallium oxides115. The first 

nickel oxide reduction peak was denoted as Ni1, which represented the reduction 

of isolated or bulk NiO, while the other one, denoted as Ni2, was attributed to the 

reduction of NiO interacted with surrounding metal oxides (NiO and Ga2O3), which 

required a higher reduction temperature due to a higher binding energy116. However, 

it could be observed that Ni1 peak experienced a sharp decrease in the other three 

samples, demonstrating an increase in nickel oxide interaction with other metals. 

The result indicated 90 °C-HTlc exhibited an incomplete HTlc precursor structure 
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with a poor interaction between NiO and other metal oxides, while a stable HTlc 

structure was observed at elevated hydrothermal temperature. 

The step-reduction of Ga2O3 was facilitated by the metallic nickel, as a result, the 

peak overlapped with Ni2 was the reduction of Ga2O3 which interacted neighbouring 

NiO. Furthermore, the reduction temperature of Ga1 in 110 °C-HTlc, 130 °C-HTlc 

and 150 °C-HTlc was lower than that of 90 °C-HTlc due to a closer interaction in 

HTlc precursor, facilitating reduction of Ga alloyed with Ni, resulting in a more 

complete HTlc structure at high hydrothermal temperature. However, the Ga1 and 

Ga2 shifted to a higher reduction temperature in the case of 110 °C-150 °C-HTlc 

samples, suggesting that the reduction of gallium is constrained in the HTlc 

precursor framework, and too strong interaction in HTlc structure would hinder the 

reduction of Ga2O3.  

 

Fig. 22 TPR patterns for x-HTlc precursors 

4.3.4 Proposed pathways for Ni5Ga3 formation from its HTlc precursor  

As discussed earlier we can conclude that a stable and complete HTlc structure 

can be synthesized at elevated hydrothermal reaction temperatures. The stable 

HTlc possessed a “compacter” structure, where the Ni and Ga interacted closely. 

The bonds between Ni2+/Ga3+ and Ni2+/Ni2+ were then broken, and the 

corresponding reduced Ni5Ga3 was crystallized from the parent HTlc precursor via 

a high-temperature H2 reduction, and the new reconstructed Ni-Ga bond length 

gradually increased with the precursor hydrothermal temperature, as proved by 

EXAFS analysis. However, since 90°C-Ni5Ga3 sample was derived from incomplete 
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HTlc precursor, it was found to be unstable and could be oxidized easily. Thus, it 

can be concluded that a stable HTlc structure assisted in stabilizing and 

constructing the bond between Ni and Ga. However, the grain size of as-prepared 

Ni5Ga3 also increased with a larger HTlc precursor particle size and the high-

temperature reduction further accelerating the agglomeration, which resulted in a 

negative effect on the catalytic performance. 

The formation pathway of Ni5Ga3 from the HTlc precursor is proposed in Fig. 23. 

The parent HTlc precursor was first synthesized, followed by the removal of 

interlayer water and anions (carbonates and hydroxides) during the H2 reduction 

process, leading to the stacking of layers. H2 was introduced into the HTlc system, 

and then the closely spaced nickel and gallium oxides were reduced slowly, 

subsequently, the Ni-Ga bond in HTlc precursor was destroyed, rearranged and 

reconstructed to form Ni-Ga bond in Ni5Ga3 crystal structure. A stable HTlc structure 

with a closer interaction between nickel and gallium were proposed to facilitate the 

formation of Ni5Ga3 bimetallic catalysts. 

 

Fig. 23 The proposed pathway for Ni5Ga3 prepared from HTlc structure: (1) layers adjacent to each other; (2) 
assembly a template for Ni5Ga3 

To further understand the impact of HTlc precursor on the formation of Ni5Ga3 

bimetallic catalyst, Ni-Ga alloy prepared by the conventional impregnation method 

was investigated. The obtained PXRD patterns of the samples were shown in Fig. 

24. The peaks, located at 2θ=43.6°, 50.8° and 74.8° corresponded to Ni3Ga (111), 

(200) and (220) planes, while diffraction patterns of Ni5Ga3 were mentioned in 

section 4.3.1.1 with six typical reflection peaks. The result indicated that Ni5Ga3 

could only be synthesized at 65% nickel content and Ni3Ga appeared to be a major 
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Ni-Ga alloy product below 65% nickel content. However, it was observed that 

Ni5Ga3 could be synthesized within a wide range, such as 50 %: 50 % to 65 %: 35 % 

nickel to gallium atomic ratio via HTlc as precursor method. 

The HTlc precursor belonged to R3m space group, which acted as a three-

dimensional template for the synthesis of Ni-Ga alloy, resulting in synthesis of 

Ni5Ga3, with Cmmm space group, and a larger cell volume as well as complex 

orthodromic structure. On the contrary, Ni3Ga with a simple cubic crystal structure 

(Pm-3m space group) could be easily synthesized via impregnation method.  

The results suggested that highly pure Ni5Ga3 could be preferentially synthesized 

by HTlc precursor instead of Ni3Ga.  

 

Fig. 24 Ni-Ga alloy prepared via a) impregnation method and b) HTlc precursor 

4.3.5 Catalytic performance 
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To investigate catalytic characteristics of the bimetallic alloys prepared from a 

stable HTlc precursor structure, the prepared 110 °C-Ni5Ga3, 130 °C-Ni5Ga3 and 

150 °C-Ni5Ga3 samples were tested for CO2 hydrogenation to methanol in the 

temperature range between 200 and 300°C at 3.0 MPa with a space velocity of 

373.3 mL g-1 h-1. The CO2 conversion correlated to the crystal size of Ni5Ga3 as 

shown in Fig. 25(a). The highest CO2 conversion was observed in 110°C-Ni5Ga3, 

due to a relatively smaller particle size, which surpassed other samples within the 

entire temperature range (Fig 25(b). The catalytic performance decreased as the 

crystallized size increased. This result further emphasized that the grain size of 

highly pure Ni5Ga3 played a crucial role in reactivity for methanol synthesis. Due to 

the low CO2 conversion, it is important to compare the catalytic properties between 

samples with different grain size rather than compare with commercial Cu-based 

catalysts. The methanol selectivity reached 100% methanol selectivity at 200 °C 

without the detection of CH4 and CO in the products. As the temperature increased 

to 250 °C, rWGS competed with methanol synthesis reaction, and CO was the 

major by-product with traces of CH4. Methanol selectivity further decreased to 

around 70% at 300 °C because CO2 methanation participated in the reactions. The 

rWGS was thermodynamically favoured at elevated temperature due to the nature 

of endothermic reaction, and thus the methanol selectivity was gradually decreased 

with the increase of reaction temperature117. However, the parallel reactions, 

including methanol synthesis, rWGS, and CO2 methanation contributed to a 

promoted CO2 conversion. Overall high methanol selectivity was observed in the 

entire temperature range studied, compared with the conventional Cu-based 

catalyst, as can be seen from Table 7. Furthermore, the turnover frequency (TOF) 

was calculated accordingly, as shown in Table 8. The active sites were calculated 

from the measured BET surface area and consider one Ni5Ga3 crystal lattice as a 

basic active site. The result revealed that an enhanced TOF was observed, with a 

highest TOF of 0.57 s-1 at 200 °C in case of 150 °C-Ni5Ga3 sample.  
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Fig. 25  a) CO2 conversion in terms of crystallized size and b) methanol selectivity of 110 °C-Ni5Ga3, 130 °C-
Ni5Ga3 and 150 °C-Ni5Ga3 catalysts synthesized (P=3.0 MPa, weight hourly space velocity =373.3 mL g-1 h-1) 

Table 7 Catalytic performance of copper-based catalysts in reference 

Catalysts Reaction conditions Catalytic Performance 

 
Temperature (K)/ 

Pressure (Mpa) 

Feed 

H2/CO2 

ratio 

Space 

velocity 

CO2 

conversion (%) 

Methanol 

Selectivity 

(%) 

Cu-ZnO-

ZrO2
46 

473/3.0 3 
4400  

(mLg-1h-1) 
6.2 66.9 

Cu-Ga2O3--

ZrO2
118 

523/3.0 3.4 20000 (h-1) 1.3 74 

Cu-ZrO2
119 553/3.0 3 

7200 

(mLg-1h-1) 
12 32 

Cu-ZnO120 523/3.0 3 
18000 

(mL g-1h-1) 
2.3 100 

Cu-Zn-Ga121 543/3.0 3 3000 (h-1) 15.9 29.7 

Cu-Al122 523/2.9 5 
100  

(mLmin-1) 
N/A 54.91 

 

The stability of 110 °C-Ni5Ga3 was tested by a time-on-stream (TOS) experiment. 

The CO2 conversion remained almost constant for 160 hours, and no by-products 

such as CH4 and CO were detected during the entire measurement, as can be seen 

in Fig. 26. The highly stable catalytic performance suggested that the catalyst 

resisted to deactivation and maintained a high stability under the reaction condition. 

Table 8 BET surface area and turnover frequency (TOF) of 110 °C-Ni5Ga3, 130 °C-Ni5Ga3, and 150 °C-

Ni5Ga3 

Sample BET surface area (m2/g) 
TOF (s-1) 

200 °C 250 °C 300 °C 

110 °C-Ni5Ga3 7.88 0.27 0.22 0.19 

130 °C-Ni5Ga3 5.36 0.32 0.22 0.17 

150 °C-Ni5Ga3 2.60 0.57 0.35 0.34 
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Fig. 26 Time-on-stream experiment for 110 °C-Ni5Ga3 under 200 °C, 30 bar 

4.4 Conclusions 

In this section, a highly pure Ni5Ga3 was synthesized via a Ni-Ga type HTlc 

precursor, and the precursor was found to play a vital role in the formation of Ni5Ga3. 

Specifically, HTlc precursors with a nickel atomic percentage of 65 % balanced with 

gallium were prepared by a hydrothermal method between 90 °C and 150 °C, and 

the structure as well as stability of the as-prepared precipitate were determined with 

PXRD and thermogravimetric measurements, respectively. The HTlc precursor 

could not be synthesized at a temperature lower than 90 °C, and it was observed 

that the HTlc precursors were better crystallized and the structure became more 

stable and complete at elevated synthesis temperature (such as 150 °C). The 

particle size also expanded in both horizontal [110] and vertical [003] directions with 

the increasing hydrothermal temperature. The corresponding Ni5Ga3 catalysts were 

reduced by H2 under 700 °C. The bond distance between Ni-Ga was measured by 

XAS, and the thus-obtained Ni5Ga3 unit cell tended to expand, and the crystal 

structure was perfectly constructed with an increasing precursor hydrothermal 

temperature. Ni5Ga3 was preferentially synthesized via HTlc precursor than the 

traditional impregnation method, as can be seen from the reduced Ni-Ga alloy 

PXRD, leading to a conclusion that three dimensional HTlc precursor template 

favoured the synthesis of highly pure Ni5Ga3. The catalytic performance was 
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measured for CO2 hydrogenation to methanol. Sample 110 °C-Ni5Ga3 exhibited the 

highest CO2 conversion, 100% methanol selectivity, and a TOF of 0.27 s-1 at 200 °C, 

30 bar. A smallest crystal cell, grain size and relatively stable Ni5Ga3 structure 

contributed to an enhanced catalytic performance. Furthermore, time on stream 

studies revealed a high catalytic stability for 160 hours. 

 

This Chapter was published as ‘Men Y, Fang X, Gu Q, et al. Synthesis of Ni5Ga3 

catalyst by Hydrotalcite-like compound (HTlc) precursors for CO2 hydrogenation to 

methanol. Appl Catal B Environ. 2020;275(May):119067’. 
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Chapter 5 Influence of promoters (Mg, Zn and Zr) on Ni-Ga 

catalysts via hydrotalcite-like compounds (HTlc) precursors for 

CO2 hydrogenation to methanol 

5.1 Introduction 

In the previous chapter, highly pure Ni5Ga3 was synthesized by a HTlc precursor. 

A highly stable HTlc precursor structure stabilized and facilitated the formation of 

Ni5Ga3. However, the large particle sizes derived from HTlc had a negative effect 

on the catalytic performance for CO2 reduction to methanol because it exposed 

fewer active sites for effective catalysis. Thus, the key point was to decrease the 

particle size of the as-prepared Ni-Ga metal alloy by modification. Previous 

research reported that the introduction of some metal oxide, such as ZnO and ZrO2, 

would enhance the overall catalytic performance, as discussed in Chapter 2. MgO 

was also considered as an effective promoter because the addition of Mg in Cu-

based catalysts enhanced the formation of smaller particle sizes and a higher 

concentration of basic sites123. The metal oxide promoters could physically act as 

spacers between the active sites, and the strong interactions between active sites 

and promoters, such as the spillover effect, could greatly enhance the CO2 

conversion as well as methanol selectivity. As discussed before, the hydrothermal 

reaction facilitates the formation of uniformly dispersed particles, which will 

enhance the interactions of Ni-Ga alloy and promoters. Therefore, urea hydrolysis 

hydrothermal reaction was advantageous to prepare HTlc precursors. 

In this study, metal oxide promoters, such as Mg, Zn and Zr, were introduced into 

the HTlc precursor. The PXRD measurement was initially carried out to investigate 

the as-prepared Ni-Ga-X (X= Mg, Zn and Zr) HTlc precursor and corresponding 

reduced Ni-Ga-X catalysts. The characterization could help point out if the Ni-Ga 

alloy phase was affected by the promoters. In addition, SEM-EDS, TEM, TG, H2-

TPR, CO2-TPD and XPS techniques were employed to further examine structure 

and morphology of the synthesized Ni-Ga-X. The reducibility was investigated by 

synchrotron in-situ PXRD under H2 gas flow. The catalytic properties were 

evaluated in a micro-reactor for the methanol synthesis reaction. 

5.2 Methodologies 
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5.2.1 Catalysts preparation 

HTlc precursors consisted of nickel, gallium and promoter (eg. magnesium, zinc or 

zirconium) and were prepared by a urea hydrothermal method. The as-prepared 

HTlc precursor was denoted as NGX-HTlc (X=Mg, Zn and Zr, respectively). To 

synthesize NGMg-HTlc as an example, Ni(NO3)2.6H2O (Sigma Aldrich), 

Ga(NO3)3.9H2O (Changsha Easchem Co., Limited), and Mg(NO3)2.6H2O (Sigma 

Aldrich) were dissolved in 100 ml distilled water with vigorous stirring. The Ni:Ga:Mg 

ratio in the solution equalled 61.8%:33.2%:5%, with an overall cationic 

concentration of 0.3 mol/L. Urea (Sigma Aldrich) was further added into the solution, 

and the amount of urea was equivalent to number of nitrates in the solution. The 

chemicals mentioned above were used without further purification. The as-prepared 

solution was well-mixed and subsequently transferred to a hydrothermal autoclave 

(Parr autoclave model 4843), kept at 110 °C for 4 hours with a stirring speed of 127 

rpm. The precipitate was cooled down to room temperature, centrifuged and 

washed by de-ionized water three times, and dried at 90 °C overnight. NGZn-HTlc 

and NGZr-HTlc were prepared accordingly, with a Ni: Ga: Zn(Zr) ratio of 

61.8%:33.2%:5%. NG-HTlc was synthesized by a similar procedure, with a Ni:Ga 

ratio of 65%:35%. 

The dried cake of NGX-HTlc was collected, crushed and sieved (40-60 mesh size), 

and subsequently reduced in a sealed tube furnace by a 5% H2/Ar mixed gas with 

a flowrate of 40 mL/min, kept at 700 °C for 6 hours, as described earlier in Chapter 

3 section 3.2.1.2. The reduced Ni-Ga-X catalysts were denoted as NGX-redu. The 

reduced catalysts were immediately transferred to the micro-reactor before surface 

oxidation occurred. 

5.3 Results and discussion 

5.3.1 Textural and structural properties of the prepared materials 

5.3.1.1 PXRD patterns and structural analysis of precursors and catalysts 

The PXRD patterns of NGX-HTlc are shown in Fig. 27. The reflections of (00l) 

crystal structure, like (003), (006) and (009) at a low angle between 10° to 35° can 

be clearly observed. The symmetric peak indicated the formation of a typical 

layered structure in the as-prepared HTlc precursor. However, the signal to noise 
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ratio from NGX-HTlc samples was lower than that from x-HTlc precursors, 

indicating a lower degree of crystallisation compared to the as-prepared samples. 

Consequently, the (110) and (113) plane could hardly be distinguished due to poor 

crystallinity. Furthermore, the intensity of all peaks in NGZr-HTlc sample was lower 

compared to that in other samples. The reason was firstly ascribed to the formation 

of a smaller crystallite size in NGZr-HTlc sample, and secondly, to a larger distortion 

in the double layers, as Ga3+ is partially replaced by Zr4+ in the HTlc framework. 

The intensity of peaks in NGZn-HTlc and NGMg-HTlc exhibited a similar intensity 

to NG-HTlc, indicating the introduction of Zn and Mg into HTlc framework did not 

greatly influence the crystallite size and HTlc crystallinity.  

 

Fig. 27 PXRD patterns of NGX-HTlc precursor (X=Mg, Zn, Zr) 

 

Fig. 28 PXRD patterns of NGX-redu (X=Mg, Zn, Zr) 
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The PXRD patterns of corresponding reduced Ni-Ga-X samples are shown in Fig. 

28. It can be observed clearly that the layered structure has been destroyed, since 

the corresponding reflections, such as (003), (006) and (009), disappeared in the 

PXRD patterns of the reduced samples. The three main peaks located at a 2θ angle 

of 43.6°, 50.8° and 74.8° were matched to (111), (200) and (220) planes of the cubic 

intermetallic Ni3Ga124, respectively. The formation of Ni3Ga instead of Ni5Ga3 from 

NGX-HTlc precursor was ascribed to an incomplete and unstable HTlc precursor 

due to the introduction of promoters, as well to the decreased hydrothermal reaction 

time from 16 hours to 4 hours (Chapter 4). The peak intensity in NG-redu (no 

promoter) sample was highest compared with other reduced samples, indicating 

that the introduction of promoters reduced the Ni-Ga alloy crystallite size. The 

smallest crystallite size was observed in NGZr-redu sample, which resulted from 

the decreased size of NGZr-HTlc precursor. It was also worth mentioning that an 

impurity appeared in the NGZn-redu sample, with (220), (311) and (440) plane 

corresponding to ZnGa2O4 spinel structure, while PXRD patterns of the other 

samples did not reveal apparent impurity peaks after the modification with Mg or Zr.  

5.3.1.2 Surface analysis of precursors and catalysts 

The BET surface area was measured for both NGX-HTlc and NGX-redu catalysts, 

as can be seen from Table 9. Generally, the BET surface area of reduced catalysts 

depended on the corresponding HTlc precursor. For example, the NGZr-HTlc 

precursor with the highest surface area resulted in NGZr-redu catalyst with the 

highest specific area, further confirming the fact that the precursor played a vital 

role in the formation of the corresponding reduced catalyst. Also, it could be 

observed that the reduced sample exhibited 10 times lower BET surface area as 

compared with their parent HTlc precursor. The reason was ascribed to an 

agglomeration due to the high-temperature reduction. The N2 adsorption-

desorption isotherms for all precursor samples are presented in Fig. 29, and the 

pore volume was calculated based on the BJH model. In summary, the introduction 

of promoters in Ni-Ga-X system resulted in a slight change in pore volume because 

the Ni atom was partially replaced by additional elements (X). The pore volume in 

NGZn-HTlc was largest, followed by NG-HTlc and NGMg-HTlc, respectively. The 

change in pore volume was ascribed to the fact that the incorporation of additional 

element with a larger ionic radius contributed to a smaller pore volume (rZn2+=0.74 
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Å; rNi2+=0.69 Å; rMg2+=0.65 Å). It was also worth reporting that NGZr-HTlc exhibited 

the largest pore volume, which was due to a distorted and poorly crystallized 

layered structure. 

 

 

 

Fig. 29 N2 adsorption-desorption isotherms for NGX-HTlc samples 

Table 9 BET surface area of NGX-HTlc precursors and NGX-redu catalysts 

Samples BET (m2/g)/Vp (cm3/g) 

 HTlc precursor Reduced sample 

NG 194.4/0.217 6.8/- 

NGMg 197.8/0.204 13.1/- 

NGZn 191.0/0.176 10.2/- 

NGZr 215.5/0.271 22.5/- 

 

5.3.1.3 Thermal stability of precursors 

The thermal stability of NGX-HTlc precursor was investigated by thermal 

decomposition. Basically, all samples exhibited a similar weight loss step (Fig 30). 

The first weight loss peak, located between 100 °C and 200 °C was ascribed to the 

removal of physically adsorbed water between the interlayers, followed by a 

simultaneous weight loss of carbonates and hydroxides as the temperature 

increased to around 300 °C. The weight loss could barely be observed as 
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temperature increased above 500 °C, suggesting that the typical layered structure 

was completely decomposed to metal oxides at elevated temperature. 

 

 

Fig. 30 Weight loss with temperature for NGX-HTlc precursors by (a) TGA and (b) DTG curves 

 

5.3.1.4 Morphologies of precursors and catalysts 

The SEM images of NGX-HTlc precursors are shown in Fig. 31 (a), (c) and (e). As 

can be observed from the images, these exhibited an agglomerated layer-

morphology. Even though a homogenous urea hydrothermal method was employed 

to synthesize the HTlc precursor, a monodispersed plate-like morphology did not 

appear, as was reported earlier in Chapter 4 during the preparation of HTlc 

precursor for Ni5Ga3 formation. The reason was ascribed to shorter hydrothermal 

reaction time, which, specifically, decreased from 16 hours to 4 hours. In addition, 

it could also be observed from the images that the NGZr-HTlc was poorly 

crystallized, with a vague edge and a smaller particle size, compared with other 

samples, suggesting an obvious decrease in grain size especially after the 

introduction of Zr4+ in as-prepared HTlc precursor. 

The SEM images of corresponding reduced catalysts were reported in Fig. 31 (b), 

(d) and (f). It could be clearly observed that the thin layers were completed 

decomposed into a cracked plate-like structure. Agglomeration was observed in all 

reduced samples, which was ascribed to a high-temperature reduction. Such 

morphology resulted in a decreased BET surface area as well as non-porosity in 

reduced samples. Furthermore, similar results could be obtained in Chapter 4, that 
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an incomplete HTlc precursor structure, such as NGZr-HTlc, with limited size 

growth, contributed to a decrease of grain size. As a result, NGZr-redu exhibited 

the smallest grain size among all the reduced catalysts. More detailed images by 

HRTEM described the morphology of NGZr-redu sample as shown in Fig. 32, and 

the average particle size was observed to be around 25 nm. 

 

Fig. 31 SEM of a) NGMg-HTlc; b) NGMg-redu; c) NGZn-HTlc; d) NGZn-redu; e) NGZr-HTlc and f) NGZr-redu 
samples 
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Fig. 32 TEM image of NGZr-redu sample 

 

5.3.1.5 Elemental analysis of the corresponding catalysts 

The elemental composition of NGX-HTlc precursors was first measured by SEM-

EDS, and the results are summarized in Table 10. The measured elemental 

composition was roughly in accordance with the reagents input molar ratio for 

NGZn-HTlc and NGZr-HTlc. However, the magnesium concentration was below the 

detection limit, and thus only nickel and gallium could be detected in NGMg-HTlc, 

which indicated that Mg(NO3)2 was not fully precipitated into the HTlc precursor 

framework during the urea hydrothermal synthesis. Typically Mg2+ precipitates at 

approximate pH of 9.5125, which was higher than that of Zn2+ and Zr4+, which began 

to be precipitate at around 5126 and 4127, respectively. However, the pH equalled to 

around 7.5, measured after the urea hydrothermal reaction, which was lower than 

the precipitation pH range for Mg2+. The residual Mg2+ amount was further detected 

by the ICP technique, and it accounted for about 0.5 wt%. 
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Table 10 Chemical composition in NGX-HTlc 

Sample At%(Ni: Ga:X) 

NGZn-HTlc 60.7:32.8:6.5 

NGZr-HTlc 60.1:33.9:5.9 

NGMg-HTlc 60.3:35.8 

 

 

Fig. 33 SEM-mapping of the samples: a) NG-redu, b)NGMg-redu, c)NGZn-redu and d) NGZr-redu 

 

The elemental distribution of NGX-redu catalysts was measured by SEM-EDS 

mapping, and are displayed in Fig. 33. Firstly, it could be observed that oxygen is 

present in all samples, indicating an incomplete reduction despite a high 

temperature. However, the oxygen concentration in NG-redu was lower than that in 

NGX-redu samples. The reason could be ascribed to the fact that promoters existed 

as metal oxides, which brought oxygen in the catalytic system. The oxygen was 

mostly bonded to gallium, indicating that some gallium was more difficult to be 

reduced, and partial gallium oxides existed as an amorphous form presented in the 

corresponding samples. Additionally, the oxygen was bonded closely to the 
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promoters, further suggesting that the Mg, Zn and Zr presented as metal oxides 

were uniformly dispersed in reduced catalysts. A strong interaction between the 

active component (Ni-Ga alloy) and promoters would possibly contribute to an 

enhanced catalytic performance. 

A detailed elemental distribution study for NGZr-redu sample was investigated by 

HRTEM-mapping scan, shown in Fig. 34. The elemental distribution of Ni, Ga 

exhibited a considerably uniform dispersion around the catalyst particle, whereas 

Zr appeared mostly on the edge of the particle plate. If the TEM-mapping of NGZr-

redu was compared with the Ni5Ga3 mapping prepared from 110 °C-HTlc in Section 

4.3.2.2, it could be revealed that the introduction of Zr considerably decreased the 

average particle size of the reduced sample. This was ascribed to a distortion in as-

prepared HTlc precursor due to incorporation of Zr, and thus the catalyst particles 

were segregated and isolated, contributing to the formation of smaller particles 

during the reduction process.  
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Fig. 34 TEM-Mapping of a) overall overlapping elemental distribution, b) elemental maps of O, 3) Ni, 4) Ga 
and 5) Zr for NGZr-redu sample in STEM images 

 

5.3.2 The reducibility of NGX-HTlc precursors 

The reducibility of NGX-HTlc precursor was shown in Fig. 35. Four major reduction 

peaks were observed in TPR profiles for all samples. The first peak located below 

300 °C represented the reduction of isolated nickel oxides since bulk NiO was more 

easily reduced from HTlc structure without interaction with other elements, which 

was denoted as Ni1 peak. As can be observed, the NGMg-HTlc exhibited a similar 
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Ni1 peak profile with reference to NG-HTlc material, since a small amount Mg had 

a limited influence on the overall H2 reduction pattern. The Ni1 peak area decreased 

in NGZn-HTlc because of an increased interaction between nickel and other 

elemental oxides, such as ZnGa2O4 and Ga2O3, in HTlc precursor during H2 

reduction. The Ni1 peak area was further decreased in NGZr-HTlc, indicating that 

the interaction between Ni and Zr was the strongest. As discussed earlier, ZrO2 acts 

as a spacer and “apron” to help segregate the nickel-gallium alloy, where Ni and Zr 

interacted closely, and thus decreased the amount of isolated NiO in NGZr-HTlc.  

The second reduction peak was assigned to the reduction of other nickel oxides, 

such as NiO interacted with promoters, and was denoted as Ni2. Since the reduction 

of Ga2O3 was facilitated by the metallic nickel, the last two peaks belonged to the 

step reduction of Ga2O3. Ga1 represented the Ga2O3 located near metallic nickel, 

while Ga2 appeared above 700 °C represented a strong interaction between Ga2O3 

and promoters or other remaining metal oxides. Additionally, Ga2 peak appeared to 

have a tail, in all NGX-HTlc samples, suggesting a heterogeneous distribution of 

Ga2O3. This may be because the introduction of additional elements increased the 

possibilities for Ga2O3 to interact with multiple species. Furthermore, the Ga2 in 

NGZn-HTlc shifted to a higher temperature compared with other samples. The 

reason was that Ga trapped in the ZnGa2O4 spinel structure was more difficult to 

reduce, resulting in an increased reduction temperature. It was worth mentioning 

that the Ni2, Ga1 and Ga2 peaks shifted to a lower temperature in case of NGZr-

HTlc. The incorporation of ZrO2 in general could facilitate the reducibility of the 

nickel and gallium oxides. And it could also be proposed that the ZrO2 enhanced 

the separation (acted as spacer) of Ni-Ga bimetallic alloy, and thus contributed to 

an easier reduction of NGZr-HTlc sample. There were no obvious reduction peaks 

for promoters, and thus the promoters (Mg, Zn and Zr) were all in oxidation state. 
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Fig. 35 TPR curve of NGX-HTlc precursor 

An in-situ synchrotron PXRD H2 reduction measurement on NGZr-HTlc was carried 

out to investigate the reduction step and the formation process of Ni3Ga bimetallic 

alloy. Initially, the HTlc structure did not exhibit obvious change below the reduction 

temperature of 200 °C. The (003) plane, located at around 2θ =6.0°, representing 

the layered structure, exhibited a sharp decrease when the NGZr-HTlc was reduced 

over 200 °C, and it completely disappeared at 400 °C, indicating that the HTlc 

structure was decomposed and re-construct during the synthesis of Ni-Ga 

bimetallic catalysts. The NiO was formed simultaneously with the decomposition of 

HTlc structure, with the appearance of NiO (111) and (220) plane, located at 2θ = 

18.1° and 35.0°. The NiO was slowly reduced to metallic nickel above 300 °C, with 

a major PXRD reflection positioned at 2θ=30°, and the Ga2O3 was subsequently 

alloyed with bimetallic nickel to form Ni3Ga at 550 °C, with a characteristic peak 

located at 2θ=24.6° representing Ni3Ga (200) plane. 

Summarily, the reduction process started with the decomposition of HTlc structure 

to NiO and Ga2O3. The NiO was firstly reduced to metallic nickel above 200 °C, 

which then facilitated the reduction of Ga. The Ni3Ga was slowly synthesized above 

550 °C, and a considerably sharp and clear PXRD pattern representing the Ni3Ga 

phase appeared. 
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Fig. 36 In-situ synchrotron PXRD H2 reduction profile 

 

5.3.3 CO2 adsorption properties of NGX-redu catalysts 

The surface basicity is important for CO2 hydrogenation reactions because CO2 is 

expected to be adsorbed and activated around the basic sites. Here, the CO2-TPD 

profile for NGX-redu catalysts is shown in Fig. 37. In the NG-redu reference sample, 

three major CO2 desorption peaks were observed, which are denoted as α, β and 

γ, respectively. The α peak, located below 100 °C, represented a weak basic site 

wherein CO2 attached linearly with a metal atom to form O=C=O-M (M represented 

metal atom). The β and γ corresponds to medium basic sites with a bridge-bonded 

adsorptive form, which enhanced the CO2 desorption difficulty and thus increased 

the CO2 desorption temperature. The β and γ desorption peaks were assigned to 

two types of metal-oxygen pairs, which are Ga-O and Ni-O128, respectively. Another 

desorption peak (σ) located at higher temperatures was observed in NGMg-redu 

and NGZr-redu samples. The σ peak suggested a strong basic site generated by 

the metal oxide promoters. Considering that the alkaline MgO exhibits stronger 

basicity compared with ZrO2, the σ peak in NGMg-redu TPD profile was at lower 

temperature than that in NGZr-redu TPD curve because the CO2 was strongly 

attached to a highly alkaline metal oxide. The σ peak did not appear in the NGZn-

redu TPD profile, however, a strong γ appeared at a relatively low temperature 
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around 350 °C, corresponding to medium basic site, attributed to the formation of 

ZnGa2O4, which was similar to the reported CO2-TPD curve of ZnAl2O4
129.  

The NGZr-redu samples were exposed to the CO2 environment and heated from 

room temperature up to 300 °C. The corresponding structural information was 

collected by in-situ synchrotron PXRD measurement. The results showed no 

obvious change during the process, suggesting a good chemical and thermal 

stability of as-prepared catalysts under reaction conditions. 

 

 

Fig. 37 CO2-TPD profiles of NGX-redu samples 

 

5.3.4 Surface properties of the catalysts 

The electron states of the as-prepared NGX-redu catalysts were investigated by 

XPS analysis, and the XPS curves were fitted accordingly. As can be seen in Fig. 

38(a-d), two states of gallium were observed. The photoelectron component at 

around 18 eV, which was close to the value of gallium in the metallic state (Ga(0)) 

in literature, belonged to the gallium element in Ni-Ga alloy, while the one located 

near 21 eV was due to the gallium in oxidation state (Ga(3+)), which overlapped with 

O (2s) peaks. Thus, the gallium was not completely reduced from the parent HTlc 

precursor, and most of the surface gallium remained in an oxidation state. A split of 

O(2s) was observed in NGMg-redu samples, located between Ga(3+) and O (2s), 

and the additional O(2s) peak was due to a surface contamination when the sample 
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was exposed to air during the XPS measurement. The molar ratio of Ga(0) and Ga(3+) 

was calculated and summarized in Table 11. An increased amount of reduced 

gallium was found when the promoters were incorporated into the HTlc framework, 

compared with the reference NG-redu catalyst. As was discussed in the literature130,  

a better interaction between active sites and promoters would facilitate the electron 

transfer, and thus reduced gallium was more easily generated on the surface, 

resulting in a higher amount of gallium in the metallic state. It was clearly observed 

that the NGZr-redu possessed the highest amount of Ga(0) compared with other 

samples, suggesting that the ZrO2 interacted closely with Ni-Ga bimetallic alloy. 

And an enhanced reducibility from ZrO2 could also contribute to facilitating the 

reduction of gallium, as was discussed in the TPR result. 

Nickel was found to be more easily reduced, and a higher amount of metallic nickel 

(Ni(0)) was detected, compared with that of Ga(0), as was summarized in Table 11. 

Despite an easier reduction, the existence of nickel native oxide (Ni(2+)) suggested 

an incomplete reduction of all NGX-redu samples (Fig 39). Similar results were 

observed in Ni 2p XPS measurement, that an enhanced Ni-promoter interaction 

enhanced NiO reduction in all NGX-redu samples with the introduction of promoters 

in HTlc framework. The presence of ZrO2 in NGZr-redu sample contributed to a 

better dispersion of Ni-Ga alloy, which subsequently could lead to an easier 

reduction.   

 

Table 11 Surface composition of NGX-redu catalysts 

Sample Ni 2p metal alloy/ Ni 2p native oxides Ga 3d metal alloy/ Ga 3d native oxides 

NG-redu 16.6:83.4 5.6:94.4 
NGMg-redu 28.3:71.5 7.2:92.5 
NGZn-redu 24.1:75.9 13.6:86.4 
NGZr-redu 46.1:53.9 22.5:77.5 
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Fig. 38 XPS spectra of Ga(3d) of the prepared catalysts: a) NG-redu; b) NGMg-redu; c) NGZn-redu; d) NGZr-
redu 

 

Fig. 39 XPS spectra of Ni(2p) of the prepared catalysts: a) NG-redu; b) NGMg-redu; c) NGZn-redu; d) NGZr-
redu 
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5.3.5 Catalytic performance 

5.3.5.1 CO2 hydrogenation results 

The catalytic performance of as-prepared NGX-redu catalysts was tested for CO2 

hydrogenation to methanol, and the results are reported in Fig. 40, in terms of CO2 

conversion (a) and methanol selectivity (b) under a temperature range from 200 °C 

to 300 °C at 3.0 MPa with a space velocity of 373.3 mL g-1h-1. It was clearly 

observed that the CO2 conversion was greatly enhanced when promoters were 

incorporated into the original Ni-Ga catalysts. Generally, the overall CO2 conversion 

increased as the reaction temperature increased for all catalysts studied. 

Additionally, as can be seen from Fig. 40 (a), the NGMg-redu exhibited a slightly 

better CO2 conversion compared with original Ni3Ga catalysts, while a sharp 

increase in CO2 conversion was observed in the case of NGZn-redu and NGZr-

redu under the entire temperature range. Even though the as-prepared Ni-Ga 

catalysts exhibited a lower CO2 conversion, NGZr-redu showed a comparable 

methanol yield to commercial Cu-based catalyst at 300 °C, as can be seen in Fig. 

40 (b). However, the highest methanol was observed in NGMg-redu catalysts, 

reached over 80% even at 300 °C, and the methanol selectivity of as-prepared 

NGX-redu catalysts surpassed that of Cu-based catalyst (Fig. 40-b). 

The by-product, generated during the methanol synthesis reaction, varied greatly 

based on the nature of the as-prepared NGX-redu catalyst. CH4 was the main 

product in the case of NGZn-redu catalyst (Fig. 40-e), and the CH4 yield 

considerably exceeded all the catalysts, especially at elevated temperatures, 

(>250 °C), where the CO2 methanation reaction was greatly promoted. Also, the 

CO production was drastically suppressed, and only trace amounts of CO was 

detected in the entire temperature range. An enhanced CH4 production was 

ascribed to the formation of ZnGa2O4 spinel structure in NGZn-redu catalyst, which 

was reported to enhance the CO2 hydrogenation to CH4
131. Overall, the CO 

production was greatly surpassed when promoters were introduced, when 

compared with Cu-based catalysts and NG-redu catalyst, as can be seen from Fig. 

40 (d).  

The chemical and thermal stability of NGZr-redu catalysts were investigated by 

Time-on-Stream (TOS) measurement, as can be seen in Fig. 41. No obvious 
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decrease in CO2 conversion was observed over 100 hours, suggesting the catalyst 

was stable under reaction conditions. 

 

Fig. 40 a) CO2 conversion, b) methanol yield, c) methanol selectivity, d) CO yield and e) CH4 yield at 3.0 MPa 
with a space velocity of 373.3 mL g-1h-1
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Fig. 41 Time-on-Stream reaction in terms of CO2 conversion and reaction time for methanol synthesis 

 

5.3.5.2 Catalytic functionality 

As discussed earlier in Chapter 2, there were two major reaction pathways for 

methanol synthesis from CO2, namely the formate pathway and the rWGS pathway, 

as shown in Fig. 42. The reaction route is still under debate; however, it was 

acknowledged that the stability of essential intermediates would determine the 

direction of the different reaction pathways. For instance, Yang and co-workers132 

suggested that methanol was not generated via rWGS reaction pathway because 

*HCO is not a stable intermediate and will decompose back to *CO + *H. Also, the 

slow steps (Rate Determining Steps) determine which pathway the reaction follows, 

and thus an enhanced binding energy to prevent intermediate dissociation and 

moderately increase the intermediate stability could alter the reaction route by 

incorporating additional elements in the catalyst matrix. In this study, promoters, 

such as Mg, Zn, and Zr were incorporated into the original Ni-Ga catalytic system, 

these could provide more adsorption and reaction sites on the interface, which 

would be very difficult to generate on pure metal alloy system133. The corresponding 

intermediate adsorption site would have an impact on the binding energy of key 

intermediate, thus increase the overall reaction performance and alter the reaction 

pathway accordingly. 
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Fig. 42 Reaction pathway for CO2 hydrogenation to methanol via formate (left route) rWGS pathway (right 
route) 

When Mg and Zr were introduced into the Cu framework, it was reported that the 

mechanism leaned towards the formate pathway. As was reported in the 

literature134, 119,  the formate pathway was thermodynamically favoured by Mg-Cu 

catalytic combination, and CO was considerably surpassed; also, an enhanced CO2 

conversion was reported via ZrO2-Cu matrix. Specifically, ZrO2 was able to stabilize 

the key intermediate generated in the formate pathway, such as *HCOO, *H2CO 

and *H3CO135. The results reported in the literature were in accordance with those 

obtained via Ni-Ga-Mg and Ni-Ga-Zr in this study; and methanol selectivity was 

highest in the case of Ni-Ga-Mg with a hindered CO production. Furthermore, Ni-

Ga-Zr exhibited a greatly improved CO2 conversion as compared with bulk Ni-Ga 

catalyst. 

The catalytic performance was related to the surface basic sites, measured by CO2-

TPD, which was reported in section 5.3.3. The medium basic sites, namely β and γ 

basic sites, which adsorb species with atomic hydrogen via a stepwise 

hydrogenation to form *HCOO, *H2COO, *H2COOH and *H2CO136. The generated 

*H2CO would be stabilized by a stronger σ basic site  a reverse reaction to produce 
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CO136 can be prevented. As a result, promoters such as MgO and ZrO2 with σ basic 

site would reduce the production of CO. In addition, a higher methanol selectivity 

was observed in MgO because of a higher alkalinity compared with ZrO2. However, 

Ni-Ga-Zr catalysts exhibited a higher CO2 conversion and methanol yield, because 

a slightly weak σ basic site would help the intermediate desorption from the active 

sites and accelerate the hydrogenation step to synthesize methanol. 

5.4 Conclusion 

In this Chapter, promoters, namely Mg, Zn and Zr, were introduced into Ni-Ga 

catalytic system via similar HTlc precursors. The formation of Ni-Ga type HTlc 

precursors was confirmed by PXRD patterns, and the Ni3Ga instead of Ni5Ga3 

phase was formed in all as-prepared samples. An obvious decrease in particle size 

was observed in the Ni-Ga-Zr catalytic matrix with a greatly enhanced specific 

surface area, while other promoter modified catalysts only exhibited a minor change 

in catalyst grain size. The Ni-Ga alloy and promoters were uniformly dispersed in 

the Ni-Ga-X matrix, as revealed by SEM-EDS. An enhanced interaction between 

Ni-Ga bimetallic catalysts and promoters was observed with an increased reduction 

temperature in the TPR profile. Addition of ZrO2 increased the overall reducibility of 

the catalyst and the reduction peak shifted to lower temperatures. However, all 

catalysts underwent an incomplete H2 reduction, revealed from the XPS data 

analysis. Among the NGX-redu samples studied, the NGZr-redu exhibited the 

highest ratio of reduced metal to native oxides, which was supported by the TPR 

results, due to smaller particle size and increased reducibility. The catalytic basic 

sites were investigated for all the as-prepared samples via CO2-TPD. Apart from 

NGZn-redu ( ZnGaO4 spinel structure), MgO and ZrO2 in the Ni-Ga system brought 

a strong σ basic site at elevated temperature compared with NG-redu catalyst, 

which contributed to an enhanced methanol selectivity and CO2 conversion. There 

was an obvious enhancement in terms of CO2 conversion and methanol yield for 

all promoter-modified Ni-Ga catalysts, and CO production was hindered for both 

NGZr-redu and NGMg-redu, and the NGZr-redu exhibited the highest methanol 

yield (3.8%), which was comparable with the Cu-based catalyst at 300 °C. 
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Chapter 6 Ni-Ga-Zr Catalyst modified with high-temperature CO2 

adsorbent for CO2 hydrogenation to methanol 

6.1 Introduction 

In the previous chapter, a novel catalyst, Ni-Ga-Zr, was successfully synthesized, 

and the corresponding catalytic performance, such as methanol yield, was found to 

be comparable with commercial Cu-based catalysts at 300 °C. However, Ni-Ga-Zr 

catalyst showed a weak catalytic performance at lower temperatures, such as 

200 °C and 250 °C. One way to increase the CO2 conversion in methanol synthesis 

was to enhance the reactant concentration around the catalytic active sites. In our 

case, high-temperature CO2 adsorbents, such as hydrotalcite, could adsorb CO2 

and water at elevated temperatures such as 200 °C-300 °C, which would be a 

perfect candidate to promote the methanol synthesis reaction. 

Here, we report a Ni-Ga-Zr catalyst modified with a high-temperature CO2 

adsorbent, based on the ‘sorption enhanced reaction’ concept. Specifically, a high-

temperature CO2 adsorbent was activated and mixed with as-prepared Ni-Ga-Zr 

catalysts. The structure of the mixed catalyst system was examined by PXRD and 

SEM-EDS. In addition, the catalytic performance was investigated at different 

pressures, temperatures, and space velocity. Additionally, the mechanism of the 

CO2 adsorbent modified process was also discussed. 

6.2 Methodologies 

6.2.1 Physically mixed NGZr/MG50 powder 

Ni-Ga-Zr catalyst was synthesized and reduced as described in Chapter 5, and it 

was denoted as NGZr. The high-temperature CO2 adsorbent, MG50, was activated 

at 400 °C for 6 hours with a ramp rate of 1 °C/min. The NGZr was mixed thoroughly 

with MG50, and the weight percentage of NGZr in MG50 varied from 0% to 100%. 

The obtained mixture was pelletized, crushed to 40-60 mesh. 1 gram of the as-

prepared mesh particles was mixed with quartz sand and rapidly transferred to the 

reactor, under a continuous N2 flow.  

6.2.2 Physically mixed NGZr/MG50 pellets 
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NGZr and MG50 were synthesized and activated as described in section 6.2.1. The 

activated MG50 and reduced NGZr was pelletized into particles in 40-60 mesh, 

separately. The as-obtained particles were mixed with each other subsequently. 

Similarly, 1 gram of the as-prepared particle was diluted by quartz sand and 

transferred to the reactor with a continuous N2 flow. 

6.2.3 Activation of Ca-Chabazite and 13X 

Control experiments were carried out to investigate if different high temperature 

CO2 adsorbents affected the overall catalytic performance. Ca-Chabazite and 13X 

zeolites were step-activated as follows: The adsorbents were heated at 100 °C for 

6 hours, and the temperature was subsequently raised to 400 °C with a heating rate 

of 1 °C/min and maintained for another 6 hours. The Ca-chabazite was physically 

mixed with NGZr powder as described in section 6.2.1, followed by palletisation 

(40-60 mesh) and dilution by quartz sand. 

6.3 Results and Discussion 

6.3.1 Structure and morphology  

The thermal stability of MG50 was investigated by TG measurements, as  shown in 

Fig. 43. The TG pattern exhibited a typical 3-stage weight loss, including physically 

adsorbed water removal, dihydroxylation and decarbonization, respectively. When 

MG50 was calcinated at 400 °C, most of the water and CO2 were removed from the 

layers with a reversible decomposition of the layered structure. However, it still 

exhibited the ability to absorb CO2 and water, hence, activation at 400 °C stimulated 

the ability of CO2 and water adsorption, which would be beneficial as a promoter 

for methanol synthesis. It would not be necessary to consider ‘memory effect’ for 

MG50 due to high reaction temperature. 
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Fig. 43 TG and DTG patterns of MG50 

 

The PXRD patterns of calcinated MG50 and NGZr/MG50 mixture are shown in Fig. 

44. The NGZr/MG50 exhibited typical Ni3Ga and ZrO2 planes, indicating that the 

Ni-Ga bimetallic catalyst was not influenced by the introduction of a high-

temperature CO2 adsorbent. The calcinated MG50 possessed 3 “hump”-like broad 

peaks, with the disappearance of typical (00l) planes indicating layered structure. 

The decomposition of layers was ascribed to high-temperature calcination, where 

the typical layered structure was partially destroyed, and the broad peaks 

represented the amorphous Mg-Al metal oxides. 

 

Fig. 44 PXRD patterns of calcinated MG50 and NGZr/MG50 physically mixture 
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Fig. 45 SEM pictures of a) b) calcinated MG50, c) d) NGZr catalyst, e) f) NGZr/MG50 powder mixture 

The SEM images described the morphology of calcinated MG50, NGZr catalysts 

and their corresponding powder mixture. The calcinated MG50 exhibited a flower-

like shape around 8-10 μm (Fig. 45(a)), with a folded layers and irregular channels 

(Fig. 45(b)), while NGZr (Fig. 45 c-d) catalyst revealed a considerably smaller 

particle size. As can be seen from Fig. 45 (e), MG50 played as a support for NGZr 

particles, and the two components were thus well-mixed. 

6.3.2 Catalytic properties 

6.3.2.1 Primary experiment with MG50 and quartz sand 
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The promotion effect of MG50 in methanol synthesis was investigated. Thus, an 

equal amount of calcinated MG50 and quartz sand were mixed with the same 

amount of reduced NGZr catalyst (50/50), respectively. It could be observed that 

the CO2 conversion showed an increasing trend as temperature increased, and the 

overall CO2 conversion via MG50 modified NGZr catalyst was almost two times 

higher than NGZr mixed with quartz sand alone, as shown in Fig. 46. The methanol 

selectivity was also greatly enhanced, especially at elevated temperatures, for 

example, the methanol selectivity was increased by 10% at 300 °C. The result 

illustrated that high-temperature CO2 adsorbent modified catalyst exhibited an 

enhanced methanol synthesis performance, with a higher CO2 conversion and 

methanol selectivity. 

 

Fig. 46 CO2 conversion and methanol selectivity via NGZr/MG50 (50/50) and NGZr/sand (50/50), respectively 

The CO2 conversion at different pressures as well as varied reaction temperature 

was plotted in Fig. 47. Overall high temperature promoted CO2 conversion, while 

the catalytic performance was weakened at low reaction temperatures. High 

temperature activated gaseous molecules, and thus accelerated the overall 

reaction rate. However, it could be observed that the CO production was also 

enhanced as temperature increased from 200 °C to 300 °C; since the rWGS 

reaction was an endothermic reaction and was promoted by higher temperatures. 

The pressure also greatly affected the results. For example, the average CO2 

conversion under 30 bar was almost two times higher than under 10 bar. The 

methanol selectivity was greatly enhanced as pressure increased, as can be seen 

from Fig. 48. The reason was ascribed to the fact that the overall molecule number 

decreased in the methanol synthesis reaction, which was favoured by high 
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pressures (Le Chatelier’s Principle). The rWGS reaction was not influenced by the 

pressures because the molecules of reactants equalled to that of products. The 

rWGS reaction competed with the methanol synthesis reaction under reaction 

conditions, as a result, the overall CO2 conversion was highly promoted at elevated 

pressures due to the greatly enhanced methanol synthesis reaction. 

 

Fig. 47 CO2 conversion in terms of a temperature range between 200 °C and 300 °C under 10 bar, 20 bar 
and 30 bar 

 

Fig. 48 The selectivity of methanol, CO and CH4 under 10 bar, 20 bar, 30 bar, respectively 
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6.3.2.2 Impact of CO2 adsorbent amount  

Different amounts of calcinated MG50 was mixed with NGZr catalyst, as can be 

seen from Fig. 49, and the catalytic performance was investigated subsequently. 

 

Fig. 49 NGZr reduced catalysts mixed with calcinated MG50 by different ratio 

As can be seen from Fig. 50 (a), the overall CO2 conversion increased as proportion 

of NGZr catalyst increased in the mixture. An increasing amount of NGZr catalyst 

provided more active sites, contributing to a higher CO2 conversion, and pure MG50 

hardly exhibited any catalytic performance. However, it was worth mentioning that 

the CO2 conversion decreased slightly as MG50 percentage increased in the 

catalytic system, instead of a rapid drop due to the loss of the catalytic active sites 

from NGZr samples. To explain it more clearly, the space-time yield (STY) was 

subsequently calculated, as can be seen in Fig. 50 (b). The highest STY was 

achieved in 25 wt% NGZr modified by 75 wt% MG50, with 123.5 gmeth`gcat
-1

`h-1 at 

300 °C, 30 bar. The results suggested that the catalytic property of a single NGZr 

active site was greatly enhanced when it was mixed with MG50. Thus, a 

comparable CO2 conversion could be achieved with lower catalyst amount when 

modified by high-temperature CO2 adsorbent. The methanol selectivity barely 

changed at low reaction temperature region (eg. 200 °C and 250 °C), however, a 

mild decrease was observed as the MG50 amount increased at 300 °C. In general, 

MG50 promoted both rWGS and methanol synthesis, while methanol synthesis was 

more facilitated at elevated temperatures.  As a result, the promotion effect of 

methanol synthesis surpassed that of rWGS reaction. 
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Fig. 50 a) CO2 conversion, b) Space-time yield (STY), c) Methanol selectivity in terms of different NGZr to 

MG50 ratio under 200 °C-300 °C, 30 bar 

 

6.3.2.3 Impact of space velocity  

The space velocity represents the contact time between catalysts and reactants. 

Since 25% NGZr/MG50 revealed the highest STY value, it was further investigated 

in this section and the impact of space velocity on the catalytic performance via 25% 

NGZr/MG50 was reported in Fig. 51. The increase of space velocity attributed to a 

shorter contact time between catalysts and gaseous reactants, and thus the overall 

CO2 conversion decreased as expected. The methanol selectivity, however, 

exhibited a gradual increase from 80% to 90% from 1800 mL g-1 h-1 to 3600 mL g-1 

h-1, and the by-product CO decreased accordingly. The methanol and water could 

not be continuously removed from the active sites under low space velocity (mass 

transfer limitation), and the methanol synthesis reaction was thus restricted, 

contributing to a low methanol selectivity. However, the CO2 conversion and 

methanol selectivity remained roughly unchanged at higher space velocity in the 
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range 3000 mL g-1h-1 to 3600 mL g-1h-1
, suggesting that moderate space velocity 

strongly promoted methanol synthesis. 

 

Fig. 51 a) CO2 conversion and b) methane, carbon monoxide and methanol selectivity via 25% NGZr/MG50 
in terms of space velocity at 300 °C 

 

6.3.2.4 Impact of different high-temperature CO2 adsorbents 

To investigate the impact of different high-temperature CO2 adsorbent on the 

overall catalytic properties, the CO2 adsorption ability of 13X, Ca-Chabazite and 

MG50 in a temperature range of 200 °C to 300 °C was measured, respectively. As 

can be seen from Fig. 52, the CO2 adsorption amount in 13X and Ca-chabazite was 

almost linear, while MG50 exhibited an arc-like shape in terms of pressure. The 

result was attributed to different CO2 adsorption modes for measured materials. 

13X and Ca-chabazite zeolite both possess a great number of micropores 

constructed from Si and Al as well as Na+ and Ca2+ as charge balancing cations in 

the framework. CO2, a highly polar molecule, was adsorbed via physisorption, 

resulting in a linear relationship between CO2 adsorption amount and partial 

pressures. However, the Van-der-Waals force between CO2 molecules and zeolites 

was weakened at elevated temperatures (Fig. 52-a,b). Hence, zeolites such as 13X 

and Ca-chabazite are a potential candidate for CO2 adsorption under room and 

moderate temperatures. It was clearly observed that, for example, the CO2 

adsorption amount of Ca-chabazite (Fig. 52 (b)) considerably reduced from 0.91 

mmol/g to 0.23 mmol/g as temperature decreased from 300 °C to 200 °C, and 

similar results were observed in that of 13X. On the contrary, CO2 was adsorbed by 

a different mechanism in case of MG50. CO2 was adsorbed on the strong basic 

sites via chemisorption on MG50, resulting in higher adsorption capacity which 

subsequently showed a mild increase at elevated pressure. Considering that the 
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CO2 adsorption amount of Ca-chabazite was higher than that of 13X, the NGZr 

catalysts were subsequently mixed with Ca-chabazite, and the catalytic 

performance was compared with NGZr/MG50 catalytic system. 

 

 

Fig. 52 CO2 adsorption of a) 13X, b) Ca-Chabazite, c) MG50 under 200 °C, 250 °C and 300 °C 

 

The CO2 conversion of 25% NGZr/MG50 and 25% NGZr/Ca-chabazite is shown in 

Fig. 53. It could be observed that at low temperature such as 200 °C, the catalytic 

performance was comparable, while the CO2 conversion decreased as reaction 

temperature increased, and the overall CO2 conversion of NGZr/Ca-chabazite 

decreased almost to half of that via NGZr/MG50 catalyst at 300 °C. The promotion 

effect of MG50 is due to its medium CO2 adsorption ability, and it can also desorb 

CO2 between the reaction temperature range (150 °C- 350 °C)137. The CO2 

conversion decrease at elevated temperature could be ascribed to two main 

reasons. Firstly, the CO2 adsorption ability of Ca-chabazite at high temperature was 

considerably lowered due to a weak Van-der-Waals forces of attraction between 

CO2 and Ca2+. In addition, the zeolite experienced dealumination at elevated 
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temperature probably, due to generation of water, resulting in a partial collapse in 

the zeolite framework, resulting in further decrease in CO2 adsorption capacity. The 

Al:Si ratio of Ca-Chabazite zeolite before and after the methanol synthesis reaction 

was determined by SEM-EDS mapping. The Al:Si ratio decreased from 0.44 to 0.26, 

which proved that the zeolite framework was partially decomposed with water vapor 

at elevated temperature138. Consequently, the enhancement from CO2 adsorbent 

to the overall catalytic system was greatly reduced.  

 

 

Fig. 53 CO2 conversion of NGZr/MG50 and NGZr/Ca-Chabazite catalysts under 200 °C-300 °C at 30 bar 

 

6.3.2.5 Impact of packing mode between MG50 and NGZr catalyst 

To investigate the catalytic performance in terms of the packing mode, the NGZr 

catalysts and MG50 was mixed in the form of pellets and powder, respectively, as 

shown in  Fig. 54. The corresponding CO2 conversion was reported in Fig. 55. The 

CO2 conversion of NGZr/MG50 powder far surpassed that via NGZr/MG50 pellet, 

and the latter exhibited a slightly higher CO2 conversion compared with commercial 

Cu-based catalysts. By mixing NGZr and MG50 with pellets, the distance between 

catalyst particle and high temperature CO2 adsorbent was increased, while the 

NGZr/MG50 powder provided a more intimate contact between catalyst and powder. 

The shorter distance contributed to a higher CO2 concentration adjacent to Ni-Ga 

bimetallic active sites, thus enhancing the corresponding CO2 conversion, which 

was almost two times higher than bulk Ni-Ga catalysts (NGZr/quartz sand). The 

catalytic properties from NGZr/MG50 pellet, however, barely exhibited any 
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promotion effect due to a considerably longer distance between the CO2 adsorbent 

and the catalyst particles.  

Summarily, the catalytic performance of the NGZr catalyst was promoted by the 

introduction of MG50. The MG50 adsorbed CO2 under the reaction condition, and 

thus the CO2 concentration near Ni-Ga active sites was increased, contributing to 

an enhanced methanol formation rate. The scheme of CO2 adsorption enhanced 

CO2 hydrogenation to methanol was shown in Fig. 56. The MG50 can adsorb CO2 

due to its surface basicity or adsorption properties, and thus increase the CO2 

concentration around Ni-Ga-Zr catalysts, contributing to an enhanced CO2 

hydrogenation to produce methanol. 

 

Fig. 54 Different packing mode for methanol synthesis reaction 

 

 

Fig. 55 CO2 conversion of 25% NGZr/quartz sand, 25% NGZr/MG50 pellet and 25% NGZr/MG50 powder 
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Fig. 56 Scheme of CO2 adsorption enhanced CO2 hydrogenation to methanol via NGZr and MG50 hybrid 
catalyst 

6.3.3 Conclusion 

In this chapter, MG50 was introduced in the Ni-Ga-Zr catalyst system which was 

synthesized via a HTlc precursor method discussed in the last chapter. The MG50 

was activated at 400 °C prior to use and was directly mixed with reduced NGZr 

catalyst. The as-prepared sample was characterized by PXRD patterns, which 

showed that Ni3Ga was not influenced by the introduction of MG50. The reflections 

of MG50 in PXRD patterns exhibited three broad (hump-like) peaks, indicating an 

amorphous metal oxide structure, due to an irreversible structure change due to 

400 °C activation. The morphologies were investigated by SEM, and the results 

indicated that the NGZr catalysts were well-mixed with MG50. The CO2 reduction 

performance was subsequently studied on the mixed catalyst system. The CO2 

conversion was greatly enhanced, almost two times higher compared with NGZr 

mixed with quartz sand. The results showed that the catalytic properties were 

promoted by the introduction of 50% MG50 as a high-temperature CO2 adsorbent. 

The MG50 amount in the catalytic system was investigated subsequently. The 

highest space-time yield was observed in the 25%NGZr/MG50 mixture, with 123.5 

gmeth`gcat
-1

`h-1 at 300 °C. This interesting result suggested that catalytic properties 

per active site were greatly improved by MG50. A lower space velocity was also 

found to increase overall CO2 conversion due to a shorter interaction time between 

gaseous reactant and active sites, however, the methanol selectivity decreased 

simultaneously. In addition, the type of high-temperature adsorbent influenced 

overall catalytic properties. The NGZr/Ca-chabazite mixed catalyst exhibited a poor 
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catalytic performance, with almost half of the CO2 conversion compared with 

NGZr/MG50 catalysts at 300 °C, 30 bar. The decreased CO2 conversion was 

attributed to the partial structure decomposition of Ca-chabazite due to 

dealumination in presence of moisture, and a lower CO2 adsorption amount due to 

a weakened Van-der-Waal force at high temperature. Furthermore, a short distance 

between NGZr active sites and MG50 was observed to greatly enhance the CO2 

conversion, and thus the powder mixture was suggested to be the most appropriate 

packing mode for NGZr catalysts and MG50 catalytic system in methanol synthesis 

from CO2. 
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Chapter 7 The study on a novel Ni-Ga-Zr catalyst for CO2 

hydrogenation to methanol 

7.1 Introduction 

In previous chapters, a novel Ni-Ga-Zr catalyst was successfully synthesized, and 

the catalytic performance, such as CO2 conversion, methanol yield and selectivity, 

was found to be comparable with commercial Cu-based catalysts, at 300 °C, 30 bar. 

In Chapter 6, a further modification was carried out, by physically mixing a 

commercialized high-temperature CO2 adsorbent, MG50, with Ni-Ga-Zr catalyst. 

The space-time yield of methanol was greatly improved, and the CO2 conversion of 

the mixed catalytic system was two times higher than that of the same amount of 

individual catalyst. However, more efforts could be directed to enhance the Ni-Ga-

Zr catalysts, to further increase the overall CO2 conversion.  

In this study, the Zr amount was optimized in Ni-Ga-Zr catalyst, by preparing a 

series of Ni-Ga-Zr HTlc structures and further reducing them under H2/Ar at 700 °C. 

The as-prepared Ni-Ga-Zr catalysts were investigated by PXRD and TEM-Mapping, 

to study the structural information, elemental analysis and morphology 

characterization. The reducibility of precursors was studied by TPR measurement. 

Thermal stability of reduced Ni-Ga-Zr catalysts was examined by TGA 

measurement. The catalytic properties were evaluated in a micro-reactor, for CO2 

hydrogenation to methanol reaction.  

7.2 Methodologies 

7.2.1 Catalyst preparation 

A series of HTlc precursors consisting of nickel, gallium, zirconium was synthesized 

by a urea hydrothermal method. Ni(NO3)2.6H2O (Sigma Aldrich), Ga(NO3)3.9H2O 

(Changsha Easchem Co., Limited), and ZrO(NO3)2.6H2O (Sigma Aldrich) were 

dissolved in 100 ml distilled water. The urea was added into the solution with 

vigorous stirring. The chemicals were used without further purification. The well-

mixed solution was transferred to a hydrothermal autoclave (Parr, model 4843), 

heated at 110 °C for 4 hours with a stirring speed of 127 rpm. The precipitate was 

naturally cooled down to room temperature, separated by centrifugation, and 

washed with de-ionized water for three to four times, and dried at 100 °C overnight. 
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The Ni:Ga:Zr molar ratio in the mixed solution was listed in Table 12, and the HTlc 

precursor was denoted by the Zr content, namely, NGZr10-HTlc, NGZr15-HTlc, 

NGZr20-HTlc and NGZr25-HTlc, and NGZr5 in Chapter 5 was used as reference 

material. 

Table 12 Nickel, Gallium and Zirconium molar ratio in as-prepared HTlc precursor 

 Nickel Gallium Zirconium 

NGZr5-HTlc 61.75 33.25 5.00 

NGZr10-HTlc 58.50 31.50 10.00 

NGZr15-HTlc 55.25 29.75 15.00 

NGZr20-HTlc 52.00 28.00 20.00 

NGZr25-HTlc 48.75 26.25 25.00 

 

The precursors were collected, crushed and sieved into 40-60 mesh particles, and 

reduced by 5% H2/Ar mixed gas with a flowrate of 40 mL/min, kept under 700 °C 

for 6 hours. The corresponding reduced catalysts with different Zr content were 

denoted as NGZr(x)-r, where x represented the Zr content. 

7.3 Results and discussion 

7.3.1 Structural and morphology study on Ni-Ga-Zr catalysts 

The PXRD patterns of NGZr-r catalysts are shown in Fig. 57. As can be seen from 

the figure, the typical reflections of planes in the Ni3Ga crystal structure could be 

clearly observed, with 2θ values of 43.6°, 50.8° and 74.8°, representing (111), (200) 

and (220) planes139. The presence of these peaks suggested that the Ni-Ga 

bimetallic phase was not changed as the Zr content increased. However, clear 

reflections of ZrO2 were observed in addition to Ni3Ga in the cases of NGZr15-r, 

NGZr20-r and NGZr25-r, suggesting that ZrO2 was increasingly crystallized with an 

increasing amount of Zr in the catalyst synthesis mixture. Additionally, the Ni3Ga 

crystal structure was also influenced by a higher Zr content. For example, the (220) 

plane, originally located at 75°, shifted to a higher angle in NGZr15-r, NGZr20-r and 

NGZr25-r samples. The slight change was possibly ascribed to lattice distortion. In 

Bragg’s law, nλ=2dsin(θ), where λ represents the X-ray wavelength, d indicates the 

lattice distance of specific crystal planes, and θ is the reflection angles. When peaks 

shifted to a higher angle, the corresponding lattice distance was decreased. The 
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reason could be either crystal plane contracted due to micro stress, or the atom in 

the crystal structure was replaced by other elements with a different diameter140. 

As can be seen from Fig. 57, the (220) plane in Ni3Ga structure shifted to a higher 

angle, while other planes hardly exhibited any change, indicating that the (220) 

plane possibly contracted as the peak intensities corresponding to ZrO2 increased, 

with an increase in the amount of Zr added into the catalytic system. 

 

 

Fig. 57 PXRD patterns of as-prepared Ni-Ga-Zr catalysts 
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Fig. 58 TEM images of a) NGZr10-r, b) NGZr15-r, c) NGZr20-r and d) NGZr25-r 

The morphologies of reduced Ni-Ga-Zr catalysts were investigated by TEM. As can 

be seen in Fig. 58, the average particle size of all reduced catalysts was quite 

similar, around 30-50 nm, and no obvious decrease was observed when compared 

with the NGZr5-r catalyst, as was discussed in Section 5.3.1.5. The elemental 

distribution of as-prepared Ni-Ga-Zr catalysts is shown in Fig. 59. Ni-Ga aggregated 

as a core while Zr was surrounded and isolated the agglomeration of Ni-Ga alloy 

as described earlier in chapter 5. However, as Zr content increased from 5% to 25%, 

the ZrO2 no longer showed a spacer effect, instead, it formed ZrO2 nanoclusters 

between Ni-Ga particles (Fig 59 b-d). 
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Fig. 59 TEM-mapping of a) NGZr10-r, b) NGZr15-r, c) NGZr20-r and d) NGZr25-r, where nickel atoms are 
blue, gallium atoms are red, and zirconium atoms are yellow 

 

7.3.2 Reducibility of Ni-Ga-Zr catalysts 

The reducibility of the as-prepared materials was investigated by TPR 

measurement. All samples were pre-treated at 300 °C under Helium atmosphere, 

to eliminate the influence of adsorbed H2O and CO2. As can be seen from Fig. 60, 

NGZr5 -HTlc showed difficulty during reduction (pretreatment), with all reduction 

peaks shifting to a higher temperature when compared with NGZr-HTlc investigated 

in Section 5.3.2. A similar result was reported in other literature111 regarding the 

reduction of Ni-Ga nano-particles, and the change in reduction temperature was 

attributed to particle sintering at elevated calcination temperatures. When Zr 

content increased from 5% to 15%, the overall reduction peaks shifted to a lower 
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temperature since ZrO2 facilitated electron transfer, and thus promoted the H2 

reduction. However, the reduction temperature was not further lowered as Zr 

content increased from 15% to 25%. The result suggested that ZrO2 was saturated 

when Zr content reached 15%, and Ni-Ga alloy and ZrO2 interaction with each other 

ceased when more Zr was introduced in HTlc framework. In addition, the Ni1 

disappeared in TPR profiles of NGZr15,20 and 25-HTlc samples. As discussed 

before, Ni1 represented the reduction of isolated NiO in the HTlc precursor. An 

increasing amount of ZrO2 in HTlc precursor contributed to more interactions 

between Ni-Zr, resulting in a sharp decrease amount of bulk NiO.  

 

 

Fig. 60 TPR profiles for a series of Ni-Ga-Zr catalysts 

7.3.3 Thermal stability of Ni-Ga-Zr catalysts 

The NGZr15-r catalyst was investigated by TG measurement with a continuous CO2 

flow, to test the thermal and chemical stability of the as-prepared catalyst. As can 

be seen from Fig. 61, a mild weight loss was observed below 200 °C, which was 

due to the desorption of water, and the weight remained constant as temperature 

increased to 500 °C. However, an obvious weight increase was observed above 

500 °C, suggesting that CO2 was adsorbed on the catalyst's surface. The CO2 

subsequently reacted with ZrO2 and formed carbonate species as temperature 

increased above 500 °C141. As a result, the catalysts were stable under 500 °C, and 
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it was chemically and thermally stable under reaction conditions studied, (200 °C-

300 °C). 

 

Fig. 61 TG profiles of NGZr15-r catalyst under CO2 gas flow 

 

7.3.4 Catalytic properties 

The catalytic performance of as-prepared NGZrx-r catalysts and commercial Cu-

based catalysts were evaluated for the methanol synthesis reaction in the 

temperature range between 200 °C and 300 °C, at 30 bar. As can be seen from Fig. 

62, the CO2 conversion exhibited an increasing trend as the Zr content increased 

to 15%, however, overall CO2 conversion endured a slight decrease when Zr 

content was further increased from 15% to 25%. The interactions between Ni-Ga 

alloy and ZrO2 were enhanced when Zr was incorporated into the framework with a 

moderate percentage (below 15%). Nevertheless, with an excess amount of Zr in 

the Ni-Ga catalytic system, no further promotion effect from ZrO2 was observed, 

instead, the main Ni-Ga active sites for methanol synthesis decreased accordingly, 

resulting in a continuous loss in catalytic properties. It could also be found that the 

commercial Cu-based catalysts showed highest CO2 conversion under all 

temperatures, but the methanol selectivity was the lowest as compared with Zr-

modified Ni-Ga based catalysts (Fig. 63). The calculated methanol yield was 

reported in Fig. 64. The methanol yield of as-prepared NGZrx-r series exhibited a 

mild change at 200 °C when compared with its CO2 conversion due to almost 100% 

methanol selectivity. In contrast, the methanol yield in the case of commercial Cu-

based catalysts exhibited a sharp decrease because an enhanced rWGS reaction 
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competed with methanol synthesis simultaneously. As reaction temperature 

increased, the methanol yield experienced a slight change in NGZrx-r catalysts, 

and the highest methanol yield (3.42%) was observed in NGZr15-r at 300 °C and 

30 bar. It was worth mentioning that the methanol yield from NGZr15-r surpassed 

that of commercial Cu-based catalysts over the entire temperature range.  

 

Fig. 62 CO2 conversion of a series of NGZrx-r catalysts and Commercial Cu-based catalysts under the 

temperature range of 200 °C to 300 °C, 30 bar 

 

Fig. 63 Methanol selectivity of a series of NGZrx-r catalysts and Commercial Cu-based catalysts under the 
temperature range of 200 °C to 300 °C, 30 bar 
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Fig. 64 Methanol yield of a series of NGZrx-r catalysts and Commercial Cu-based catalysts under the 
temperature range of 200 °C to 300 °C, 30 bar 

 

 

7.4 Conclusion 

In this chapter, a series of Ni-Ga-Zr catalysts were synthesized via HTlc precursors. 

The PXRD results suggested that Ni3Ga was formed as a major Ni-Ga bimetallic 

phase.  ZrO2 peak intensity increased with an increase Zr content, from 15% to 25% 

Zr in the overall catalytic system, and an excess amount of Zr resulted in a 

contraction of (220) plane in Ni3Ga crystal structure. The morphology information 

was obtained from TEM images, and it could be observed that the ZrO2 

agglomerated and formed nanoclusters between Ni-Ga particles, instead of 

surrounding it. The reducibility of the as-prepared parent HTlc precursors was 

tested by TPR. The reduction temperature of Ni-Ga-Zr catalysts shifted to lower 

temperature as Zr content increased to 15%, which was attributed to enhanced 

interaction between Ni-Ga and ZrO2. However, no obvious improvement was 

observed as Zr content increased above 15%. The stability was investigated by 

TGA under a continuous CO2 gas flow, and the result revealed that the Ni-Ga-Zr 

catalysts reacted with CO2 and formed carbonates as the temperature was raised 

to over 500 °C, however, the catalysts were stable under reaction temperature 

range, which was between 200 °C and 300 °C. The catalytic performance was 

evaluated for methanol synthesis, and Ni-Ga-Zr catalyst with 15% Zr content 

exhibited the highest methanol yield, which was higher than commercial Cu-based 

catalyst over the entire reaction temperature range. 
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Chapter 8 Summary and future work 

8.1 Summary 

Even though the conclusion of each chapter has been reported before, a combined 

summary is shown here to illustrate the overall context of this research. 

As discussed at the start of this thesis, a Ni5Ga3 bimetallic catalyst was reported by 

others to achieve high methanol selectivity and reasonable CO2 conversion 

compared with other Ni-Ga bimetallic phases, such as NiGa and Ni3Ga, and 

commercial Cu-based catalysts. However, that work showed that it was difficult to 

prepare highly pure Ni5Ga3, which limited the applicability of these catalysts. 

Therefore, a reproducible and relatively easier method to synthesize Ni5Ga3 was in 

great demand and provided the motivation for this PhD work. 

At the beginning of this study, and reported in Chapter 4, a Ni-Ga type HTlc 

precursor was synthesized, to prepare highly pure Ni5Ga3 catalysts. The major 

findings were: 

4-(1) The HTlc structure was greatly influenced by urea hydrothermal temperature. 

The HTlc particle size expanded in both horizontal [110] and vertical [003] directions 

as the temperature of urea hydrolysis increased from 90 °C to 150 °C. 

4-(2) Ni5Ga3 crystal structure depended on its original parent HTlc precursor. An 

enlarged HTlc precursor grain size contributes to a larger Ni5Ga3 particle size, and 

a well-defined and more stable Ni-Ga HTlc precursor results in formation of a stable 

Ni5Ga3 structure with an expanded cell volume.  

4-(3) HTlc precursor was highly selective for Ni5Ga3 synthesis. Ni5Ga3 could be 

easily obtained with a wide range of Ni:Ga ratio from HTlc precursor, while Ni3Ga 

appeared to be the main phase as Ni:Ga ratio was varied in the traditional 

impregnation method. 

4-(4) Sample 110 °C-Ni5Ga3 presented high methanol selectivity (100%) with an 

overall CO2 conversion of 3.2%, and a turnover frequency of 0.27 s-1 in CO2 

hydrogenation to methanol. And the catalytic stability was confirmed by 160 hours 

endurance test with a constant CO2 conversion. 
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Despite the high purity of Ni5Ga3, the catalytic performance could be further 

enhanced by reducing the particle size and increasing the promotion effect by metal 

oxides. Thus, additives, such as Mg, Zn and Zr, were incorporated in Ni-Ga HTlc 

precursor (Ni-Ga-X) using a similar synthesis procedure described in Chapter 5. 

The conclusions are summarized as below: 

5-(1) Ni3Ga, instead of Ni5Ga3, was the dominant Ni-Ga phase as promoters 

incorporated in parent HTlc structure. The instability of HTlc precursor due to 

additional elements and shortened hydrothermal reaction time contributed to the 

synthesis of Ni3Ga. 

5-(2) Each promoter presented as different forms in Ni-Ga catalytic system. Mg was 

not completely precipitated into Ni-Ga-Mg HTlc precursor due to a higher 

precipitation pH; ZnGa2O4 was formed in reduced Ni-Ga-Zn catalysts; while Zr 

presented as amorphous ZrO2 in Zr modified Ni-Ga catalysts. 

5-(3) ZrO2 was crucial to prepare highly reactive Ni-Ga catalysts. Incorporating Zr 

in Ni-Ga catalysts considerably reduced the average particle sizes. The Ni3Ga was 

isolated and separated by surrounding Zr as an apron in fringe. In addition, the ZrO2 

facilitated the reduction of Ni3Ga catalysts with an enhanced electron transfer. 

Furthermore, a strong basic site was introduced to the overall catalytic matrix, which 

would facilitate the methanol synthesis. 

5-(4) Ni-Ga-Zr (NGZr) catalyst exhibited the highest CO2 conversion (4.6%) and 

methanol yield (3.8%). A stability test was carried out (TOS), and the CO2 

conversion remained constant for 100 hours’ test. 

The reactivity was enhanced by ZrO2 as promoters in Ni3Ga catalytic matrix. An 

idea was developed subsequently, based on the concept of “sorption enhanced 

reaction”. Specifically, the NGZr catalyst was modified by a high-temperature CO2 

adsorbent in Chapter 6. Some conclusions were drawn as summarized below: 

6-(1) The CO2 conversion was almost two times higher over 50% MG50 mixed with 

50% NGZr catalysts than 50% quartz sand mixed with 50% NGZr catalyst. 

6-(2) The amount of MG50 greatly influenced the methanol space-time yield 

(STYMeOH). The highest space-time yield was observed in 25%NGZr/MG50 mixture, 

with 123.5 gmeth`gcat
-1

`h-1 at 300 °C.  
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6-(3) Other CO2 adsorbent, such as Ca-chabazite, was found to be detrimental to 

the catalytic performance. The high-temperature dealumination of Ca-chabazite 

zeolite in the presence of water vapor and weakened Van der Vaal forces between 

zeolite and CO2 at elevated temperatures, leading to a lower CO2 conversion. 

6-(4) The packing mode considerably influenced CO2 conversion. The NGZr and 

MG50 were mixed in powder and pellet forms, respectively, and the former 

exhibited two times higher CO2 promotion, while the later barely exhibited any 

promotion effect when compared with Cu-based catalysts. A short distance 

between active sites and CO2 adsorbent was crucial for reactivity enhancement. 

Despite the improvement in STYMeOH, the methanol yield was still lower than 

commercial Cu-based catalysts under moderate temperature such as 200 °C and 

250 °C. As a result, the Ni-Ga-Zr catalytic matrix was subsequently modified by 

optimizing the Zr content in Chapter 7. The conclusions are: 

7-(1) t-ZrO2 was highly crystallized with a higher Zr content (over 15%) and 

agglomerated as nanoclusters between Ni-Ga particles; while Zr tended to 

assemble around the Ni-Ga particles below Zr percentage (5%-15%), with higher 

interactions between Ni-Ga and ZrO2. 

7-(2) The average particle size was not further reduced as Zr content increased; 

however, the reducibility was enhanced at low Zr content (below 15%). 

7-(3) The methanol yield of Ni-Ga-Zr(15%) surpassed that of Cu-based catalysts 

under the entire reaction condition.  

8.2 Future work 

In this study, Ni-Ga based catalysts were investigated in terms of structural 

information, theoretical analysis, and catalytic properties for the methanol synthesis 

reaction. Ni5Ga3 and Ni3Ga are promising catalysts for methanol synthesis, 

specifically, Ni3Ga has higher methanol yield compared with commercial Cu-based 

catalysts and Ni5Ga3 prepared from HTlc precursor. Despite improvement for the 

catalytic system, some studies remain to be further investigated in the future. These 

include: 
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(1) Decreasing particle size of Ni5Ga3 prepared from HTlc precursors: It can be 

seen from Chapter 4, that the lower CO2 conversion was attributed to a large Ni5Ga3 

grain size. The Ni5Ga3 particle agglomeration was due to high-temperature H2 

reduction. As a result, particle sizes of Ni5Ga3 could potentially be restricted by 

changing high-temperature reduction to lower temperature liquid reduction by 

alternate reducing agents. By this approach, Ni5Ga3 particles could possibly be 

well-separated in the liquid phase and avoid severe agglomeration.  

(2) Investigation of other promoters for the Ni-Ga catalyst matrix: It was found that 

ZrO2-decorated Ni-Ga catalysts exhibited a considerable increase in CO2 

conversion and methanol yield. As a result, other metal oxide promoters, such as 

Indium oxide and Titanium oxide, could possibly facilitate the methanol synthesis 

reaction rate. 

(3)  Further enhancement of Ni-Ga catalytic performance: The Ni-Ga-Zr (15%) 

catalyst was observed to exceed commercial Cu-based catalysts in terms of 

methanol yield and methanol selectivity, however, the price of Ni-Ga based 

catalysts surpassed that of Cu-based catalyst. As a result, further promoting the Ni-

Ga-Zr catalytic system, by changing the preparation method, is in great demand to 

compensate the price margin for potential future industry application. 
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