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Abstract 

The Fischer-Tropsch (F-T) technology is a proven technique for the conversion of 

syngas to valuable synthetic fuels and chemicals. Higher alcohol –– containing 2 or 

more carbon atoms –– represents a very attractive product class of the F-T synthesis 

and can be widely used in a large array of applications. It is recognised that a successful 

higher alcohol synthesis (HAS) process requires a highly selective and stable catalyst. 

HAS catalysts have thus been studied intensively over the past three decades by many 

industrial and academic researchers. However, none of the HAS catalysts or processes 

developed to date have been sufficiently active and/or selective to motivate industrial 

commercialization of HAS via the F-T process. Perovskite oxides (ABO3), particularly 

LaCoO3, have attracted increasing interest for HAS in the last ten years, due to their 

unique structure and flexibility in their design and preparation. Many promising results 

were reported recently by different researchers, unfortunately, the higher alcohols’ 

yields were still too low for any industrial application. 

The present study aims to develop stable perovskite catalysts with high activity and 

selectivity for HAS from syngas. In addition, this research also dedicates to providing 

insights into the effect of partial substitution of the A- and/or B-site in the perovskite 

catalyst on the catalyst properties and catalytic performances, using LaCoO3 as model 

catalyst.  

Firstly, this research reported the effect of strontium substitution at the A-site of 

LaCoO3 perovskite in the F-T synthesis for the first time. It was found that strontium 

substitution improved La1-xSrxCoO3 catalyst’s reducibility and increasing strontium 

substitution beyond a threshold of x=0.1 had an inverse effect on the catalytic 

performance in the syngas conversion. For x≤0.1, the catalysts exhibited a stable 

rhombohedral structure, which led to a good dispersion of active centre of Co0 during 

the reduction process, and displayed a high catalytic activity. For x>0.1, the catalyst 

structure was gradually changed from a rhombohedral to a less stable cubic structure, 

and led to Co0 sintering, as well as the formation of inactive SrCO3 during the reaction. 

The turnover frequency of cobalt atom in the F-T reaction decreased significantly with 

increasing strontium substitution levels due to the loss of active catalyst surface. 

Substitution at the A site improved syngas conversion, but no increase on higher 
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alcohol selectivity was observed. It was also found that the strontium substitution 

appeared to favour the Boudouard reaction at the beginning of the induction period.  

Secondly, this research evaluated the performance of different nickel substitution 

levels at the B-site of La0.9Sr0.1Co1-yNiyO3 perovskite catalysts for HAS from syngas. 

It was found that nickel substitution also improved the catalyst’s reducibility, CO 

conversion and higher alcohol selectivity. We believe the synergistic effects between 

the two metal species in the Co-Ni alloy were responsible for the performance 

improvement. That is, the Co-Ni alloy showed a bi-functionality — chain propagation, 

leading to the formation of the hydrocarbon precursors, and the subsequent CO 

insertion, under hydrogenation condition. With high nickel substitution levels (y=0.5), 

metal nickel also formed and existed outside of the perovskite framework. The extra-

lattice nickel species, reduced to metallic nickel, favoured the methanation reaction 

rather than the formation of higher alcohols. The La0.9Sr0.1Co0.9Ni0.1O3 catalyst showed 

highly dispersed bimetallic Co-Ni alloy and less extra-lattice Ni0 phase. This catalyst 

also demonstrated the highest selectivity toward higher alcohol formation. It was also 

found that a homogeneous distribution of the bi-metallic Co-Ni alloy is the key factor 

for both high higher alcohol selectivity and yield in HAS. The reaction temperature 

was also proven to be a critical factor affecting both alcohol selectivity and yield.  

Thirdly, tri-metallic Co-Ni-Cu-based La0.9Sr0.1Co0.8Ni0.1Cu0.1O3 (LSCNC) perovskite 

oxides were used as catalysts for further investigations into the synergistic effect of 

the metals at the B-site of perovskites for HAS. With the addition of copper, the CO 

adsorption ability of the catalyst was reduced, which led to a lower CO conversion and 

lower total alcohol yield compared to that of Co-Ni-based catalyst 

(La0.9Sr0.1Co0.9Ni0.1O3) for HAS and catalyst decay occurred beyond 310°C. However, 

the synergetic effect between the three metals had a positive effect on increasing 

ethanol selectivity, indicating the tri-metallic LSCNC catalyst had the potential to 

produce C2+OH at optimal conditions.  

The effect of alkali promoters (sodium and potassium) were also studied carefully, and 

catalytic stability tests were carried out over the LSCNC catalyst. The addition of 

potassium improved the higher alcohol selectivity and yield in the F-T process 

significantly. Moreover, K-promoted catalyst showed excellent reaction stability for 

HAS from syngas, with no deactivation observed after more than 240 h time on stream, 
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suggesting that potassium is not only a promoter for HAS but also a catalyst stabiliser. 

In addition, the effect of reaction conditions were also investigated in this study: 

catalytic activity of K-LSCNC catalyst increased with reaction temperature, and a 

H2/CO ratio of 2 was the optimal ratio for higher alcohol formation. 

In summary, this work not only presents the development of a series of substituted 

LaCoO3-based perovskite catalysts for HAS via the F-T process, but also proposed a 

direction in designing perovskite catalysts tailored for the selective production of 

higher alcohols. The findings in this study can significantly contribute to the future 

development of perovskite catalysts, HAS process, and other related fields.  
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 Chapter 1 Introduction 

1.1 Background and Motive 

Natural gas is the third largest global energy source at present, behind oil and coal. 

This fossil fuel currently accounts for about 1/5 of the worldwide energy consumption 

and this ratio is expected to increase substantially in coming decades [1]. The fast-

growing consumption of natural gas is attributed to its abundant resources, robust 

production and somewhat cleaner output than its counterparts, namely coal and oil [2]. 

Forty to sixty percent of the world’s proven natural gas reservoirs are remote or 

stranded, so transporting natural gas from the reservoir to the end users by pipeline is 

difficult and expensive [3]. Liquefied natural gas (LNG) is a current solution for 

natural gas transportation, when pipelines are not an option (e.g. overseas export), but 

the relatively high cost of production process and the expensive infrastructures (e.g. 

cryogenic tanks) have limited its current commercial application to large natural gas 

resources, rather than the small/stranded ones. Strict transportation requirement, 

energy security of supply and environmental concerns create a need to look at 

alternative ways to utilise natural gas resources. Chemically converting this methane-

rich feedstock into transport fuels or chemicals, via the Gas-to-Liquids (GTL) 

technology, has been proved to be a promising way for natural gas utilisation. 

 In the GTL process, methane from the natural gas is first transformed into 

synthesis gas (syngas, a mixture of CO and H2), which is then catalytically converted 

into liquid synthetic fuels or chemicals in a second step via the Fischer-Tropsch (F-T) 

synthesis, before being refined/separated into desired fuels such as gasoline and diesel. 

Prior to the syngas generation process, during the natural gas clean-up stage, mercury, 

sulphur, and nitrogen are removed, so the products produced by syngas are virtually 

free of contaminants such as sulphur and metals. In view of environmental protection 

and resources utilisation, the catalytic conversion of syngas is generally recognized as 

a promising route for providing clean fuels and chemicals for the chemical industry. 

As global energy demand rises by nearly 48% from 2012 to a projected 815 quadrillion 

British thermal units (Btu) in 2040, syngas will become increasingly important for 

liquid fuels and chemical synthesis [2]. 
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The F-T technology has proven ability to convert syngas to high-value 

hydrocarbons (e.g. gasoline, diesel and light olefins) and organic oxygenates (e.g. 

methanol, ethanol and mixed higher alcohols) [4]. Since its discovery in the 1920s by 

German scientists, F-T synthesis has received increasing attention and undergone 

periods of rapid development due to the depletion of fossil fuel resources, rising crude 

oil prices, and politico-economic contexts. The F-T synthesis produces a wide range 

of products by applying various reaction conditions and catalysts. The traditional F-T 

products are principally hydrocarbons and methanol. Hydrocarbons need further 

treatment such as cracking to convert them to more useful products, adding to the 

production costs. Although methanol yield in the F-T process can reach very high level 

under ideal operating conditions, this process cannot bring any considerable profit as 

the market price of methanol is low. Thus, producing higher-value products by the F-

T process becomes attractive, and higher alcohol synthesis (HAS) from syngas process 

has been investigated intensively by industrial and academic researchers over the past 

30 years.  

Higher alcohols –– containing 2 or more carbon atoms –– can be widely used in 

industrial chemistry as primary materials. The most useful higher alcohols are C2 to 

C5 alcohols (linear or branched), some of which can also be used directly as 

transportation fuels, either alone or in gasoline blends, to extend gasoline supplies and 

enhance octane number, thus improving engine performance [5]. Higher alcohols are 

usually produced through two major processes in industry: fermentation of sugars 

derived from corn or sugar cane (mostly ethanol) and hydroformylation of olefins [6, 

7]. However, the disadvantages of these processes could not be neglected. Alcohols 

produced from fermentation need more energy and the cost of production is high. 

Though sugar from plant material is a renewable resource, it’s also an important feed 

grain for human needs. One of the major limitations for higher alcohol production 

through hydroformylation is its requirement for high energy input, as the reaction takes 

place at severe conditions (high temperatures and high pressures). This process also 

heavily rely on olefins, which is a finite resource based on crude oil. Compared to the 

above processes, the F-T process is a promising way for HAS from syngas. In F-T 

process, syngas can be produced from a wide range of resources such as natural gas, 

coal and biomass, which does not compete with potential food sources. 
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It is recognised that a successful HAS process requires a highly selective and 

stable catalyst, so HAS catalysts have been studied intensively over the past three 

decades by many industrial and academic researchers [6, 8, 9]. Four major catalyst 

groups have been studied from the early stage of the HAS process: modified methanol 

synthesis catalyst, modified F-T catalysts, molybdenum-based catalysts and rhodium-

based catalysts. Although there have been various catalytic systems developed for 

HAS from syngas, yields still remains low, and a great effort is still required to improve 

both stability and selectivity of catalysts. Unfortunately, no commercial F-T process 

for HAS exists as of today, and all published research results are from bench scale.  

Perovskite oxide (ABO3) was found to be a good catalyst precursor for different 

chemical reactions. This structure can be formed easily with a wide range of A- and 

B- site metal, which facilitate catalyst design and preparation. This catalyst type has 

attracted increasing interest for HAS in the last ten years. Many promising results were 

reported recently by different researchers, but unfortunately, the targeted products’ 

yields were still too low for any industrial application. Some questions about the effect 

of perovskite structure and the type of metal atoms on the catalytic activity, such as 

active centre dispersion, the synergistic effect between metal atoms and reduction 

properties, still remain. The mentioned knowledge gaps are the main motives of this 

research.     

1.2 Scope and Objectives 

The present study aims to develop stable perovskite catalysts with high activity 

and selectivity for HAS from syngas. In addition, this research also dedicates to 

provide insights into the effect of partial substitution of lanthanum and cobalt atom in 

LaCoO3 perovskite on the catalyst properties and catalytic performances. To this end, 

comprehensive studies integrating catalyst design and characterization, catalytic 

reaction and stability test were implemented. The specific objectives of this study are 

as follows: 

 To design, prepare and characterize ABO3 substituted perovskite catalysts 

(A1,1-xA2,xB1,1-y-zB2,yB3,zO3). 

 To investigate the effect of partial substitution of the A- and B-sites of 

perovskite catalysts for HAS from syngas in F-T synthesis. 
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 To examine the effect of alkali promoters and reaction conditions over prepared 

perovskite catalysts for higher alcohol formation. 

 To test the catalyst performance over the catalysts mentioned above in HAS 

process, and assess the catalyst stability and lifetime. 

1.3 Thesis Outline 

This thesis consists of 7 chapters including the current chapter. Each chapter in 

this thesis is outlined below: 

 Chapter 1 introduces the background and objectives of the current research. 

 Chapter 2 provides an up-to-date literature review on the development of HAS 

process from syngas, a classification of HAS catalysts and catalyst 

characteristics effect for HAS selectivity, finally leading to the identification 

of existing research gaps and catalyst candidates for the present study. 

 Chapter 3 provides an overview of the research methodology employed to 

achieve the research objectives and detailed descriptions on the sample 

preparation, experimental setups, and analytical instruments involved. 

 Chapter 4 studies the structure and activity effect of strontium-substituted 

LaCoO3 perovskite catalysts for syngas conversion. Behaviour of La1-

xSrxCoO3 perovskite catalysts during the induction period in syngas 

conversion is also included. 

 Chapter 5 investigates the effect of nickel substitution in La0.9Sr0.1CoO3 

perovskite catalysts for HAS in F-T synthesis.  

 Chapter 6 examines the performance of alkali-promoted Co-Ni-Cu-based 

perovskite catalysts for HAS from syngas. The effects of reaction conditions 

were studied and catalytic stability tests were carried out over the selected 

catalyst. 

 Chapter 7 concludes on the meaningful findings in this study and lists out 

recommendations for future work. 
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 Chapter 2 Literature Review 

2.1 Introduction 

The modern world’s fuels and valuable chemicals production is currently based 

predominantly on petroleum crude oil as a feedstock. Figure 2-1 illustrates the energy 

consumption worldwide by energy source. However, interest is now shifting towards 

finding alternative sources to power the world and produce fuels and industrial 

chemicals due to depleting crude oil reserves and increasing environmental issues.  

Figure 2-1. World energy consumption by energy source from 1990 to 2040 (quadrillion British 

thermal units) [1]. Note: Dotted lines for coal and renewables show projected effects of the U.S. Clean 

Power Plan. 

Natural gas is viewed more and more as an alternative and transitional feedstock, 

and the ability to convert it to a wide range of fuels and chemicals has attracted interest 

since the 1920s. 130 trillion cubic feet (Tcf) of natural gas are currently produced 

annually all over the world, with 50.7 Tcf used in the industrial sector for the 

production of organic chemicals, plastics, detergents, and cosmetics [1]. 

The most common uses for natural gas are power generation, transportation fuels, 

and transformation to chemical feedstocks [2]. The Gas-to-Liquids (GTL) process is 

recognised as one of the major routes that chemically converts natural gas to liquid 
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fuels (or other chemicals), which could help to satisfy growing global demand for high-

quality liquid products. In a typical GTL process, natural gas (cleaned up to methane) 

is first converted to synthesis gas (syngas), a mixture of hydrogen and carbon 

monoxide, by partial oxidation, steam reforming, or dry reforming (or combinations 

thereof). Syngas is then catalytically converted into different liquid products via the 

Fischer-Tropsch (F-T) synthesis, which is recognised as an effective process to 

generate valuable products from natural gas, via syngas production [3, 4]. Oxygenates, 

and alcohols in particular, represent a very attractive product class of the F-T synthesis 

[2, 5]. Alcohols can be added to gasoline to improve combustion efficiency by 

increasing the oxygen content. Also, alcohols promote complete fuel combustion, 

thereby reducing carbon monoxide emission and toxic tailpipe pollution. Methanol has 

been successfully produced through this route in large scale — over 90 methanol plants 

worldwide have a combined production capacity of about 110 million metric tons 

annually [6]. However, there has been intensive research focused on shifting the 

synthesis away from methanol and toward higher alcohols (C2+OH) over the past three 

decades. Higher alcohols are used in a large array of applications, such as alternative 

fuels, fuel additives, and raw materials in industry or intermediates for value added 

chemicals. 

The objective of this chapter is to review the development and current status of 

catalysts used for higher alcohol synthesis (HAS) from syngas from 1980 to date. Due 

to the large number of reports and the many different impact factors on the catalysts’ 

performance, it is impossible to review all of them in this chapter. This review 

concentrates on the important factors such as catalyst types, supports, promoters, and 

catalyst preparation methods for HAS. The review starts with a short introduction on 

F-T synthesis (Section 2.2) and its use to produce alcohols (Section 2.3), and then 

moves on to review different catalyst types used for HAS (Section 2.4). The 

performances of the catalysts (conversion and selectivity) in relation to their 

characteristics (supports, promoters, preparation methods, etc.) are also analysed and 

discussed in Section 2.5. The advantages and disadvantages of all the listed HAS 

catalysts are then evaluated in Section 2.6. In addition, a particular emphasis on 

perovskite catalysts is made in Section 2.7 as it is considered a most promising 

catalysts for HAS from syngas. Lastly, this chapter identifies the challenges, 

perspectives and objectives of this study in Section 2.8.  
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2.2 Fischer-Tropsch Synthesis  

Since the discovery of the F-T synthesis in the 1920s and its first industrial 

application in 1936 for the production of fuels from coal, both in Germany, F-T 

synthesis has received intermittent attention and undergone some periods of rapid 

development and growth, generally linked to political and economic factors [5, 7-9]. 

Nowadays, the F-T process is used industrially mostly for the production of liquid 

fuels from natural gas. There are a few large-scale F-T plants in operation today, for 

gasoline and diesel fuels production from natural gas, such as the Shell plants in 

Malaysia (Bintulu GTL, 14,700 barrels per day (bpd)) and Qatar (Pearl GTL, 140,000 

bpd), the Sasol plants in Qatar (Oryx GTL, with Qatar Gas, 24,000 bpd) and South 

Africa (Mossel Bay GTL, with PetroSA, 36,000 bpd),  and the Chevron plants in 

Nigeria (Escravos GTL, with Nigerian National Petroleum Company and Sasol, 

36,000 bpd) [10-13].  

In the F-T process, a number of hydrocarbons can be produced from syngas, with 

paraffin and olefin generally the main desired products, synthesised according to 

Equation (2-1) and (2-2) respectively (see reviews [14, 15]). 

Paraffin production: (2n+1) H
2
 + n CO → CnH

2n+2
 + n H2O (2-1) 

Olefin production: 2n H2 + n CO → CnH
2n

 + n H2O (2-2) 

One of the most accepted mechanism of F-T synthesis for hydrocarbon formation 

is a CO adsorption and dissociation mechanism to for CHx* group, follow by chain 

growth and hydrogenation (see Figure 2-2). However, side reactions also take place 

during the F-T synthesis, resulting in the formation of methane (Equation (2-3)), 

carbon dioxide (Equation (2-4)), and carbon (Equation (2-5)). 

Methanation:  2 H2 + CO → CH4 + H2O (2-3) 

Water gas shift reaction: CO + H2O ↔ CO2 + H2 (2-4) 

Boudouard reaction: CO + CO → CO2 + C  (2-5) 

Since methane is the most thermo-dynamically favoured product in the F-T 

synthesis, the catalyst and reaction conditions need to be designed to suppress its 

formation in order to increase the selectivity and yield of the target products [16]. The 
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water gas shift (WGS) is an important side reaction, which affects the H2/CO ratio 

during the reaction as it produces hydrogen along with carbon dioxide. Therefore, the 

WGS reaction is desirable for feeds containing a low H2/CO ratio (e.g. syngas from 

biomass or coal) but undesirable with high H2/CO ratio (e.g. with syngas derived from 

methane steam reforming). In addition, the Boudouard reaction leads to the catalyst 

deactivation via carbon deposition on the catalyst surface [17]. 

The hydrocarbon product distribution in F-T synthesis can be described as a chain 

polymerisation process and follows the Anderson–Schulz–Flory (ASF) distribution, 

defined by Equation (2-6) [15]. Ideally, the weight fraction (Wn) of a single 

hydrocarbon product with a carbon number of n depends on the chain growth 

probability (α).  

 Wn/n=(1-α)
2
α(n-1) (2-6) 

In an ideal case, the resulting F-T product distribution, depicted as a plot of the 

logarithm of Wn/n versus n, is a straight line with the slope of the line giving the α 

value. A small α value (α <0.5) results in the formation of lighter (C1-C4) hydrocarbons, 

while a large α value (α >0.95) leads to heavier hydrocarbons (above C22), and the 

valuable C5–C22 liquid hydrocarbons becomes the main product when the α value is 

in the range of 0.7-0.875 [15, 18]. However, deviations from the linear ASF 

distribution are reported frequently, due to either a superposition of two ASF 

distributions resulting from multiple reaction paths or growth sites, or secondary 

reaction processes (olefin readsorption and chain grow) [19, 20]. The most common 

deviation is C1 (methane) and C2 (ethane) — C1 is measured higher than that predicted 

value according to the ASF distribution, while a much lower C2 is usually produced. 

The F-T synthesis has several notable advantages. Firstly, the F-T synthesis can 

produce a mixture of hydrocarbons from different carbonaceous feedstocks, such as 

natural gas, coal, and biomass. Although the first step of the process to generate syngas 

will vary depending on the feedstock (e.g. reforming or partial oxidation of natural gas, 

and gasification for coal and biomass), any syngas can then be converted to synthetic 

fuels via the F-T synthesis. Secondly, F-T products can be stored and transported by 

the same means as petroleum products because of their similar function and 

composition. In addition, F-T fuels are largely compatible with current vehicles and 

infrastructure, and can be blended with current petroleum fuels, such as jet fuels, motor 
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gasoline, and diesel [21]. Thirdly, F-T products are of high quality, being free of 

sulphur and containing very few aromatics and other contaminants typically found in 

petroleum products, thus they burn cleaner than conventional fuels and reduce local 

emissions [22].  

However, drawbacks also exist in the F-T synthesis: in most cases, F-T products, 

especially waxes — the very long chain hydrocarbon products (> C20-25) — usually 

need to be converted to more valuable chemicals and transportation fuels. In general, 

the heavy products (wax) must be cracked into the middle distillate range through wax 

hydrocracking, catalytic cracking, or steam/thermal cracking [23, 24]. This cracking 

process is an additional production cost to the F-T process. The high capital, operation, 

and maintenance costs of the process, as well as the price of gas and oil, are some of 

the constraints that influenced the commercialisation and competitiveness of the GTL 

F-T synthesis compared to the conventional refinery.  

Despite the disadvantages of F-T synthesis, the depletion of fossil fuel resources 

and rising crude oil prices still make it an important route for crude oil replacement in 

the 21st century, as an alternative source of fuels and chemicals. Thus, future research 

will continue and be more focused on reducing the production costs, improving 

process efficiency, and producing new valuable products to make the F-T process more 

economical.  

2.3 Higher Alcohol Synthesis from Syngas 

2.3.1 Introduction  

Among all the F-T products, alcohols are attractive targets as they can be used as 

transport fuels, fuel additives, and as intermediates for high-value chemicals in areas 

such as medicine, cosmetics, chemicals, and polyester production [25, 26]. 

Furthermore, as previously stated, alcohol synthesis via the F-T technology using 

natural gas or biomass as feedstock is now expected to become a more attractive 

pathway to reduce the crude oil dependence.  

As mentioned above, methanol (CH3OH) can also be produced via the F-T process, 

according to Equation (2-7). 
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Methanol production:  2 H2 + CO → CH3OH  (2-7) 

Though there is still debate on the mechanism of methanol formation from syngas, 

it is generally considered that the CO2 generated from the WGS reaction (Equation 

(2-4)) is the “real” reactant, followed by hydrogenation to form methanol [27, 28]. 

Methanol is the simplest alcohol and an important feedstock for the production of 

a range of chemicals including acetic acid, formaldehyde, di-methyl-ether, and olefins 

[29-34]. It is also a platform chemical, being widely used in a number of industrial 

applications. However, methanol is not ideal as a fuel or fuel additive because its 

presence in transport fuels can promote engine wear through oxidation. Another major 

disadvantage of using methanol as a fuel additive is its limited miscibility with current 

gasoline (less than 10% at room temperature and pressure). Phase separation thus 

occurs when temperatures decrease, and  methanol, separated from the gasoline, settles 

at the bottom of the tank and becomes corrosive to the engines [35, 36].  

For approximately the last 37 years, there has been intensive research focused on 

shifting the synthesis away from methanol and toward higher alcohols [37]. Higher 

alcohols containing 2 or more carbon atoms –– (C2+OH) –– are valuable natural gas 

derivatives and can also be synthesised through reforming and F-T reactions. The most 

useful higher alcohols are C2 to C5 alcohols, which can be used directly as 

transportation fuels or blended in current fossil fuels for octane number enhancement 

without phase separation problems. As fuel additives, higher alcohols can extend 

gasoline supplies and enhance overall energy efficiency, thus improving engine 

performance and reducing greenhouse gas emissions [5, 35]. In addition to their 

potential applications as transportation fuels, higher alcohols have been widely 

considered as a feedstock for the synthesis of primary materials in industrial chemistry, 

such as fragrance compounds, precursors of surfactants, plasticizers, etc. [38, 39]. 

In industry, ethanol is mostly produced through a biological treatment process, by 

fermentation of sugars derived from grain starches (wheat and corn), sugar beets, sugar 

crops using microorganisms, or by fermentation of non-sugar lignocelluloses fractions 

of crops (grasses and trees) [40, 41]. C3+ alcohols can be produced through 

homologation of methanol and subsequent alcohols from syngas. However, the 

currently favoured route involves the hydroformylation of olefins, which are the 

cracking fractions of the distilled crude oil [17, 42, 43]. SaBuCo butanol plant of Saudi 
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Butanol Company at Jubail (Saudi Arabia) is currently the biggest butanol plant in the 

world, which began its commercial operations in March 2016. This butanol plant 

produces 330,000 ton per year of n-butanol and 11,000 ton per year of isobutanol [44]. 

In addition, Chemical group Oxea scheduled to open a propanol plant with the capacity 

to produce 150,000 ton per year of n-propanol in Bay City, Texas in 2017 [45]. 

Compared to these processes, the F-T technology is a promising way for higher 

alcohol synthesis from syngas. It can use natural gas, coal or biomass as feedstock to 

produce higher alcohols (via syngas) and does not compete with the feed grains 

available for human consumption [35] or depend on crude oil. Alcohols are generally 

formed from syngas according to Equation (2-8) [26]: 

 2n H2+n CO → CnH
2n+1

OH + (n-1) H
2
O (2-8) 

Since the early development of HAS from syngas, various theories about the 

underlying reaction mechanisms have been proposed. The CO insertion mechanism 

proposed by Xu et al. [46] is widely accepted for HAS process. In general, the above 

alcohol reaction mechanism includes CO dissociation, CO insertion, carbon chain 

growth, and hydrogenation steps, as shown in Figure 2-2.  

 

Figure 2-2. Hydrocarbons and alcohol formation through CO insertion mechanism (adapted from 

Xiao et al.[28]). 
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The reaction scheme starts with the CO adsorption and dissociation to form 

adsorbed C1Hx
* group, then the carbon-chain growth of this alkyl group is propagated 

via CHx
* addition. For higher alcohol formation, the adsorbed CO* molecule inserts 

between the metal site and the alkyl group to give an acyl intermediate (CnHzCO*) 

which can form Cn+1 alcohol by hydrogenation. In parallel, the alkyl groups can be 

directly hydrogenated to form paraffin products. Note that the methanol formation via 

CO insertion is different from the mechanism mentioned above, that is, the adsorbed 

CO* molecule is directly hydrogenated to from methanol. Based on this CO insertion 

mechanism, the alcohols produced from HAS reaction also follow a linear ASF 

distribution. 

Because of their importance, the synthesis of higher alcohols from syngas via the 

F-T process has been intensively investigated and reported in the literature by 

industrial and academic research organisations. The number of reports on HAS has 

increased significantly since 1980. The driving force behind this interest in HAS from 

alternative feedstocks started during the oil crises in the 1970s, which initiated the 

search for alternative fuels. However, none of the higher alcohol F-T synthesis 

catalysts or processes developed to date have been sufficiently active and/or selective 

to motivate industrial commercialization of the F-T process for HAS. Consequently, 

there are no higher alcohol F-T production plants in operation today. Most of the 

reported results of this process are based on experimental works at laboratory bench 

scale.  

Many authors have summarised a large number of reports and literatures on higher 

alcohol synthesis from syngas [16, 25, 26, 28, 35, 38, 39, 46-48]. However, there are 

many factors affecting the HAS process, not only regarding the catalysts (catalyst 

types, supports, promoters, and catalyst preparation methods) but also reactor design 

and operating conditions (temperature, pressure, feed composition, flow, etc.), and 

different studies have used different conditions to test catalysts and report their 

findings. It is thus challenging to truly compare different catalysts reported by different 

researchers, and draw any solid conclusion regarding catalytic activity, product 

selectivity and optimum conditions of the process. The next sections will review in 

detail various catalysts used for HAS in F-T synthesis, as reported in the literature. 
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2.3.2 HAS Catalysts Types 

The development of stable catalysts with high activity is the key element in HAS 

from syngas. In the period 1980-2016, a wide range of catalysts for HAS have been 

reported by many industrial and academic researchers. According to the available 

reports in the literature, typical HAS catalysts can be divided into 5 groups [28, 35]:  

1. Modified methanol synthesis catalysts 

2. Modified F-T synthesis catalysts 

3. Molybdenum (Mo)-based catalysts 

4. Rhodium (Rh)-based catalysts 

5. Perovskite catalysts 

Figure 2-3 illustrates the evolution of the number of found publications for each 

catalyst type with time. 

 

Figure 2-3. Number of reports related to different HAS catalyst types published with time. 

 It shows that the total publication numbers changed very little between 1980 and 

2005, and stayed below 40 per five year period. Post 2005, the total report number 

increased significantly and reached 103 for the five year period between 2011 and 

2016.  These results indicate that HAS has been a very attractive research area over 

the past 10 years. Modified F-T synthesis catalysts and Mo-based catalysts are the 
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most researched catalyst types for HAS, attracting growing interest in the last 2 

decades. Recently, perovskite catalysts have emerged and have attracted some interest. 

Each catalyst group will be reviewed and discussed in detail in later sections of this 

chapter.  The following sections discuss the all-important issues of catalyst conversion, 

selectivity, and yield to HAS. 

2.3.3 Syngas Conversion over HAS Catalysts 

The evolution of CO conversion with time, reported for all the different types of 

catalysts mentioned in Section 2.3.2 (Figure 2-3), is plotted in Figure 2-4. It can be 

noted that a wide range of CO conversion levels were reported, even for the same 

catalyst type. This is because the experiments were carried out by different researchers 

using different reactor systems and reaction conditions. It was assumed that the 

reported CO conversion was the optimal value for the studied process. 

 

Figure 2-4. Reported optimal CO conversion in HAS from syngas for different types of catalysts 

between 1980 and 2016: () Modified methanol synthesis catalysts, (■) Modified F-T synthesis 

catalysts, (▲) Mo-based catalysts, () Rh-based catalysts, and ( ) Perovskite catalysts. 

The reported data summarised in Figure 2-4 show that the maximum CO 

conversion for all catalyst types has generally increased with the HAS process 
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development time. In the early years of HAS development, CO conversion stayed low 

for all catalyst types, with a maximum of 52% reported by Smith et al. in 1983, using 

a Cu/ZnO catalyst promoted with 0.5% K2CO3 –– a modified methanol synthesis 

catalyst [49]. However, the CO conversion of modified methanol synthesis catalysts 

has improved less than 8% since that report. From the beginning of this century, CO 

conversions have largely improved for the modified F-T synthesis catalysts and Mo-

based catalysts, reaching conversion well above 60-70%, from 30-40% in the 1980s. 

Although Rh-based catalysts have been investigated intensively over the past 37 years, 

very little catalytic activity improvement was reported and the CO conversion level 

remains very low (around 40%). The highest CO conversion reported to this date was 

by Fang et al. in 2014, using a CuO/LaCoO3 perovskite catalyst (95% CO conversion) 

[50].  

2.3.4 Higher Alcohol Selectivity over HAS Catalysts 

High product selectivity is the main target of HAS catalyst development, to 

encourage commercialization of F-T HAS. Figure 2-5 shows the reported higher 

alcohol selectivity (as C atom % on a CO2-free basis) of HAS over different catalyst 

systems from 1980 to date.  

In order to use selectivity figures consistent and comparable across the literature, 

carbon atom percentage (C atom %) was used to indicate selectivity in this work. C 

atom % of a carbon containing product (for example C2H5OH) is defined as the 

selectivity of this product based on the carbon atom of the total carbon-containing 

products formed from consumed CO. It is impossible to avoid the WGS reaction 

(Equation (2-4)), a side reaction in F-T synthesis. Thus, C atom % on a CO2-free basis, 

to exclude the effect of the WGS reaction, has often been used for alcohol and 

hydrocarbon selectivity calculations in the literature. For comparison purposes, the 

higher alcohol selectivity in the present review is also reported as C atom% on a CO2-

free basis. Necessary recalculations were applied in some cases where the reported 

literature data were not appropriate to compare. Instead of higher alcohol selectivity, 

some authors reported the total alcohol (including methanol) selectivity in their work. 

Because of the lack of necessary information for higher alcohol selectivity 

recalculation, these reports were not included for discussion on selectivity in this 

review.  
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Figure 2-5. Reported higher alcohol selectivity of HAS from syngas over different types of 

catalysts from 1980 to 2016: () Modified methanol synthesis catalysts, (■) Modified F-T synthesis 

catalysts, (▲) Mo-based catalysts, () Rh-based catalysts, and ( ) Perovskite catalysts. 

All five catalyst types detailed in this review showed potential for quite high 

C2+OH selectivity (>50%) in the timeframe investigated (see Figure 2-5). In the short 

period of 1997-1999, a number of Zn/Cr-based modified methanol synthesis catalysts 

were developed that presented relatively high C2+OH selectivity (50-70%) [51-58]. 

However, not much further progress on selectivity for these catalysts had been made 

since then. In the later time, this catalyst type becomes less attractive (Figure 2-3), 

with lower C2+OH selectivity compared to other catalysts. The modified F-T synthesis 

catalysts, despite being the most studied HAS catalyst type, have shown no significant 

improvement in higher alcohol selectivity in the last two decades. The higher alcohol 

selectivity of Mo-based catalysts increased with the HAS development time up to 

recent years, as did the selectivity of Rh-based catalysts, although less studied over the 

last 37 years. However, for all the catalysts mentioned above, it seems that despite 

very noticeable improvement in conversion in the last decade (Figure 2-4), less 

progress has been achieved in higher alcohol selectivity in the same period, as shown 

in Figure 2-5. In contrast, perovskite catalysts show a different trend. Though these 

catalysts started to attract attention only in the last 10 years and fewer reports are 
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available, their reported CO conversion and C2+OH selectivity increased progressively 

with development time. They should thus be considered as promising catalysts in 

recent years, with considerable opportunities for further improvements.  

2.3.5 Higher Alcohol Yield over HAS Catalysts 

CO conversion and higher alcohol selectivity are the main factors usually reported 

to evaluate catalysts (or operating conditions) in HAS. As shown in Figure 2-6, these 

two factors are generally following opposite trends over HAS, with the catalysts 

exhibiting high selectivity at low conversion (blue square) or low selectivity at high 

conversion (pink square).  What’s more, most of the catalysts discussed in this chapter 

show low CO conversion (less than 40%) and low higher alcohol selectivity (less than 

55%) (overlap of blue and pink square).  

 

Figure 2-6. Higher alcohol selectivity evolve with conversion over different types of catalyst: () 

Modified methanol synthesis catalysts, (■) Modified F-T synthesis catalysts, (▲) Mo-based catalysts, 

() Rh-based catalysts, and ( ) Perovskite catalysts. 

Thus, comparing higher alcohol yield is essential to evaluate process and catalyst 

performances. The yields of higher alcohols obtained from the catalysts discussed in 

this review were calculated based on Equation (2-9) and are presented in Figure 2-7. 
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Higher alcohol yield (%) =
CO conversion (%)×Higher alcohol selectivity (%)

100%
 

(2-9) 

 

Figure 2-7. Reported higher alcohol yield for HAS from syngas from 1980 to 2016: () Modified 

methanol synthesis catalysts, (■) Modified F-T synthesis catalysts, (▲) Mo-based catalysts, () Rh-

based catalysts, and ( ) Perovskite catalysts. 

Over the last 37 years, great efforts have been made to improve the higher alcohol 

yield. Figure 2-7 shows that higher alcohol yield has improved with process 

development time. To date, a maximum of 30% higher alcohol yield was reached by 

using Mo-based catalysts [59]. Other catalysts types have also shown their potential to 

form higher alcohols, reaching yields between 10% and 28%. Among all the reported 

catalyst types, only perovskite catalysts showed a sharp increase in higher alcohol 

yield within a short period of development time. 
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2.4 Catalysts for Fischer-Tropsch Higher Alcohol Synthesis 

2.4.1 Modified Methanol Synthesis Catalysts 

There are two types of modified methanol synthesis catalysts that have been 

employed in HAS research: high-temperature (HT) and low-temperature (LT) 

modified methanol synthesis catalysts  [35].  

2.4.1.1 High-temperature Modified Methanol Synthesis Catalysts 

Typical HT modified methanol synthesis catalysts are alkali promoted ZnO/Cr2O3 

catalysts, which produce a mixture of methanol and branched alcohols as major 

alcohol products, with a small amount of ethanol [51-58, 60-68]. Among branched 

alcohols, isobutanol was the main component, which is also a very important material 

to form methyl tert-butyl ether (MTBE)—a common oxygenated additive found in 

gasoline [64]. However, MTBE fell out of favour in 2000 when it was found to 

contaminate groundwater [69]. To the best of our knowledge, the highest C2+OH 

selectivity for HT modified methanol synthesis catalysts was reported by Minahan et 

al. at 70.3% using a Zn/Cr-based spinel catalyst containing excess ZnO and promoted 

with palladium and caesium (HAS carried out at  440 °C and 6.9 MPa) [54]. They 

found that the addition of palladium to HT modified methanol synthesis catalysts not 

only enhanced the isobutanol production rate but also contributed to a reduction in the 

optimum reaction pressure, which is economically favourable. Alkali elements such 

as potassium and caesium are often used as additives to promote the HAS reaction. It 

has been found that the increase of the potassium and caesium concentration results in 

increased higher alcohol selectivity (mostly isobutanol selectivity) [52, 53]. Though 

caesium was proved to be a better promoter of Zn/Cr-based catalysts for isobutanol 

synthesis compared to potassium [53, 54], the latter is still used in many studies 

because of its low-cost and availability [56-58].  

Reaction conditions also play an important role in the HAS process. The reaction 

temperatures and pressures used in most experiments with HT modified methanol 

synthesis catalysts were higher than that used for the other catalyst types, with 

temperatures as high as 400-450 °C and pressures in the range of 6-15 MPa [51-58, 

60-68]. However, HT modified methanol synthesis catalysts show on average lower 

CO conversion compared to LT catalysts, as shown in Figure 2-8. What’s more, large 
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amounts of hydrocarbons were produced at high operation temperatures together with 

alcohol products, as high reaction temperatures favour the reactions in the decreasing 

order: F-T reaction > HAS > methanol synthesis [46, 66].  

 

Figure 2-8. CO conversion versus reaction temperatures over ( ) HT modified methanol synthesis 

catalysts and ( ) LT modified methanol synthesis catalysts. 

Moreover, these catalysts require high operating temperatures and pressures and 

show lower activity towards higher alcohol formation compared to other catalysts. As 

a result, HT modified methanol catalysts lost their attractiveness after 2000, and 

research turned to other types of catalysts to form higher alcohols. Higher attention 

was then placed on low-temperature modified methanol catalysts. 

2.4.1.2 Low-temperature Modified Methanol Synthesis Catalysts 

Typical LT modified methanol synthesis catalysts are copper-based catalysts —

Cu/Zn, Cu/Zn/Al or Cu/Zn/Cr — promoted with alkali metals, and have been studied 

continuously since the 1980s [49, 70-110]. The presence of copper enables alcohol 

production at lower operating temperatures (250-300 °C) and pressures (2-10 MPa) 

[35] compared to HT modified methanol synthesis catalysts. Although the bi-metal 

Cu/Zn catalyst is active in HAS, a third component, either Al2O3 or Cr2O3, is always 

added in order to stabilise the catalyst against sintering [79, 92, 103, 109]. In addition, 
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alkali promoters such as lithium, sodium, potassium, and caesium are very often found 

in LT modified methanol synthesis catalysts and are reported to promote the 

production of higher alcohols [49, 51-58, 62-66, 79-94]. Despite LT modified 

methanol synthesis catalysts yielding high CO conversion at lower temperatures (see 

Figure 2-8), methanol remained the dominant alcohol product and the selectivity 

towards higher alcohols stayed low [108]. Smith and co-workers studied the HAS 

process over Cu/ZnO catalysts promoted with cerium at 310 °C and 6.0 MPa, using a 

H2/CO ratio of 0.45 and a GHSV of 3265 h-1 [83]. The alcohol product selectivity did 

not follow the ASF distribution — methanol was the main product (39.0%), with small 

amounts of ethanol (5.5%) and propanol (10.3%). The higher alcohol selectivity 

reached 42.9% in total, with a relatively abundant amount of isobutanol included 

(13.1%). They reported that the low selectivity towards ethanol was because of the fast 

C-C chain growth of the C2 surface intermediate over the Cs-promoted catalysts. 

As mentioned above, reaction conditions, including syngas feed composition, play 

a role in higher alcohol selectivity. Low H2/CO ratio (less or equal to 1) favoured the 

higher alcohol formation over LT modified methanol synthesis catalysts [68, 79, 82, 

83, 103]. According to Equation (2-8), a H2/CO ratio of 2 is ideal for alcohol formation. 

However, higher alcohols are favoured with a CO-rich feed gas (ratio less than 2) [25]. 

This is because high CO partial pressure promotes the carbon chain growth, while high 

H2 partial pressure favours the hydrogenation of C1 intermediate to methanol, thus 

inhibiting the chain growth to higher alcohols [49, 104, 107]. 

Catalyst deactivation by copper sintering is the main drawback of the LT modified 

methanol synthesis catalysts, and it was found that the Cu-based catalysts cannot be 

used at temperatures greater than 300 °C [46]. Although much effort from different 

research groups has been made, the higher alcohol selectivity is still low for these types 

of catalysts, with a maximum of ca. 48.5% reached for a 1.2 wt.% Na-doped Co-

modified Cu/ZnO/Al2O3 catalyst (280 °C, 6.0 MPa, and 9600 h-1 GHSV)) [92].  

2.4.2 Modified F-T Synthesis Catalysts 

Modified F-T synthesis catalysts have played an important role in HAS from early 

development time until now. The traditional F-T catalysts, mainly based on cobalt and 

iron metal supported on silica or alumina, produce long chain hydrocarbons, and only 

small amounts of oxygenates (including alcohols) as by-products. Simple 
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modifications of F-T catalysts, such as promotion with transition metals (Cu, Ni, Mo, 

Mn, Re, Ba, etc.) and/or alkali cations (Li, Na, K, Cs, etc.), can significantly increase 

the selectivity and yield of higher alcohols at moderate reaction conditions [111-134]. 

The alcohol products obtained from modified F-T catalysts are generally straight-chain 

primary alcohols and obey the ASF distribution. In this catalytic system, the copper-

modified F-T synthesis catalysts have been extensively studied because of their high 

selectivity and activity toward higher alcohols. 

Since 1978, the Institut Français du Pétrole (IFP) has patented and developed a 

series of Cu-Co-based catalysts, which reached a high range of C2+OH selectivity (24-

50%) in comparison with other catalyst types [46]. These encouraging results have 

attracted many researchers’ attention and this catalyst type has been extensively 

studied [135-169]. Cobalt is used for the synthesis of long-chain paraffin in F-T 

reaction, while copper is selective in methanol synthesis from syngas [152, 158, 167, 

168]. It has been reported that the Cu-Co bimetallic sites were involved in the 

formation of higher alcohols [136, 146, 169]. The interactions between the highly 

dispersed metallic copper and cobalt particles cause cobalt species to reduce more 

easily, in other words, the synergetic effect of Cu-Co is very important in catalytic 

activity towards HAS [144, 165, 166]. In order to get further insights into the active 

sites for HAS, Subramanian and co-workers studied the unsupported Cu-Co bimetallic 

nanoparticles as catalysts for HAS at 270 °C and 2.0 MPa [152]. Under such reaction 

conditions, the higher alcohol selectivity increased with the Cu/Co atomic ratio, and 

the highest ethanol and C2+ oxygenates (including acetaldehyde and acetone) 

selectivity was achieved (22.3% and 53.5%, respectively) for the Cu-Co-based catalyst 

with a high ratio (Cu/Co=24:1). The higher Cu/Co ratio led to higher ethanol and C2+ 

oxygenates selectivity but suppressed the hydrocarbon formation, thus the activity of 

this Cu-Co-based catalyst was low. As a result, the Cu/Co ratio needs to be chosen to 

achieve a proper balance between catalyst activity and selectivity to obtain a high yield 

of higher alcohols. However, the insufficient stability of Cu-Co-based catalysts, 

mainly due to the sintering of copper as mentioned in Section 2.4.1.2, represents one 

of the major problems for larger industrial applications [35, 46]. 

Cu-Fe-based F-T synthesis catalysts were also investigated by some researchers 

[170-197]. Similar to elemental cobalt, iron species including α-Fe, Fe3O4, and FeCx 

are the active centres for the C-C chain growth  and hydrogenation [170, 173]. Xiao et 
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al. proved that the synergistic effect between copper and iron ions benefited higher 

alcohol formation [191, 197]. However, this synergism only exists on Cu-Fe bimetallic 

nanoparticles, and the agglomeration of one site or the separation of the copper and 

iron phases would lead to a decrease in higher alcohol selectivity [46]. To the best of 

our knowledge, a potassium promoted Cu20Fe30 catalyst on  SiO2-SiO2 bimodal pore 

support reported by Ding et al. exhibited the highest C2+OH selectivity (52.4%) among 

all the Cu-Fe-based modified F-T synthesis catalysts [186]. The high specific surface 

area (107 g∙m-2) and unique biomodal porous structure enhanced the dispersion of Cu-

Fe active centres, improved the diffusion efficiency of products, and promoted the 

catalytic activity and higher alcohol selectivity.  

For modified F-T synthesis catalysts, Co- or Fe-based catalysts show high CO 

conversion at low reaction temperatures (see Figure 2-9).  

 

Figure 2-9. CO conversion versus reaction temperatures over modified F-T synthesis catalysts: ( ) 

Cu-Co-based modified F-T synthesis catalysts, ( ) Cu-Fe-based modified F-T synthesis catalysts, and 

( ) Co-or Fe-based modified F-T synthesis catalysts. 

With the addition of copper, the catalysts can be tested at relatively high reaction 

temperatures (250-350 °C) but the CO conversion decreased greatly following the 

order of Co- or Fe-based catalysts (mono-metal catalysts) > Cu-Fe-based catalysts > 

Cu-Co-based catalysts. This effect likely came from the modification of the electronic 
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structure of cobalt or iron species upon alloying with copper, resulting in a decrease of 

the CO dissociation ability of these two species in Cu-Fe and Cu-Co catalysts, thus 

leading to lower CO conversion [158]. Furthermore, Xiao et al. proved that there was 

weak or even no Cu-Fe interaction in the reduced Cu-Fe-based catalysts, thus the 

ability of original iron elements to convert CO was largely retained. For Cu-Co-based 

catalysts, however, a Cu-Co alloy was found after the reduction, which reduced the 

CO activation ability of cobalt elements [166]. Furthermore, Cu-Fe-based catalysts are 

more favourable for converting syngas with low H2/CO ratio (0.67-1, such as syngas 

obtained from coal or biomass gasification) because of the higher WGS activity of iron 

species [174, 175, 185].  

However, most of these modified F-T synthesis catalysts produced hydrocarbons 

(including methane) as the major products with a hydrocarbon/alcohol ratio of 1 or 

higher. In order to achieve a high activity and selectivity towards higher alcohols for 

industrial applications, this catalyst type needs further investigations on the catalyst 

design to stabilize the active centres during the reaction.  

2.4.3 Molybdenum (Mo)-based Catalysts 

Molybdenum (Mo)-based catalysts have been considered to be the most attractive 

catalysts for HAS, as they show on average higher C2+OH selectivity in comparison 

with the other types of catalyst (see Figure 2-5). Mo-based catalysts produce mainly 

linear primary alcohols, with selectivity to alcohols following the ASF distribution. In 

addition to their excellent sulphur resistance, they present high activity for the WGS 

reaction and a slow rate of coking [198, 199]. According to the literature, Mo-based 

catalysts can be divided into three classes: molybdenum oxide (Mo-oxide) catalysts, 

molybdenum carbide (Mo2C)-based catalysts and molybdenum sulphide (MoS2)-

based catalysts. 

2.4.3.1 Molybdenum Oxide Catalysts 

Though molybdenum has relatively low activity for syngas conversion and mainly 

produces hydrocarbons, Mo-oxide catalysts modified with alkali metals, especially 

potassium [200, 201], or Group VIII metals, in particular F-T elements such as cobalt 

and nickel [202-204], showed high selectivity to higher alcohols. Recent research 

results showed that newly developed multi-walled carbon nanotubes (MWCNTs) 
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[203-205] and carbon nanotubes (CNTs) [199, 206-209] as catalyst supports or 

promoters have positive effects on the higher alcohol formation. Common catalyst 

supporters, such as active carbons (AC) [201, 210, 211], silica [200, 212-215], and 

alumina [216-224], were also tested intensively for this catalyst class, to improve 

higher alcohol formation. Co-decorated MWCNTs promoted K-Co-Mo catalysts were 

developed by Wu et al. for HAS from syngas [204]. Their Co1Mo1K0.05-12% 

(4.2%Co/MWCNTs) catalyst, tested under relatively mild conditions (290 °C, 5.0 

MPa, H2/CO ratio=2, and GHSV=8000 h-1) showed the highest C2+OH selectivity 

reported to date (80.7%) amongst all catalyst types, to the best of our knowledge. It 

was reported that the addition of a minor amount of Co-decorated MWCNTs into the 

Co-Mo-K catalyst led to an increase in the surface concentration of active centres for 

HAS (CoO(OH)/Co3O4 and Mo4+). Moreover, the Co-decorated MWCNTs favoured 

the stationary-state concentration of hydrogen-adsorbed species on the catalyst surface, 

which would considerably increase the surface hydrogenation reaction rate, inhibit 

WGS reaction and enhance the main product selectivity. 

2.4.3.2 Molybdenum Carbide-based Catalysts  

Molybdenum carbides are recognised as active catalysts for light-hydrocarbon 

formation from syngas (see reviews [28, 48]). However, with a minor amount of alkali 

metal oxides and transition metals as promoters, Mo2C-based catalysts showed the 

ability to convert syngas to form alcohols, especially methanol and ethanol under high 

reaction pressures [225-243]. Furthermore, this type of catalyst also exhibits higher 

carbon deposition resistance. When used for syngas conversion, Mo2C-based catalysts 

show a high catalytic activity with excellent stability over prolonged period (over 150 

h) [228-230]. This was probably due to the elimination of both surface and deposited 

carbon over the catalyst during the induction period of the reaction [244, 245].  Part of 

the surface oxygen on the Mo2C-based catalyst likely reacted with carbidic carbon and 

was removed from the top surface layer, thus minimising carbon formation. 

CO conversion of Mo2C-based catalysts was generally found to be higher 

compared to that of the other types of Mo-based catalysts in the same reaction 

temperature range (see Figure 2-10). However, the majority of the products over 

Mo2C-based catalysts are hydrocarbons, especially at higher reaction temperatures. 
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Figure 2-10. CO conversion versus reaction temperatures over Mo-based catalysts: ( ) Mo-

oxide catalysts, ( ) Mo2C-based catalysts, and ( ) MoS2-based catalysts. 

Though vanadium was less investigated as a promoter for catalysts for HAS, a 

K/V-Mo2C catalyst, reported by Chiang et al., showed relativity high C2+OH 

selectivity (60.4%) compared to other Mo2C-based catalysts [239]. In the K/V-Mo2C 

catalyst, potassium was thought to be responsible for shifting the product distribution 

from paraffins to alcohols, and although vanadium has a strong ability for 

hydrogenation, its addition further increased the catalyst selectivity toward higher 

alcohols, especially ethanol, due to the synergistic effect of vanadium and potassium 

[246]. 

2.4.3.3 Molybdenum Sulphide -based Catalyst 

The MoS2-based catalysts for HAS were first developed by Dow Chemical 

Company [247] and Union Carbide Company [248] in 1984 and 1985, respectively. 

By far, most of the interest in Mo-based catalysts for HAS from syngas has been 

focused on alkali-doped molybdenum sulphide (AMS) catalysts, as they demonstrate 

higher sulphur resistance [59, 198, 249-284] and sometimes even need 50 to 100 ppm 

of hydrogen sulphide in the syngas mixture to maintain the stability of the catalysts 

[267, 275, 285]. The effect of H2S-containing feed in the HAS from syngas over MoS2-

based catalysts was reported by Andersson et al. [254] and Christensen et al. [277]. 
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These authors found that the presence of hydrogen sulphide in the syngas feed 

decreased the higher alcohol selectivity by greatly increasing hydrocarbon selectivity. 

The role of hydrogen sulphide in syngas was to replenish the hydrogen adsorption sites, 

which enhanced the hydrogenation activity of the catalyst, thereby increasing 

hydrocarbon formation. However, it was also observed that the addition of hydrogen 

sulphide favoured chain growth of alcohol products, and thus shifted the alcohol 

distribution to higher alcohols. Although the reasons for this promotional effect 

remained unclear, it was hypothesised that the concentration of H2S affected both the 

number and the nature of active sites over the catalyst [277]. It should be noted that 

some organic sulphur compounds were also found in the products [238]. MoS2-based 

catalysts are also less sensitive to CO2 and show significant resistance to deactivation 

caused by coke deposition [38, 278]. These not only make MoS2-based catalysts more 

suitable for carbon monoxide-deficient syngas (a low H2/CO ratio of less than 2) but 

also save on the cost of deep desulphurization of the feed gas and water separation, 

which are attractive on a commercial aspect. A La-promoted Ni/K2CO3/MoS2 catalyst 

was investigated by Li and co-workers for the conversion of syngas to higher alcohols 

and reached a high C2+OH selectivity of 58.5% with a low hydrocarbon selectivity at 

34.0% [256]. The nickel promoter in this catalyst showed a promotional effect on the 

activity towards higher alcohol synthesis due to its strong ability for CO insertion in 

syngas reactions. Furthermore, the addition of lanthanum restrained the congregation 

of nickel and resulted in more highly dispersed nickel, thus suppressing the 

methanation reaction and improving the formation of higher alcohols. The congregated 

NiSx particles were recognised as the active centres for hydrocarbon formation while 

the highly dispersed nickel species promoted the higher alcohol formation. 

All Mo-based catalysts discussed here only show high C2+OH selectivity when 

promoted with alkali metals and/or Group VIII metals. Also, a relatively long 

induction period of HAS process was observed over Mo-based catalysts. Due to the 

complexity of the promoted Mo-based catalysts, the exact nature of the active sites on 

the catalyst surface still remained unclear, and progress is still required to develop a 

highly selective and active catalyst for industrial application. 
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2.4.4 Rhodium-based Catalysts 

Rhodium-based catalysts have been known to directly convert syngas to ethanol 

and higher alcohols as early as 1978 and are still being studied now [286]. Among all 

the Group VIII metals, rhodium is unique because of its special position in the periodic 

table, that is, it lies between copper and iron elements that favour CO dissociation and 

hydrocarbon formation, and palladium, platinum, and iridium that do not dissociate 

CO and produce methanol (see review [47]). Due to their ability to catalyse both CO 

dissociation and CO insertion, Rh-based catalysts showed the highest ethanol 

selectivity (above 50%) among all the HAS catalysts reported to date [287-289]. For 

most of the Rh-based catalysts, HAS experiments were conducted at relatively lower 

reaction temperatures compared to other catalysts types (180 to 320 °C), as shown in 

Figure 2-11 [246, 287-316].   

 

Figure 2-11. CO conversion versus reaction temperatures over Rh-based catalysts. 

Methane is generally the main by-product of HAS process from syngas over Rh-

based catalysts [310, 313]. Hu et al. found that relatively low reaction temperature, 

high operating pressure, and low H2/CO ratio could partially inhibit methane formation 

[288]. They reported 56.1% selectivity to ethanol over Rh-Mn/SiO2 catalyst in a 

microchannel reactor at reaction conditions of 280 °C, 5.4 MPa, 3750 h-1 GHSV, and 

a H2/CO ratio of 2, with a relatively low methane selectivity of 38.4%, compared to 
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54% when the reaction was carried out at 300 °C, 3.8 MPa, 3750 h-1 GHSV and a 

H2/CO ratio of 3. Furthermore, the addition of promoters to Rh-based catalysts, such 

as manganese, lanthanum, vanadium, and iron, is another effective way to decrease 

methane selectivity and enhance ethanol selectivity [287, 293, 295, 317]. Subramanian 

and co-workers found that with the doubly promoted La-V-Rh/SiO2 catalyst, the 

ethanol selectivity reached a maximum at 51.8% while methane selectivity was only 

15.4% [287]. The synergistic effect of lanthanum and vanadium promoted ethanol 

formation by increasing both CO dissociation and CO insertion rates [293, 307].  

The support used for Rh-based catalysts also significantly affects the activity and 

selectivity of the HAS reaction. Gronchi and co-workers investigated the catalyst 

performance of 1 wt.% rhodium supported on lanthanum oxide, thoria, zirconia, and 

vanadium(III) oxide under the same reaction conditions (220 °C and 0.1 MPa) [313]. 

They found that zirconia gave the highest selectivity of ethanol at 52% but with low 

CO conversion (2%). Although the support influence on ethanol selectivity was not 

discussed in detail, it was hypothesised by Gronchi et al. that the support affects the 

dispersion of the rhodium species, which then affects the catalytic performances. 

However, Rh-based catalysts are not attractive for commercial application 

because of the limited availability and high cost of rhodium, and great efforts have 

been made by academic and industrial researchers to find less expensive HAS catalysts 

with higher C2+OH activity and selectivity. 

2.4.5 Perovskite Catalysts 

Perovskite catalysts for HAS from syngas were developed and reported for the 

first time in 1982 [318]. In the early stage of perovskite catalyst development for HAS, 

limited reports were available, with catalysts exhibiting low higher alcohol selectivity. 

In 1990, Bourzutschky et al. reported that a LaMn0.5Cu0.5O3 perovskite catalyst 

exhibited high methanol selectivity (79.9%) and low C2+OH selectivity (9.3%) in the 

HAS process (300 °C, 10.6 MPa, GHSV=12000 h-1, and H2/CO ratio at 2) [319]. From 

2006, perovskite catalysts started to attract more attention [50, 319-331] because their 

special structures offer many advantages compared to the other HAS catalysts 

discussed above (see Section 2.7).  
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Recently, Tien-Thao et al. investigated a series of LaCo1-xCuxO3 perovskite 

catalysts for HAS [320-325]. LaCo0.7Cu0.3O3 perovskite catalyst showed higher 

C2+OH selectivity compared to that of unsubstituted LaCoO3 perovskite catalyst (27.3 

wt. % vs. 13.6 wt. %) at 275 °C, 6.9 MPa, GHSV=5000 h-1 and H2/CO ratio at 2 [321]. 

This result was consistent with previous findings on modified F-T synthesis catalysts 

(see Section 2.4.2), demonstrating that a Cu-Co alloy is effective for HAS due to the 

strong synergetic effect between copper and cobalt. The addition of alkali metals, 

especially potassium, was found to further increase the LaCo0.7Cu0.3O3 perovskite 

catalyst selectivity towards higher alcohols (37.5 wt.%), with the optimum content in 

the range of 0.1–0.3 wt.% [322].  

As discussed earlier, the catalyst support play an essential role in higher alcohol 

formation. Liu and co-workers found that when supported on zirconia, LaCo0.7Cu0.3O3 

perovskite exhibited excellent C2+OH selectivity (40.7% at 310 °C, 3.0 MPa, 

GHSV=3900 h-1, and H2/CO ratio at 2) [329]. According to He et al., zirconia is active 

for the formation of higher alcohols (mainly ethanol and isobutanol) from syngas [332], 

thus the strong interaction between zirconia and the highly dispersed Cu-Co alloy of 

the perovskite resulted in the high selectivity for C2+ alcohols. 

As shown in Figure 2-12, most of the perovskite catalysts were tested around 300 

C for HAS from syngas. The highest reported CO conversion (95%) was obtained 

over a 7.5 wt.% CuO/LaCoO3 perovskite catalyst at 300 C with a total alcohol 

selectivity of 31% [50]. The authors suggested that the presence of copper ions outside 

the perovskite structure facilitated methane and carbon dioxide formation from CO 

(methanation and WGS), hence the high CO conversion, and the interactions between 

metallic copper and cobalt carbide were necessary for alcohol formation. 
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Figure 2-12. CO conversion versus reaction temperatures over Cu-Co based perovskite catalysts. 

Although perovskite catalysts are only recently being investigated for HAS, with 

a limited number of reports available, this catalyst system demonstrated potential for 

high CO conversion and higher alcohol selectivity in HAS process and are considered 

promising.  

2.5 Effect of Catalyst Characteristics for HAS  

2.5.1 Effect of Catalyst Supports  

Catalyst activity and selectivity are very much dependent on the catalyst support. 

In general, the catalyst support is considered as a solid material with high surface area, 

which promotes the distribution of the active metal components. The nature of the 

support such as surface acidity and texture not only affect the metal dispersion but also 

influence the interaction between active elements and support. Typical catalyst 

supports, such as various kinds of zeolite, alumina, silica, zirconia, and carbon have 

been widely used for catalytic conversion of syngas to higher alcohols (see reviews 

[16, 35, 48, 333]). 
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2.5.1.1 Influence of Surface Acidity 

Bian and co-workers studied the effect of catalyst support over molybdenum-

based catalysts doped with potassium and found that the alcohol yield increased in the 

order Al2O3<SiO2<un-supported (supports calcination at 500 °C), inverse to the 

support surface acidity [221]. It has been proved that acidic elements on the catalyst 

surface favour alcohol dehydration [96, 201]. Thus, part of formed alcohol products 

are decomposed immediately on these active sites to form hydrocarbons. As a result, 

the acidity of the supports enhances hydrocarbon selectivity while suppressing the 

formation of alcohols. Avlia et al. also reported that the alcohol selectivity over K/Mo-

based catalysts increased in the order of ZrO2<ZnCr2O4<Cr2O3<ZnO, with the 

decrease in surface acidity [334]. It is thus reasonable to claim that acidic supports are 

not particularly suitable for HAS from syngas. In general, higher alcohol formation 

from syngas requires neutral or basic catalyst supports, such as MgO, ZnO, ZrO2, CeO2, 

La2O3,Cr2O3, TiO2, and ThO2 [86, 243, 249, 298, 309, 329, 332, 334]. 

However, acidic supports such as alumina and silica are widely used in HAS 

catalysts due to their high specific surface area, ample porosity, good stability, low-

cost, and high availability [16, 38, 140, 298]. In order to improve the selectivity of 

higher alcohols over these metal oxide support catalysts, a key point is to reduce or 

eliminate the strong acidity of the catalyst surface. One possible solution, largely used 

in the literature as noted above, is to modify the supports by introducing alkali 

promoters to make the catalyst surface neutral or basic [71, 115, 187, 218-221, 278, 

288, 302, 332]. Another way to solve this problem is to increase the calcination 

temperature of the catalyst. Fu et al. reported that with high calcination temperature 

(800 °C), the interactions between the active species of K/Mo-based catalysts and the 

Al2O3 support were strengthened and the number of acidic sites decreased [224]. As a 

result, both the higher alcohol selectivity and yield were remarkably enhanced along 

with increasing calcination temperature.  

2.5.1.2 Influence of Surface Texture 

To further enhance the catalyst performance, new types of catalyst supports can 

be used in HAS. Carbon nanotubes, including multi-walled carbon nanotubes, have 

been recognised as a kind of novel nano-carbon support for HAS catalysts [139, 148, 

151, 154, 203-208, 279, 311]. CNTs-supported and MWCNTs-supported catalysts 
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have several advantages over traditional supports, such as high specific surface area 

that allow greater dispersion of the active sites, resistance to acidic/basic conditions, 

stability at high temperatures and an inert graphitic surface [203, 280]. Moreover, 

MWCNTs catalysts provide some unique characteristics that make them suitable as 

catalytic supports, including highly graphitized tube walls and nano-sized channels, 

which favour diffusion of reactants and products and maximize metallic dispersion 

(see review [35]). They are also less prone to sintering of the active phases and coke 

formation during the catalytic process [207]. Zhang and co-workers have reported that 

CNT-based materials (including MWCNTs) promoted by cobalt and nickel could act 

as a novel support of catalysts for HAS [204-206]. They found that the MWCNTs 

caused little change in the apparent activation energy for the HAS, but improved the 

concentration of active centres for alcohol formation. The transition metal (Co/Ni) 

decorated on the CNTs could further enhance the CNTs’ capability of adsorbing and 

activating H2, and thus, their promoter action was more remarkable. However, the 

complicated synthesis procedure and high cost of MWCNTs and CNTs somehow limit 

their applications as catalysts support in HAS process. 

2.5.2 Effect of Catalyst Promoters  

Promoters are substances added to a catalyst to improve its catalytic activity, even 

though they have little or no catalytic effect by themselves. In most cases, the 

promoters interact with the active species of the catalysts and thereby change their 

electronic and crystal structures, as well as affect the active metal-support interaction, 

which in turn affect the catalyst reducibility and catalytic performances. Commonly 

used promoters in HAS are metallic ions, such as alkali metals, F-T elements (copper, 

iron, nickel etc.), and other metallic ions.  

2.5.2.1 Effect of Alkali Promoters 

Alkali promoters have been widely used for HAS reactions in order to enhance 

the activity and selectivity towards higher alcohols as well as the stability of catalysts 

(see numerous examples mentioned above). As mentioned before, these basic 

promoters neutralize the acidity of the catalyst supports and thus inhibit undesired 

reactions such as methanation, alcohol dehydration and coke formation [38, 88, 138, 

322]. In addition, alkali metals have been shown to promote chain growth and shift the 
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selectivity from hydrocarbons to alcohols by increasing the rate of CO insertion and 

decreasing the rate of hydrogenation of alkyl species [64, 71, 105, 231, 274, 279, 283]. 

It has been shown that the alkali promoters performance over HAS catalysts 

follows the general trend Li < Na < K < Rb < Cs, in accordance with the increasing 

alkali atomic size and basicity [16]. Caesium has been reported to be the best alkali 

promoter for modified methanol synthesis catalysts for branched higher alcohol 

synthesis [16, 35, 51, 52]. The addition of caesium provides strong basic sites and 

neutralise the acidic supports (e.g.  Cr2O3 and Al2O3) of modified methanol synthesis 

catalysts. Furthermore, caesium was reported to significantly promote the selectivity 

towards branched higher alcohols because it favoured the base-catalysed β carbon-

addition of the growing alcohol intermediates [335]. However, it is less effective for 

linear primary alcohol formation over modified F-T synthesis catalysts, Mo-based 

catalysts, and perovskite catalysts, where lithium, sodium, and potassium are more 

effective [138, 141, 186, 204, 239, 268]. Compared to lithium and sodium, the addition 

of potassium promoted higher selectivity towards C2+OH because of its relatively 

higher basicity [89, 274, 322].  

Nevertheless, the HAS catalytic performance not only depends on the basicity of 

the alkali promoters but also relates to the concentration of the promoters. Due to the 

differences in catalysts’ acidity and properties, the amount of promoters should be 

varied and optimised according to a given type of catalyst. Anton et al. investigated 

the effect of sodium addition on the cobalt-modified Cu/ZnO/Al2O3 catalysts for 

higher alcohol formation from syngas [92]. With low sodium loadings (≤ 0.6 wt. %), 

bulk metallic copper particles, metallic cobalt, and species resulting from the close 

contact between metallic copper and cobalt were detected on the catalyst surface. The 

selectivity to C2+OH alcohols gradually increased during the first 10 h TOS indicating 

enhanced Cu-Co surface alloy formation during the reaction, considered as the active 

sites for HAS. However, probably due to the highly exothermic methanation 

(promoted by Co0), coking of metallic cobalt occurred and contributed to the strong 

initial deactivation of the catalyst. With high sodium loadings (≥ 0.8 wt. %), 

deactivation did not occur and constant CO conversion and product distribution was 

observed. Carbonization of metallic cobalt was favoured, resulting in the formation of 

bulk Co2C. The Co2C-Co0 interfaces, which is known to facilitate CO adsorption [336], 

was considered as an additional active site for HAS in this catalyst. According to the 
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literature, the Cu/ZnO/Al2O3 catalyst promoted with 1.2 wt.% sodium showed the 

highest selectivity for higher alcohol (48.5% at 280 °C, 6.0 MPa). Surisetty et al. 

studied the promotional effect of potassium over MoS2 catalysts supported on 

MWCNTs for HAS (310 °C and 6.9 MPa) [279]. It has been confirmed that increased 

potassium loadings (from 3 to 9 wt. %) clearly increased the higher alcohol selectivity 

(from 7.6% to 21.2%) while having little effect on CO conversion. Increasing the 

amount of potassium increased the K-Mo-O interactions that are responsible for HAS, 

but decreased the availability of MoS2 sites that are responsible for H2 activation. 

Higher levels of alkali promoter loading could reduce the catalytic activity 

significantly by blocking the active centres on the catalyst surface (see review [16]). 

2.5.2.2 Effect of F-T Elements in HAS 

F-T metals have been used as promoters in HAS catalysts frequently. The 

selection of promoters largely depends on the catalyst types. Cobalt and nickel have 

been reported as promoters to increase the higher alcohol selectivity of Mo-based 

catalysts [202-204, 225, 251, 253, 254], while iron is often used in modified methanol 

synthesis catalysts and Rh-based catalysts [70, 181, 289, 295, 299, 300].  

It is well confirmed that cobalt promotes carbon chain growth of hydrocarbons in 

the F-T process [202, 253]. Xiang et al. claimed that for K/Mo2C-based catalysts, the 

addition of cobalt caused a strong promotion of carbon chain growth, especially for 

the methanol to ethanol step (see Figure 2-2). The presence of Co resulted in an 

increased selectivity towards higher alcohols and the Co/Mo mole ratio of the catalyst 

had a significant effect on the catalyst performance (with a maximum C2+OH 

selectivity at 27.4% when Co/Mo=1/6) [225].  

In the F-T process, nickel is generally considered the active element for 

methanation [274, 337]. However, recent investigations revealed that when nickel was 

used as a promoter, it has the potential to promote carbon chain growth due to its strong 

ability for CO insertion [257, 274]. Li et al. found that the nickel modified K/MoS2 

catalyst increased the selectivity of the catalyst towards higher alcohols, especially 

ethanol [251, 259, 268]. At Ni/Mo molar ratio of 0.33, the methanol selectivity 

decreased sharply from 22.5% to 6.2% and higher alcohol selectivity increased from 

28.8% to 41.2% compared to the non-promoted catalyst [259].  
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The 3d transition metal iron also has a positive influence in HAS due to its 

combined effect of suppressing methanation and enhancing ethanol production [289]. 

Xu et al. found that addition of iron to CuMnZrO2 catalyst (Cu:Mn:Zr:Fe molar 

ratio=1:0.5:2:0.1) significantly improved the alcohol distribution towards ethanol from 

about 6.0 wt.% to 24.4 wt.% at 300 °C, 8.0 MPa and 8000 h-1 GHSV [181]. Similar 

findings were published where iron was used as a promoter over Rh-based catalysts 

[289, 295, 300, 306]. Haider et al. studied higher alcohol formation using iron 

promoted Rh-based catalysts and reported that with 2.5 wt.% addition of iron to 2 wt.% 

Rh/TiO2 catalyst, the ethanol selectivity increased from 11.1% (2 wt.% Rh/TiO2 

catalyst) and reached a maximum at 31% (270 °C, 2.0 MPa, and H2/CO ratio of 1) 

[299].   

2.5.2.3 Effect of Other Elements 

The introduction of other metals such as lanthanum, manganese, and palladium in 

HAS catalysts can also promote the catalytic selectivity to higher alcohols. Yang et al. 

investigated the effect of lanthanum addition on K/Co/MoS2 catalyst and found that 

lanthanum increased the ethanol selectivity from 32.7% without lanthanum to 40.0% 

with La/Mo molar ratio at 0.2 and decreased the selectivity towards hydrocarbons from 

28.9% to 24.8% [250]. The strong interaction between lanthanum and cobalt inhibited 

the formation of CoSx crystal particles, thereby enhancing the dispersion of cobalt 

species and the concentration of Mo-Co-S mixed phases over the catalyst surface. Qi 

et al. found that the addition of manganese to K/Ni/MoS2 catalysts suppressed the 

formation of methane by inhibiting the sintering of nickel over the catalyst surface 

[257], thus the higher alcohol formation promoted by nickel became favourable. As a 

result, the synergetic effect of manganese and nickel improved the selectivity towards 

higher alcohols (See Section 2.4.3.3, [256]). Palladium is another metal often reported 

as a promoter for HT modified methanol synthesis catalysts, namely Zr/Cr-based 

catalysts [51, 54, 58]. Epling et al. reported that when Zr/Cr-based catalysts were 

doped with palladium, the higher alcohol production rate increased significantly, 

especially that of isobutanol [52, 55]. Palladium was added to facilitate the catalyst 

reducibility and improve the activation of H2 and CO. 
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2.5.2.4 Effect of Multi-promoters 

It has been found that a mixture of both alkali and non-alkali promoters can be 

more effective for HAS, such as addition of caesium and palladium over Zn/Cr-based 

catalysts [52, 55], potassium and lanthanum over Cu-Fe-based catalysts [174, 175], 

and potassium, nickel, and lanthanum/manganese over MoS2-based catalysts [256, 

257]. Yin et al. studied a series of Rh/SiO2 based catalysts promoted with lithium, 

manganese, and iron for the catalytic conversion of syngas to ethanol [297], and the 

results are summarised in Table 2-1. It is clear from Table 2-1 that CO conversion and 

ethanol formation improved with multi-metal addition to the Rh-based catalyst. 

Table 2-1. Effect of different components on the reaction performance of catalysts for CO 

hydrogenation over Rh/SiO2 catalyst [297].  

Catalyst 
CO Conversion  

(%)a 

Selectivity (%) 

Methanol Ethanol C2+ oxy. HC 

Rh/SiO2 2.6 4.5 12.3 4 79.2 

Fe/Rh/SiO2 2.9 11.8 12.9 7.5 67.8 

Mn/Rh/SiO2 8.7 0.3 23 11.9 64.8 

Fe/Mn/Rh/SiO2 9.0 1.6 22.7 17.5 58.2 

Li/Mn/Rh/SiO2 6.7 1.4 35.5 21.2 41.9 

Fe/Li/Mn/Rh/SiO2 8.4 1.6 27.4 28.9 42.7 

        a reaction conditions: T = 320 °C, P = 3.0 MPa, GHSV = 12000 h-1, and H2/CO = 2. 

2.5.3 Effect of Catalyst Preparation Method  

As mentioned before, catalytic activity and selectivity are affected by the catalyst 

properties, and the preparation method of the catalyst also plays an important role in 

its performance in HAS. Most of the catalysts discussed in this chapter were prepared 

via two major methods: precipitation (or co-precipitation) and impregnation. 

Precipitation is widely used in catalyst preparation, with the main advantages being 

the possibility of creating very pure materials and the flexibility of the process with 

respect to the final product composition suitable for small scale research (see reviews 

[338-340]). Precursor deposition by impregnation is also an important and frequently 

used method, in which a dry porous support is contacted with a solution containing the 

dissolved precursors (see review [339]). In addition, mechanical methods such as 

reactive grinding and ball milling are also used in some studies to prepare catalysts 

with high catalytic activity [320-323]. 
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In recent years, some research focused on the development of modern catalyst 

preparation methods to further improve the catalyst performances. Gupta et al. 

prepared Mn/Cu-ZnO nano-wires by electrodeposition method and used it as catalyst 

for HAS [99]. This method has the ability to control the surface properties of multi-

metallic catalysts, which is not possible with conventional catalyst preparation 

methods such as co-precipitation and impregnation. Zhang et al. investigated Cu-Fe-

based catalysts for HAS prepared by plasma-assisted method [180]. Compared to 

conventional catalysts, the catalyst prepared by plasma-assisted method exhibited 

higher activity and selectivity towards higher alcohols, due to increased specific 

surface area, higher dispersion of active components (Fe, Cu), and smaller particle size. 

By using silica sol and silica gel, Ding et al. prepared a multi-functional silica-silica 

bimodal pore catalyst support through incipient-wetness impregnation method [187]. 

This bimodal support had more surface area and less pore volume, but a higher number 

of small pores compared to the original silica gel. The good dispersion of the active 

metal sites (copper and iron) and the high diffusion efficiency of the products inside 

the bimodal pore structures favoured the catalyst activity and selectivity of higher 

alcohols. Li et al. synthesised a highly homogeneous and dispersed K/Ni/MoS2 

catalyst by ultrasonic technology under non-water environment [268]. This catalyst 

showed higher C2+OH selectivity compared with the corresponding catalyst prepared 

by co-precipitation method (61% vs. 44%). The high homogeneity of this K/Ni/MoS2 

catalyst suppressed the formation of nickel sulphides, thus inhibiting methanation. 

París et al. investigated the influence of K/Ni/MoS2 catalysts preparation route for 

HAS [274]. A novel catalyst prepared by co-precipitation in micro-emulsion 

outperformed its counterpart prepared by the conventional method in term of 

selectivity and yield of higher alcohols, which was attributed to the higher 

concentration of promoters over the catalyst surface and a lower degree of catalyst 

crystallinity. Kim et al. prepared a structurally well-defined ordered mesoporous 

carbon (OMC)-supported rhodium nanoparticle (NP) catalysts with low rhodium 

content (<1 wt.%) by sonochemical (SN) method [311]. Compared to the catalyst 

prepared via simple incipient wetness method, the SN catalyst increased the higher 

alcohol selectivity (from 20.6% to 58.9%) and decreased methane formation (from 

65.2% to 24.1%) at 320 °C, 3.0 MPa, 12000 h-1 GHSV, and H2/CO ratio of 2. This is 

because the uniform size of rhodium NPs in the OMC supports enhanced both the CO 

insertion and chain growth reactions.  
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Figure 2-13 displays the differences in higher alcohol selectivity for different 

catalysts, prepared by different novel methods, compared to conventional methods. It 

is noticeable that the catalysts prepared by new techniques exhibited higher C2+OH 

selectivity compared to the catalyst prepared by conventional methods. In general, new 

preparation techniques enhanced the higher alcohol selectivity because of higher 

catalyst surface area, more uniform particle size and distribution of active centres. 

However, such novel methods have their limitations for HAS application, such as high 

cost, complicated synthesis conditions and reproducibility issue, and difficulty in 

scale-up procedures. 

 

Figure 2-13. Higher alcohol selectivity over different catalysts, prepared by conventional and new 

methods.  

2.6 Evaluation of Different HAS Catalysts  

Table 2-2 summarised the typical reaction parameters and resulting yields range 

of each type of HAS catalyst discussed in Section 2.4, as well as the highest reported 

yield.  
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Table 2-2. Comparison of catalysts and reaction parameters for HAS. 

Catalyst Type Catalyst Formula T  (°C) P (MPa) H2/CO Ratio GHSV (h-1) C2+OH Yield (%)1 
Highest Reported 

C2+OH Yield (%)2 

Modified methanol 

synthesis catalysts 

Zn/Cr spinels (HT) 400-440 7-11 1/1 8000-12000 3-13.5 13.5% [55] 

Cu/Zn/Cr oxides (LT) 275-310 8 9/20 3000-5000 2-7.2 7.2% [83] 

Cu/Zn/Al oxides (LT) 250-360 2-8 1/1-2/1 3000-10000 1-14 16.8% [90] 

Modified F-T 

synthesis catalysts 

Co-based catalysts 220-290 1-5 1/1-2/1 250-24000 1-17.2 24.9% [114] 

Cu-Co-based catalysts 250-350 2-9 1/1-2/1 3000-18000 1-14.5 20.5% [151] 

Cu-Fe-based catalysts 220-320 3-6 1/1-2/1 4000-6000 3-20 24.1% [186] 

Mo-based catalysts 

Mo-oxide catalysts 270-360 1.6-10 1/1-2/1 4000-10000 1-10 26.3% [204] 

Mo2C-based catalysts 275-300 3-10 1/1-2/1 2000-5000 2-24 26.8% [230] 

Mo2S-based catalysts 290-370 1.5-13 1/1-2/1 1000-6000 1-23 30.3% [59] 

Rh-based catalysts Rh-based catalysts 180-320 0.1-5 2/1-3/1 5000-20000 0.5-12 21.1% [288] 

Perovskite catalysts Perovskite catalysts 275-310 3-7 2/1 3900-5000 3-15 25.5% [326] 

    1 General range of higher alcohol yield; 

    2 Highest reported higher alcohol yield was sometimes not repeatable.              
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It can be seen from Table 2-2 and all the catalyst studies mentioned in the sections 

above that despite intensive work in HAS in the last 37 years, the higher alcohol 

product yields remain too low for commercial applications at this stage. Some 

modifications of the catalysts need to be applied to increase the higher alcohol 

selectivity and yield.  

In order to enhance the HAS process, it is important to identify the best catalyst 

candidates from the previous study and use it as a base to develop future highly active, 

selective and stable catalysts for HAS. As discussed above, different types of catalysts 

have been investigated for HAS in the last 37 years, each with their advantages and 

disadvantages, which are summarised in Table 2-3. 
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Table 2-3. Advantages and disadvantages of HAS catalysts. 

Catalyst Type Advantages  Disadvantages 

HT Modified methanol synthesis catalysts   High isobutanol selectivity  High operation temperatures and pressures 

 Low CO conversion 

 Low interest currently in isobutanol production  

LT Modified methanol synthesis catalysts  Low operation temperatures and pressures 

  High CO conversion 

 Methanol as the main product 

Modified F-T synthesis catalysts  Moderate operation temperatures and pressures 

 Low H2/CO ratio in feed (Cu-Fe-based catalysts) 

 Low C2+OH selectivity 

 High hydrocarbon selectivity 

 Catalyst deactivation caused by copper sintering 

Mo-based catalysts  High C2+OH selectivity 

 Sulphur resistance (Mo2S) 

 Deactivation resistance 

 Relatively high reaction temperatures and pressures 

 Sulphur contamination of the produced alcohols (MoS2-

based catalysts) 

 Long induction period 

Rh-based catalysts  High selectivity towards ethanol 

 Low operation temperatures and pressures 

 limited availability and high cost of rhodium 

 Relatively lower higher alcohol yield 

 High methane selectivity 

Perovskite catalysts  Unique structure and properties of perovskite catalysts 

(tuneable catalyst) 

 Huge amount of different compositions 

 Low C2+OH selectivity 

 Not fully studied yet 
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HT modified methanol synthesis catalysts might not been considered as attractive 

catalysts anymore for large scale HAS process. The high reaction temperatures lead to 

methanation instead of the higher alcohol formation, and the high operation 

temperatures and pressures are less preferred for commercialisation. Besides, the main 

product formed with HT modified methanol synthesis catalyst (isobutanol) has lost 

attractiveness due to the environmental restriction on MTBE (see Section 2.4.1.1). LT 

modified methanol synthesis catalysts also might not be suitable for future HAS study 

because methanol remains the dominant alcohol product. Modified F-T catalysts 

provide moderate higher alcohol selectivity but hydrocarbon formation is dominant, 

especially methane. What’s more, the catalyst deactivation caused by copper sintering 

is another drawback. Even though MoS2-based catalysts have been studied intensively 

in recent years, it has been reported that these catalysts would cause sulphur 

contamination of the produced alcohols, which is a critical drawback for MoS2-based 

catalysts [190, 328]. In addition, HAS with Mo-based catalysts must be carried out at 

relatively high reaction temperatures and pressures, and usually have a long induction 

period [96].  

Despite their advantages, Rh-based catalysts could be eliminated from further 

consideration for commercial application of HAS from syngas, due to the limited 

availability and high cost of rhodium. The generally lower higher alcohol yield 

compared to the other catalyst types also makes Rh-based catalysts less attractive for 

commercial application.  

Compared to the catalysts listed above, perovskite catalysts have become an 

attractive option for the future and commercial application of HAS. Though only 

limited studies have been reported until now, the unique structure and properties of 

perovskite catalysts open a new research pathway to a highly active and selective HAS 

process. Over the last 10 years, important progresses have been made regarding the 

CO conversion (from 15% to 95%) as well as higher alcohol selectivity (from 10% to 

50%). These have led to assumptions that F-T elements substituted into the perovskite 

catalysts would increase the higher alcohol selectivity. Therefore this research will 

focus on the development of perovskite catalysts and their catalytic performance for 

higher alcohol synthesis from syngas.  
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2.7 Perovskite Catalysts  

2.7.1 Introduction 

Gustav Rose discovered a calcium titanium oxide mineral with the chemical 

formula CaTiO3 in the Ural Mountains of Russia in 1839 and named it Perovskite after 

Russian mineralogist, Count Lev Alexevich Von Perovskt (1792-1856) [341]. Any 

compound that has the same ABO3 structure as the original perovskite mineral is now 

labelled as a perovskite structure. Perovskites started to be reported as catalysts in the 

1950s, and from then, many fundamental and applied studies have been carried out for 

different reactions (see book [342]). 

2.7.2 Perovskite Structure 

Perovskite oxides have an ABO3 type crystal structure, ideally cubic, as depicted 

in Figure 2-14, where A- and B-sites can be occupied by a board range of metallic 

cations of different sizes and oxidation states. The larger cation A is 12-fold 

coordinated with oxygen anions and formed a face-centred cubic (FCC) lattice. The 

smaller cation B is 6-fold coordinated and occupied the octahedral sites in this FCC 

lattice [342, 343]. 

 

Figure 2-14. Ideal cubic ABO3 perovskite structure. 

The perovskite structure is very tolerant to changes in the ionic radii of A and B 

cations. In general, the stability and distortion of perovskite structure can be described 

by the tolerance factor (t), as shown in Equation (2-10) [344]: 

 t =(rA+rO)/√2(rB+rO)      (2-10) 

Where rA is the radius of cation A, rB the radius of cation B, and rO the radius of 

the anion O. The perovskite structure is maintained when t is between 0.75 and 1.0, 

A cation             

Oxygen

B cation
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and the ideal cubic structure with t=1. However, only a small number of perovskites 

actually display the cubic structure, and they often exhibit a slight distortion of the 

lattice, such as rhombohedral, orthorhombic or tetragonal symmetry [345].  

 In addition to the tolerance factor, the charges of A and B cations have to balance 

the oxygen anion charge [346]. This means that perovskites of different charge 

distributions are possible, e.g. A1+B5+O3, A2+B4+O3 or A3+B3+O3. Thus the perovskite 

structure can tolerate significant non-stoichiometric and partial substitution. By 

introducing one or more elements in each of the A- and B-site, a large variety of 

perovskites could be designed and prepared to obtain several desired physico-chemical 

properties. Furthermore, oxygen vacancies can also exist, which results in defective 

ABO3-x perovskites, with different effect on activity (positive or negative), depending 

on the process in which the perovskites are used [347, 348]. For example, the partial 

substitution of La3+ by Sr2+ in LaFeO3 perovskite creates La1-xSrxFe1-x
3+Fex

4+O3. With 

increasing strontium substation, oxygen vacancies are formed by releasing oxygen 

(La1-xSrxFe1-x+2δ
3+Fex-2δ

4+O3-δ) [342].  

2.7.3 Perovskite Properties 

The thermal stability of ABO3 perovskite oxides is determined by the cations at 

the A- and B- sites and most perovskites are thermally stable at high temperatures 

[342]. Many perovskite oxides also exhibit basic properties which make them 

promising for many reactions, such as oxidative coupling of methane and HAS 

reactions [342, 345]. In addition, perovskite oxides display several interesting physical 

properties, such as magnetism, electrical conductivity, and optical properties. 

Furthermore, the relatively low manufacturing cost of perovskite oxide attracted 

interest in their applications [349]. 

In order to take advantage of perovskites as catalysts, an appropriate selection of 

the A and B cations is necessary. In ABO3 perovskites, the large cation A can be 

lanthanide metals (La, Sm, and etc.) and/or alkaline earth metals (Ca, Sr, Ba, and etc.), 

and the small cation B can be selected from a wide range of transition metals (Cu, Co, 

Ni, Fe, Cr, Al, and etc.) and noble metals [350-352].  

Appropriate attention should be paid to the role of the A- and B-site cations on the 

catalytic properties of perovskite catalysts in the catalyst design. Previous studies 
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reported that the partial substitution of the A-site cation affects not only the structure 

of perovskite but also the oxygen non-stoichiometry and mobility, which will influence 

the catalytic reducibility and the stability of the perovskite [345, 353, 354]. Falcón et 

al. found that for LnNiO3 (Ln= Pr, Sm, Eu) perovskite catalysts, the orthorhombic 

phase increased in the order of Pr < Sm < Eu and the reducibility reduced in the same 

order. With the partial substitution of the A-site Ln cation with strontium, the 

Pr0.95Sr0.05NiO3 perovskite showed further enhanced reducibility, which led to an 

increase in activity for CO oxidation due to the relative ease of oxygen removal and 

the existence of oxygen vacancies [355]. On the other hand, the B-site cation 

significantly affected the catalytic properties [350, 353, 356]. As mentioned before, 

the combination of cobalt and copper in LaCo1-xCuxO3 perovskites show higher C2+OH 

selectivity in HAS compared to the unsubstituted LaCoO3 catalyst (27.3 wt. % vs. 13.6 

wt. %, respectively) [321]. The combination of two different elements at the B-site 

results in great enhancement of catalytic activity due to synergistic effects, similar to 

what has already been discussed for other catalysts (Section 2.4). In general, A-site 

elements affect the perovskite structure which in turn influences the catalyst 

reducibility, while B-site cations are the reducible species. Thus, the perovskite oxides 

are promising candidates for many reactions due to their rigid structure, flexible 

composition, thermal stability, and low cost. 

2.7.4 Applications of Perovskite Catalysts 

Perovskite oxides can be applied in a wide range of chemical processes. Some 

examples are provided below. 

SrTiO3- and NaTaO3-based perovskite catalysts exhibit high activity and excellent 

stability as photocatalysts for water splitting under visible-light irradiation [357]. To 

further optimise the whole reaction process and improve the catalyst performances, 

many different modification strategies were applied in these ABO3 structure catalysts, 

such as incorporation of upconversion luminescent agents (e.g. Er3+, Em3+, and Tm3+) 

and employing appropriate perovskite preparation methods [358, 359].  

LaCoO3- and LaMnO3-based perovskites have been recognised as promising 

catalysts for methane combustion, which is often used to remove exhaust gas from 

automobiles [360, 361]. With partial substitution at the A- and /or B-site of the 

perovskite structure, the catalysts show higher catalytic performance due to the non-
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stoichiometry of the oxygen and the existence of lattice defects [362].  Due to the 

properties mentioned above, partially-substituted La1-xAxMO3- (A=Sr or alkali metals, 

M=Co or Mn) perovskite catalysts are also widely used to control the emission of soot 

from diesel engines through soot combustion [363-365]. 

Comprehensive investigations were applied to study the production of  hydrogen 

over LaCoO3- and LaFeO3-based perovskite catalysts, including dry reforming of 

methane [366, 367] and ethanol steam reforming [368, 369]. This is because the 

perovskite catalysts have a rigid crystal structure and show excellent thermal stability. 

Besides, appropriate substitution at the A- and/or B-site of perovskite catalysts (e.g. 

cerium and/or nickel) also improved the catalytic performance and suppressed the coke 

formation [366]. 

Furthermore, there is a great interest in using perovskites as solid oxide fuel cells 

(SOFCs) due to their excellent oxygen mobility and permeation [370, 371]. Sr-

substituted La1-xSrxMnO3- perovskite is one of the most commonly used cathode 

materials in SOFCs, while LaAlO3-based perovskites have been studied as the SOFCs’ 

electrolyte and anode materials [370, 372]. 

Perovskite catalysts show higher catalytic performances in the above chemical 

processes due to their unique structure and special properties. Appropriate substitution 

at the A- and/or B-site of perovskite catalysts further optimise the whole reaction 

process. As a result, perovskites are promising candidates for HAS, as shown in 

Section 2.4.5. 

2.8 HAS Catalysts Opportunities 

2.8.1 Challenges 

Catalytic conversion of syngas to higher alcohols is of great interest at the moment 

due to the global energy crisis, increasing environmental concerns, and the high 

demand for gasoline additives (see Section 2.3). However, HAS from syngas suffers 

from low yields and poor selectivity towards the targeted C2+OH products, which 

significantly limit its potential commercial application. Until now, there is no 

commercial plant that exists solely for the production of higher alcohols from syngas. 

Although great efforts have been made for the improvement of the HAS process over 
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the last three decades, many uncertainties and challenges still exist. This section 

explores some of these challenges. 

The first major technical challenge for HAS process is to break down the “seesaw” 

effect of higher alcohol selectivity and CO conversion (as shown in Figure 2-6), 

namely, to achieve high C2+OH selectivity and high CO conversion to get high yields, 

which are critical for the commercial production of mixed alcohols. Secondly, the 

selectivity of HAS by-products, such as hydrocarbons (mostly methane) and carbon 

dioxide, need to be minimised to achieve better carbon efficiency. Thirdly, the stability 

of the catalysts is one of the key parameters for HAS commercialisation, and the 

deactivation behaviours of the catalysts should be further studied to prolong the 

catalyst lifetime. Lastly, the relatively high reaction conditions for HAS process (high 

temperatures and pressures) need to be reduced to lower the process costs and 

improving the efficiency.   

Future research & development work should focus on the development of highly 

efficient catalysts for higher alcohol synthesis and optimisation of the reaction process 

to achieve economic viability for HAS from syngas and meet the market demands. 

2.8.2 Potential of Perovskite Catalysts for HAS 

A brief summary of the A- and B-site characteristics and functions in the ABO3 

perovskite is presented in Table 2-4. 
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Table 2-4. Basic functions of both A- and B-site of ABO3 perovskite catalysts. 

 A-site B-site 

Elements 
Rare-earth, alkaline-earth or other 

large ions 

Transition metals of first row in 

periodic table 

Atomic radius R(A)>0.90 Å R(B)>0.51 Å 

Effects on catalyst 

properties 

Structure of perovskite 

Stability of perovskite 

Oxygen vacancy and mobility 

Reducibility of perovskite 

Synergistic effects with multiple 

elements 

Reducibility of perovskite 

Hypothesis effects on 

HAS Process 
CO conversion Higher alcohol selectivity 

Candidates 

La (3+) 

High activity for HAS 

Easy to form perovskite structure 

Suppress hydrocarbon formation 

Co (3+) 

Good for carbon chain grows 

Sr (2+) 

High activity for HAS 

Generate structural defects 

Cu (2+) 

Good for methanol formation 

  

Ni (3+) 

Good for CO insertion 

Sever methanation 

Lanthanum is a good candidate for the A-site for HAS perovskite catalysts as it 

easily forms the perovskite structure with different B-site metals, such as in LaCoO3, 

LaFeO3, LaNiO3, LaMnO3, and etc. As mentioned in Section 2.5.2.3, lanthanum 

provides excellent catalytic selectivity for HAS from syngas due to its strong 

interaction with cobalt and nickel species, which led to the high dispersion of these F-

T elements over the catalyst surface [250, 256]. In addition, lanthanum oxide can act 

as a promoter in Co-contained catalysts for HAS. The increased higher alcohol 

selectivity was attributed to the formation of new active sites — cobalt carbides (Co2C) 

—promoted by lanthanum oxide [113, 122]. Furthermore, the basicity of lanthanum 

oxide is ideal for CO conversion to form higher alcohols [156]. Substitution at the A-

site with a different valence cation, such as strontium, not only influenced the structure 

and stability of perovskite oxides but also affected the catalytic activity for many 

reactions, such as oxidation of carbon monoxide [373] and hydrocarbons [374], and 

steam reforming [374]. Though the effect of strontium substitution has not been 
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studied in HAS process, it is reasonable to deduce that the Sr-substituted perovskite 

catalysts would affect the catalyst activity. 

As for the B-site cation, cobalt, nickel and copper are good candidates (as a single 

metal, or partially substituted), as they are active metals (F-T elements) for higher 

alcohol formation [138, 354]. Cobalt is a very active metal catalyst in F-T synthesis to 

produce hydrocarbons (paraffin and olefin), while copper tends to form methanol and 

other alcohols [47, 82, 138]. Nickel is often used as a promoter to increase catalysts’ 

activity and higher alcohol selectivity [251, 256, 259, 268]. Due to the synergistic 

effect of combined metals, the partial substitution of the B-site in the perovskite 

structure should be taken into consideration. Some considerations for partial 

substitution of the A- and B-site are A1,1-xA2,xBO3±δ, A1,1-xA2,xB1,1-yB2,yO3±δ or A1,1-

xA2,xB1,1-y-zB2,yB3,zO3±δ, with A1=La, A2=Sr, B1=Co, B2=Ni, and B3=Cu.  

Alkali ions (e.g., Li, Na, K, Rb, and Cs) can also be introduced into the perovskite 

catalysts as promoters to improve the higher alcohol selectivity due to the relatively 

higher alcohol selectivity of catalysts containing an equal atomic amount of alkali 

promoters, which increases in the order 0 < Li < Na (≈Rb) < K [375].  

2.8.3 Objective of Current Study 

A number of research challenges for HAS, in particular the catalysts, have been 

identified. The objective of the current study focuses on the development of stable 

perovskite catalysts with high activity and selectivity for HAS from syngas. According 

to the discussion above, perovskite catalysts are considered as promising catalysts for 

higher alcohol synthesis from syngas. The unique structure and special properties of 

perovskite offer a huge range of different compositions for tailor made catalysts, to 

suit the HAS process [345]. This research also aims to provide insights into the effect 

of partial substitution on the catalyst properties and reaction performance, as well as 

on the changes of catalyst structures during the reaction.  

The main objectives of the current study are listed below:  

 To design, prepare and characterize partially-substituted perovskite catalysts 

A1,1-xA2,xB1,1-y-zB2,yB3,zO3±δ. 

 To investigate the effect of partial substitution at the A- and/or B-sites of 

perovskite catalysts for higher alcohol formation from syngas in F-T synthesis. 
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 To examine the effect of alkali promoters and reaction conditions over 

prepared perovskite catalysts for higher alcohol formation. 

 To test the performance of the catalysts mentioned above in HAS process, and 

assess their stability. 

2.9 Conclusion 

Development of effective catalysts with high selectivity and activity towards 

higher alcohols, and good stability under moderate reaction conditions are highly 

desirable goals in HAS from syngas. In this chapter, different catalyst designs and 

process developments on modified methanol synthesis catalysts, modified F-T 

synthesis catalysts, Mo-based catalysts, Rh-based catalysts, and perovskite catalysts 

have been reviewed and assessed in respect of their potential to render the HAS process 

commercially attractive. This chapter also discusses the effects of various catalyst 

supports, promoters, and catalyst preparation methods on the performance of HAS 

catalysts. It was found that the improvement of active centre dispersion over the 

catalyst surface leads to an increase of the higher alcohol selectivity and yield. While 

some progress has been made accordingly, improvements in the development of HAS 

catalysts are still required to achieve a higher yield of C2+OH alcohols for 

commercialisation. Compared with other HAS catalysts, perovskites are promising for 

the synthesis of higher alcohols from syngas. As a result, a systematic experimental 

process for perovskite catalysts development is needed to improve the higher alcohol 

synthesis from syngas. The objective of the current study is to provide such a 

systematic study that will offer guidance on the development of perovskite catalysts 

for HAS.  
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 Chapter 3 Research Methodology and Analytical 

Techniques 

3.1 Introduction 

This chapter provides the overall research methodology employed to achieve the 

thesis objectives outlined in Chapter 1. The experimental and analytical techniques are 

described in detail in the following sections. 

3.2 Methodology 

A methodical approach was pursued to develop the best possible perovskite 

catalysts for higher alcohol synthesis (HAS), within the parameters of this work. An 

overview of the research methodology followed in this study is illustrated in Figure 

3-1. As reflected in this flow diagram, the study has 3 main sections, catalysts design 

and preparation, catalysts characterization, and catalysts testing in HAS, all of which 

are detailed below.  

Figure 3-1. Research methodology. 
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3.3 Catalyst Design and Preparation 

3.3.1 Catalyst Design 

It has been proven that among perovskites (ABO3), LaCoO3 is a promising base 

material for its use as a catalyst in Fischer-Tropsch (F-T) process because of its high 

activity, high selectivity to hydrocarbons and low water gas shift (WGS) activity [1-

3]. Following the extensive literature review presented in Chapter 2, Section 2.9.2, 

strontium was selected as a substitution element of cation A (lanthanum) in LaCoO3 

perovskite, while nickel and copper were good candidates for B site metals 

substitution. In this study, the possible formulas of the perovskite catalysts is La1-

xSrxCo1-y-zNiyCuzO3. A series of alkali promoted multi-metal La/Sr/Co/Ni/Cu 

perovskite catalysts (with different composition and contents of cation A and B) have 

also been designed and prepared for conversion of syngas into higher alcohols. 

3.3.2 Catalyst Preparation Method 

3.3.2.1 Co-precipitation Method 

La1-xSrxCo1-y-zNiyCuzO3 perovskite catalysts were prepared by co-precipitation. 

The required amount of the appropriate metal nitrates, lanthanum nitrate 

(La(NO3)3·6H2O, 99.9%), strontium nitrate (Sr(NO3)2, 99%), cobalt nitrate 

(Co(NO3)2·6H2O, 98%), nickel nitrate (Ni(NO3)2·6H2O, 98.5%) and copper nitrate 

(Cu(NO3)2·6H2O, 98%), obtained from Sigma-Aldrich, were used as reagents and 

ammonia water (35% mass fraction, Aldrich) was used as a precipitation agent. The 

metal precursors were weighed in stoichiometric proportions and dissolved 

successively in distilled water to get 1mol/L solution for both A and B site metal 

elements. Ammonia water was added to the aqueous solution dropwise under vigorous 

stirring until a pH of 9 was reached. The precipitate was then filtered and dried at 120 

°C overnight. The dried material was calcined in a muffle furnace under air 

atmosphere. The detailed drying and calcination procedure of perovskite catalysts 

prepared in this study is presented in Figure 3-2. 

http://www.baidu.com/link?url=EQNB0ceulxDKHaBabqrPqgbFSXLsDWL5uqj1Qh04BGo-sVGSHGKcevjLi4KrWt8swu7yxLC1IxL58Oi4jNga1PGum_52Ds6qtgQdyYJseO_
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Figure 3-2. Drying and calcination procedure of La1-xSrxCo1-y-zNiyCuzO3 perovskite catalysts. 

3.3.2.2 Impregnation Method 

To load alkali metals on the catalyst surface, incipient-wetness impregnation 

method was employed. The total amount of promoter metal was fixed at 1 wt. % for 

all samples. A certain volume of alkali carbonate (Na2CO3 or K2CO3, 99%, Sigma-

Aldrich) solution (0.217 and 0.128 mol/L, respectively) was added to the calcined 

perovskites to reach incipient wetness. After aging for 24 h at room temperature, the 

paste was dried for 8 h at 110°C and then calcined in a muffle furnace with air flow at 

800°C for 6 h with a ramping rate of 2°C/min.  

3.4 Analysis Techniques for Catalyst Characterization 

Catalyst characterisation provides important information about the structure and 

properties of perovskite catalysts. It not only allows identification of the active sites 

for HAS reaction but also reveals possible routes for optimisation of the catalyst 

structure. Figure 3-3 provides an overall picture of the analytical techniques used to 

characterise the perovskite catalysts in this study. 

 

Figure 3-3. Analysis techniques for catalyst characterisation. 
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3.4.1 Specific Surface Area  

The specific surface area is an important parameter of catalysts, which related to 

the catalysts’ activity. Specific surface area measurements of the catalysts were carried 

out on a Micro Tristar II apparatus at liquid nitrogen temperature using the Brunauer–

Emmett–Teller (BET) method. The samples were degassed by evacuation at 250 °C 

for 12 h before N2 adsorption measurements. 

3.4.2 X-ray Diffraction Analysis 

X-ray diffraction (XRD) is a characterisation method of solids, which is 

commonly used to analyse the phases and to determine the particle size of perovskite 

catalysts. In this study, XRD analyses were performed on a Bruker D8 Advance X-ray 

diffractometer with Co Kα radiation (λ=1.78897 nm) operating at 40 kV. The spectra 

were obtained between the 2θ ranges of 20 and 80° at a scanning speed of 1°/min for 

prepared catalysts and 5°/min for reduced and used catalysts at room temperature. The 

patterns recorded were identified by reference to the powder diffraction data (JCPDS-

ICDD) with the standard spectra software.  

3.4.3 Hydrogen Temperature-programmed Reduction Analysis (H2-TPR) 

Hydrogen temperature-programmed reduction (TPR) experiments were carried 

out to study the catalyst redox properties. H2-TPR experiments were performed using 

a ChemBET 3000 equipment. In each analysis, 0.1 g or 0.3 g of sample in the form of 

a powder was placed in a quartz cell. The sample was outgassed at 300 °C for 1 h with 

20 ml/min flowing nitrogen through the cell to remove the contaminants on the surface 

of the sample and then cooled down to room temperature. The sample was then 

reduced with a 5% H2/N2 gas mixture at a total flow of 20 ml/min. The temperature 

was increased at 5 °C/min from room temperature to 800 °C. 

3.4.4 Scanning Election Microscopy (SEM) 

Scanning electron microscopy (SEM) was used to obtain the samples’ surface 

morphology and composition. SEM images were recorded using a Field Emission 

Zeiss Ultra Plus unit, with an acceleration voltage of 5 kV. 
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3.4.5 Thermogravimetric Analysis and Differential Scanning Calorimetry 

(TGA/DSC) 

Thermogravimetric analysis and Differential scanning calorimetry (TGA/DSC) of 

catalyst precursors and used catalysts were performed on a Mettler Toledo TGA/DSC 

instrument, from 25 to 950 °C at a heating rate of 10 °C /min and under an air flow of 

60 ml/min. 

3.4.6 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

The atomic compositions of the perovskite catalysts were determined by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) using a Perkin 

Elmer Optima 8300 ICP-OES Spectrometer. The concentrations of the components 

obtained in parts per million were converted into atomic concentrations using the 

atomic weights of the metals. 

3.5 Higher Alcohol Synthesis from Syngas 

3.5.1 Instruments for Catalyst Performance Test 

In this study, the HAS reactions from syngas were tested on three different fixed-

bed reactor systems, each offering different performances.  

3.5.1.1 High Pressure Rig 

The catalytic tests for syngas conversion study were carried out in a high-pressure 

experimental unit which consists of three parts: gas feeding system, reaction system 

and separation and analysis system (Figure 3-4).  



Chapter 3 Research Methodology and Analytical Techniques 

78 

 

 

Figure 3-4. Schematic diagram of the high-pressure experimental unit for syngas conversion 

(MFC: mass flow controller; BPC: back pressure controller; RGA: refiner gas analyser; PI: pressure 

indicator; TI: temperature indicator). 

The stainless-steel fixed-bed reactor (I.D. = 12.7 mm, L = 385 mm) was packed 
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reactor, between inert beds of alumina spheres (I.D. 1mm) at both ends of the reactor. 
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to regulate the flow of the inlet gases (H2 and N2 with purity of 99.999%, CO purity 
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monitored. To avoid condensation of oxygenates and long chain hydrocarbon products 

(only present in a small amount) leaving the reactor, the transfer lines downstream of 

the reactor were heated to 130 °C. 
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flame ionization detector (FID) and two thermal conductivity detectors (TCD), and a 

combination of packed columns (HayeSep N 60/80 mesh, HayeSep T 60/80 mesh, 

Molecular Sieve 80/100 mesh and Molecular Sieve 5A 80/100 mesh). The run time 

for each experiment was about 24 h. The feed gas conversion and other gaseous 

products were monitored continuously with a time interval of 8 min. The liquid 

products (aqueous and organics) were collected at the end of the run and analysed off-

line after being carefully separated by condensation on an Agilent 7890 GC/MS 

equipped with an HP-5 MS capillary column (30 m0.32 mm0.25 µm) and a FID 

detector. 

3.5.1.2 Spider F-T Facility 

Higher alcohol selectivity studies over the perovskite catalysts were performed in 

a high-flow fixed-bed reactor (Spider 3F-T instrument, AMTech, Germany), as shown 

in Figure 3-5. The set-up was similar to the high pressure rig (Section 3.5.1.1).  

 

Figure 3-5. Schematic diagram of Spider F-T instrument for higher alcohol synthesis. 
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The reactor was made up of an Inconel tube (I.D. = 12.7 mm, L = 200 mm). 0.5 

gram of catalyst, diluted with 1.5 gram of alumina (pellet size: 53-105 µm), were used 

in each test. Inert alumina spheres (I.D. 1mm) were packed on both ends of the reactor. 

The feed gases were sent to a GC/MS via a bypass line for analysis. The products were 

analysed directly without any treatment using an online Agilent 7890 GC/MS and the 

temperature of the transfer line between the reactor outlet and the GC valves were kept 

at 200 °C in order to avoid any product condensation.  

The permanent gases (CO, H2, N2, CH4, CO2 and CH4) were separated using a 

TDX-01 packed column (2 m80/100 mesh) connected to a TCD detector. 

Quantitative and qualitative analysis of all organic products was carried out using an 

MS HP-5 column (30 m0.32 mm0.25 µm) connected to the mass spectrometer. The 

experiments were carried out for 24h and the data obtained from each experiment were 

the average of measurements over the steady-state period. 

3.5.1.3 Syncat Facility 

In order to confirm the laboratory research outcomes, long-term tests of the 

catalyst stability were performed using one of the gas processing rigs of CSIRO 

SynCat Facility. The long term HAS reactions were carried out in a down flow fixed-

bed stainless steel reactor (I.D. = 19 mm, L = 500 mm), fitted with a ¼″ thermal well, 

which includes 5 thermocouples. A simplified experimental set-up schematic is shown 

in Figure 3-6. 
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Figure 3-6. Simplified piping and instrumentation diagram of the Syncat gas processing rig. 

In a typical experiment, the reactor was loaded with ca. 5 g of catalyst with a 
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1part catalyst) to prevent hot spots forming along the reactor and ensure a more 

uniform temperature in the catalyst bed. The outlet gases were depressurised through 

a BPC and continuously analysed on-line by Agilent RGA after passing through a hot 

trap (120°C) and a cold trap (15°C) to condense any liquid products. The RGA was 
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HayeSep Q 80/100 mesh columns respectively. N2 was used as internal standard.  
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was slowly increased from room temperature to 450 °C and held at this temperature 

overnight.  

After the in situ reduction of the catalyst, the reactor was cooled down to reaction 

temperature and pressurised to reaction conditions with nitrogen. A syngas mixture 

composition of H2/CO/N2= 2:1:3 was used as feed for all experiments in this work. N2 

acted as an internal calibration standard. The syngas feed was introduced through the 

reactor at the appropriate gas hourly space velocities (GHSV). The HAS reaction was 

carried out at steady state under the reaction conditions for the required period of time.  

After the reaction, nitrogen was introduced to purge the reactor system and 

depressurized to ambient pressure. The used catalysts were collected after the reactor 

was cooled down to room temperature under the nitrogen atmosphere.  

3.5.3 Calculation Methods 

Using N2 as an internal standard, the feed gas conversion XF was calculated as in 

Equation (3-1): 

 
XF =

 MoleF in - MoleF out

MoleF in

 × 100% (3-1) 

Where MoleF in and MoleF out are the moles of gas (CO or H2) in the feed-gases and 

out-gases, respectively. 

The molar selectivity Si of each carbon-containing product i was calculated as in 

Equation (3-2): 

 
Si = 

Molei× ni

Moleco react

 × 100% (3-2) 
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Molei, ni represent the moles of carbon-containing product i and the number of 

carbon atoms in product i, respectively. 

The specific selectivity (related to alcohol distribution in subsequent chapters) of 

alcohol product SA with nA carbon number, in the total alcohol product, was obtained 

by Equation (3-3): 

 
SA = 

MoleA × nA

∑MoleA × nA
 × 100%  (3-3) 

MoleA, nA represent the moles of alcohol product A and the number of carbon 

atoms in alcohol A, respectively. 

The space time yield (STY) of alcohol product RA (mg·gcat
-1·h-1) was calculated 

according to Equation (3-4): 

 RA = 
mA

mcat×t
 × 100%  (3-4) 

Here, mA is the mass of alcohol A (mg), mcat is the mass of catalyst (g) and t 

represents reaction time (h).   
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 Chapter 4: Behaviour of Low Strontium Substituted La1-

xSrxCoO3 Perovskite Catalysts in Syngas Conversion 

4.1 Introduction 

As reviewed in Chapter 2, Section 2.2, the Fischer-Tropsch (F-T) synthesis has 

proven its ability for the conversion of syngas to high value hydrocarbons (e.g. 

gasoline, diesel and light olefins) and organic oxygenates (e.g. methanol and other 

higher alcohols) [1]. Cobalt and iron oxides are the most common catalysts for F-T 

synthesis and have been thoroughly investigated (see Chapter 2, Section 2.4.2). 

Recently, perovskite catalysts with an ABO3 type structure, where A and B represent 

different metallic elements, have been investigated for F-T synthesis, due to the 

flexibility in their design and preparation (see Chapter 2, Section 2.8). It is envisaged 

that their tailorable compositions and structures could be used to target specific 

desirable products of syngas conversion, such as higher alcohols [2-12]. In addition, 

their high thermal stability and excellent redox properties also make perovskite oxides 

ideal candidates for the F-T reaction. For example, a series of La(CoFe)O3 perovskite 

catalysts have been reported to show high C2-C4 olefins selectivity [3, 4]. Tien-Thao 

and co-workers investigated the performance and stability of the LaCo1−xCuxO3 

perovskite catalysts (x=0-0.4) for syngas conversion, reporting its high selectivity 

towards higher alcohol formation [6-10].  

Partial substitution at the A or/and B sites of the perovskite (ABO3) leads to 

changes in the perovskite structure, the oxygen mobility and the redox properties of 

the perovskite, which affects the catalytic activity. The effects of partial substitution 

of La3+ by lower oxidation state ions such as Sr2+ in LaCoO3 perovskites have been 

widely investigated for both fundamental research and industrial applications such as 

batteries [13], thermoelectric materials [14] or as a catalyst for steam and hydrocarbon 

reforming [15]. The catalytic properties of La1-xSrxCoO3 perovskites have also been 

studied for the oxidation of carbon monoxide [16, 17], hydrocarbons [18-20] and soots 

[21, 22]. It was found that the changes in the perovskite structure of LaCoO3 with 

partial substitution of La3+ by Sr2+ positively and significantly affected the catalytic 

activity in the above-mentioned applications.  
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However, despite the extensive research, large gaps between the fundamental 

understanding of these catalysts and their activity still remain. To date, no information 

is available on how Sr2+ modified the perovskite structure and the reduction processes. 

Furthermore, there is no general agreement about the maximum amount of Sr2+ that 

can be substituted in LaCoO3 for it to maintain its initial perovskite structure. In 

addition, to the best of our knowledge, there is no specific study about the effect of 

strontium substitution in LaCoO3 perovskite catalysts for syngas conversion. Although 

other perovskite catalysts for HAS from syngas have been investigated intensively to 

date, product yields still remain too low for commercial applications, with reagent 

conversion and product selectivity following opposite trends (high selectivity at low 

conversion and vice versa) [6-12]. Moreover, investigation on perovskite catalyst 

behaviours during its induction period in F-T synthesis has never been reported before. 

It is not very clear what changes occurred in the perovskite catalysts during the 

induction period and how these changes influence the catalyst behaviour and activity 

in F-T reaction.  

The main objective of this chapter is thus to gain some insights into the effect of 

strontium substitution on LaCoO3 perovskites structure and reduction properties. The 

effect of strontium substitution on the catalytic activity of LaCoO3 perovskites in 

syngas conversion will also be investigated, with an added focus on the induction 

period in F-T synthesis. To this end, La1-xSrxCoO3 perovskite catalysts (x=0 to 0.4) 

were prepared using the co-precipitation technique and their activities were tested in 

F-T synthesis at different reaction conditions, in a fixed bed reactor. All the catalysts 

were thoroughly characterised by several techniques (described in Chapter 3, Section 

3.4). The result of this work is an important step in the design of catalysts tailored for 

specific reactions and products, such as the F-T process for HAS from syngas. 

4.2 Effect of Strontium Substitution on Structure and Reduction 

Properties of LaCoO3 Perovskite Catalysts 

4.2.1 Structure of La1−xSrxCoO3 Perovskites 

La1−xSrxCoO3 perovskite samples (x=0 to 0.4) were prepared according to the co-

precipitation method described in Chapter 3, Section 3.3.2, and analysed by 

thermogravimetric analysis and differential scanning calorimetry (TGA/DSC), 
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Brunauer-Emmett-Teller (BET) method and X-ray diffraction (XRD) (Chapter 3, 

Section 3.4). 

The TGA/DSC diagram of the unsubstituted LaCoO3 perovskite material before 

calcination is shown in Figure 4-1.  

 

Figure 4-1. Sample weight (TGA) (—) and heat flow (DSC) (―) profiles of LaCoO3 material 

before calcination. 

The TGA signal shows that weight loss appears to take place in four steps. The 

first weight loss step (I) below 150 °C was mostly due to the desorption of adsorbed 

or hydration water, with a weight loss of 4%. The second step (II) represented a 

significant weight loss between 150 and 300 °C, related to an exothermic process 

displaying a sharp peak on the DSC, with a maximum at 250 °C. The experimental 

weight loss (41%) was related to the decomposition of the ammonium nitrate in the 

powder precursor, as observed by Biamino et al. [23]. The following weight loss step 

(III), between 300 and 700 °C, corresponded to the formation of perovskite oxide. The 

sharp weight loss (7.2%) at about 350 °C, associated with an endothermic peak in the 

DSC, was related to the decomposition of metal hydroxide in the material, 

accompanied by the loss of H2O. At temperatures higher than 700 °C (step IV), no 

further weight loss was observed for LaCoO3, suggesting that the LaCoO3 perovskite 

structure, expected to be produced upon the decomposition of the precursors, was 

finally formed at that temperature, in agreement with literature results [24]. The TGA 
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results indicated that the calcination temperature used in this work (800 °C) was thus 

suitable for perovskite formation. 

The specific surface areas (SBET) of the prepared La1−xSrxCoO3 perovskite samples 

are given in Table 4-1.  

Table 4-1. BET surface area and mean particle size of La1-xSrxCoO3. 

Samples x SBET  (m2 /g) Crystal domain size (nm)a 

LaCoO3 0 2.4 39 

La0.9Sr0.1CoO3 0.1 4.7 36 

La0.8Sr0.2CoO3 0.2 4.5 34 

La0.7Sr0.3CoO3 0.3 5.0 30 

La0.6Sr0.4CoO3 0.4 5.5 27 

  a Calculated from XRD results with Scherrer equation: D=kλ/(βcosθ) applied to the (0 2 4) 

diffraction peak (see Figure 4-2). 

The results in Table 4-1 showed that the SBET of the prepared catalysts were low 

relative to most catalysts and the partial substitution of lanthanum by strontium 

doubled the catalysts’ surface areas, with a slightly increasing trend with increasing 

strontium substitution. However, these trends should be considered with caution, 

allowing for the experimental error at these low SBET values. It is well known that the 

specific surface area of perovskite is affected by the calcination temperature [25]. The 

surface area of LaCoO3 perovskite prepared in this work (2.4 m2/g with calcination at 

800°C) is in agreement with the result reported by Lee et al. for the same material, at 

similar calcination temperature (2.8 m2/g, for calcination at 850°C) [26]. The surface 

areas of the La1-xSrxCoO3 perovskites prepared in this study were lower than those 

reported by Gao and Wang (10.0 m2/g for x=0.1; 7.4 m2/g for x=0.3), who however 

used a lower calcination temperature (700°C) [18]. 

The crystalline structure of a perovskite catalyst is an important factor that affects 

its catalytic activity for different reactions. For example, it was reported in the 

literature that the partial substitution of La3+ by monovalent Ag+ turned the 

rhombohedral structure of La1-xAgxMn0.9Co0.1O3 catalyst to an orthorhombic structure, 

which, according to Pecchi et al. is a more suitable structure for the n-hexane 

combustion reaction [27]. The XRD patterns of the prepared La1-xSrxCoO3 perovskite 

oxides with different strontium substitution levels are presented in Figure 4-2. 



Chapter 4: Behaviour of Low Strontium Substituted                        Perovskite 
Catalysts in Syngas Conversion 

 

89 
 

1-x x 3La Sr CoO

 

Figure 4-2.  X-ray diffraction patterns of La1−xSrxCoO3 perovskites calcined at 800°C for x=0 to 

x=0.4: (A) full pattern, (B) zoom in the perovskite peak range and (C) zoom on the Co3O4 phase (). 

The perovskite structure is recognisable in the XRD patterns, as it exhibits two 

typical doublets of rhombohedral structure: a first sharp and highly intense one at 

2θ≈38-39°, and a second broader and less intense one with a shoulder around 2θ=70° 

[5, 27]. The data in Figure 4-2 reveal that  the La1-xSrxCoO3 materials exhibit the strong 

reflections of LaCoO3 (JCPDS-ICDD 48-0123) perovskite structure (Figure 4-2. B), 

suggesting that the adopted calcination temperature of 800 C was suitable for 

perovskite formation. This supports the TGA/DSC results presented above. The 

diffraction profiles reveal that a well-defined rhombohedral structure was obtained for 

the La1-xSrxCoO3 materials without or with low strontium substitution (x0.1), with 

the clearly distinct doublet peak at 2θ ≈38-39° [14]. With the increase in strontium 

substitution levels (x≥0.2), the typical doublet peak indicative of the rhombohedral 

structure became weaker and gradually evolved to a singlet peak indicating cubic 

symmetry [28, 29]. In addition, Co3O4 (JCPDS-ICDD 80-1541) phase was found in 

all samples, with very low peak intensity [30]. 

Due to the high tolerance of the perovskite structure to distortion by metallic 

elements of different sizes and oxidation states, substitution of La3+ with a higher ionic 

radius cation, Sr2+ (1.36 Å and 1.44 Å, respectively [31]) into the A site of LaCoO3 
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maintained the rhombohedral structure of La1-xSrxCoO3 materials at low strontium 

substitution levels (x0.1). At higher strontium substitution levels (x≥0.2), the 

symmetry of the crystal structure changed from rhombohedral to cubic [28, 29]. 

Furthermore, due to the difference in ionic radii, the diffraction lines of La1-xSrxCoO3 

progressively shifted to lower 2θ values with increasing x. As a result, the crystalline 

domain sizes were markedly diminished from 39 to 27 nm according to the Scherrer 

equation [14, 22] (see Table 4-1). The slight shift of the peaks observed indicates that 

the strontium ions have entered into the perovskite lattice, as proposed in the literature 

[25]. The ability of strontium to substitute lanthanum in the LaCoO3 perovskite lattice 

has been reported in the literature differently. Schmal et al. [32] suggested that 5 mol 

% of strontium (x=0.05) was the maximum limit to form the single phase related to 

the LaCoO3 perovskite, while Hueso et al. [29] proved that even with x=0.5, the 

partially substituted La1−xSrxCoO3 materials were still able to maintain the perovskite 

structure. In this work, the XRD results confirmed that a perovskite structure was 

obtained for all La1−xSrxCoO3 materials up to x=0.4, while the initial rhombohedral 

crystal structure of LaCoO3 perovskite was maintained in La1−xSrxCoO3 perovskites 

with strontium substitution only up to x=0.1. If x≥0.2, the initial rhombohedral crystal 

structure starts to disappear and give place to a cubic structure. 

4.2.2 Reduction Properties of La1−xSrxCoO3 Perovskites 

In order to investigate the effect of strontium substitution on the reducibility of 

La1-xSrxCoO3 perovskites, hydrogen temperature-programmed reduction (TPR) was 

carried out from room temperature to 800 °C. The H2-TPR profiles of the prepared 

La1−xSrxCoO3 perovskite materials are displayed in Figure 4-3. The partial substitution 

of lanthanum by strontium in La1−xSrxCoO3 perovskites gives rise to significant 

differences in the H2-TPR profiles compared to LaCoO3 perovskite. All the reduction 

peaks visible in the temperature range (100 °C to 800 °C) of the H2-TRP profiles in 

Figure 4-3 can be assigned to the reduction of Co species, as La3+ and Sr2+ are not 

reduced under such experimental conditions [33]. 
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Figure 4-3. TPR profiles of La1−xSrxCoO3 (x=0 to 0.4) calcined at 800 °C. 

For LaCoO3, two main reduction peaks were observed, suggesting two main 

reduction steps. The reduction steps can be described as follows: 

 2	LaCoO3 + H2 → 2 LaCoO2.5 + H2O (4-1) 

 LaCoO3 + y H2 → LaCo1-zO3-y + z Co0 + y H2O (4-2) 

 2	LaCoO2.5 + 2 H2 → La2O3 + 2 Co0 + 2 H2O (4-3) 

The first peak at ca. 400 °C corresponds to the reduction of Co3+ to Co2+ (Equation 

(4-1)), in good agreement with the literature [34, 35]. A small shoulder was also 

observed on that peak at higher temperature (430 C), which, according to the 

literature, suggests that a small amount of cobalt was directly reduced to Co0 (Equation 

(4-2)) [11, 36, 37]. The second peak between 600°C and 750 °C relates to the complete 

reduction of Co2+ to Co0 (Equation (4-3)) [33]. The small shoulder at 670 °C might 

come from the further reduction of the LaCo1-zO3-y  species. A similar reduction 

behaviour was also observed for catalyst x=0.1. With the increase of strontium content 

in the perovskites, the number of reduction peaks continuously increased while the 

reduction temperatures of the different cobalt species were decreased significantly. For 
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higher strontium substituted catalysts (x0.2), the two main reduction peaks shifted to 

lower temperatures compared to that for x≤0.1 sample: the reduction of Co3+ to Co2+ 

and, to a lesser extent, to Co0, occurred at 200-450°C with two peaks at 250°C and 

400°C, while the main peak of Co2+ to Co0 shifted to 500°C. This is in accordance with 

the literature, which showed that strontium substitution shifted the reduction peaks of 

La1-xSrxCoO3 materials to lower temperatures [15, 38]. The partial substitution of La3+ 

by Sr2+ generates oxygen vacancies to compensate and preserve the electroneutrality 

of the perovskite, which promotes the mobility of lattice oxygen to the surface and 

favoured its removal by the reducing gas [38]. 

In order to investigate the phase changes of the La1−xSrxCoO3 perovskites 

during reduction, all samples were reduced at 450°C in 5% H2/N2 for 1 hour before 

XRD analysis. The reduced catalysts were cooled down to room temperature under the 

nitrogen atmosphere and then tested in XRD to make sure no oxidation happened. The 

XRD patterns of the La1−xSrxCoO3 perovskites after reduction are shown in Figure 4-4. 

It should be noted that the perovskite samples were only partially reduced at 450C 

according to Figure 4-3. 

 

Figure 4-4. X-ray diffraction patterns of La1−xSrxCoO3 perovskites after reduction at 450°C for 1 

h (5% H2/N2), for x=0 to x=0.4: (A) full pattern, (B) zoom in the perovskite peak range and (C) zoom 

on the Co0 peak. Phase: (Δ) La2O3, () La2SrOx, (*) Co0. 
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For the low strontium substituted samples (x=0 and 0.1), the perovskite 

rhombohedral structure remained after reduction at 450 °C with H2 (Figure 4-4. B). 

However, the typical diffraction peaks at 2θ ≈38-39° were weaker in intensity and 

broader compared to the fresh catalysts (Figure 4-2. B), suggesting that the crystalline 

structure partly collapsed during the reduction. For the samples with x≥0.2, the higher 

the substitution level, the more decomposed the cubic perovskite structure, indicating 

that they had less thermal resistance under reducing atmosphere than rhombohedral 

perovskites. It is postulated that the progressive substitution of La3+ by divalent Sr2+ 

not only changed the structure symmetry and generated structure defects in La1-

xSrxCoO3 perovskites, but also destabilized the structure by the mismatch of the cation 

size between La3+ and Sr2+ (1.36 Å and 1.44 Å respectively), affecting their capacity 

to maintain their structure under reductive atmosphere.  

After reduction at 450 °C, La2O3 (JCPDS-ICDD 74-2430), La2SrOx (JCPDS-

ICDD 42-0343) and metallic Co0 (JCPDS-ICDD 15-0806) were formed in samples 

with a high strontium content (x≥0.2). From Figure 4-4. C, the existence of Co0 at 

lower reduction temperature confirmed the one-step reduction mechanism of Co3+ to 

Co0 in La1-xSrxCoO3 (Equation (4-2)), as the complete reduction of Co2+ to Co0 takes 

place at temperature above 500 °C (Equation (4-3), Figure 4-3). As the atomic ratio of 

(La+Sr)/Co in all La1-xSrxCoO3 materials was equal to 1, the reduction of Co3+ in La1-

xSrxCoO3 occurred concomitantly with the formation of La2O3 and La2SrOx to preserve 

the electroneutrality of the perovskite. Furthermore, the strong Co0 diffraction lines 

observed in higher strontium substituted perovskites (x≥0.2) indicate that the reduced 

Co0 mainly resulted from the collapsed cubic perovskite structure. However, there was 

no obvious diffraction lines for Co0, La2O3 and La2SrOx found in samples with x=0 

and 0.1, indicating that the partial reduction of the rhombohedral structure at 450 °C 

most likely resulted in Co0 and related components being highly dispersed over the 

catalyst surface [3, 36]. 

The quantification of the total H2-TPR reduction peak areas can be taken as an 

indication of H2 consumption for cobalt reduction in the perovskite structure. The 

results in Table 4-2 show a positive relationship between the relative H2-TPR peak 

area of La1−xSrxCoO3 perovskite at 800°C and the strontium substitution levels. With 

increasing strontium substitution, the perovskites exhibited a higher cobalt molar 
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content due to the relative atomic mass of strontium being lower than that of lanthanum 

(87.62 g/mol and 138.91 g/mol, respectively), hence an increase in H2 consumption 

and relative TPR peak area.  

Table 4-2. Relative total peak area of H2-TPR reduction peaks of La1−xSrxCoO3 perovskites. 

Samples x 
Relative TPR peak 

area/gcat
* 

Relative Co molar 

concentration/gcat 

LaCoO3 0 100 100.0 

La0.9Sr0.1CoO3 0.1 102 102.1 

La0.8Sr0.2CoO3 0.2 105 104.4 

La0.7Sr0.3CoO3 0.3 109 106.7 

La0.6Sr0.4CoO3 0.4 114 109.1 

* The H2-TPR peak areas were integrated to 800°C and calculated as: H2-TPR peak area of 

La1−xSrxCoO3/TPR peak area of LaCoO3100, per gram of catalyst. 

The relative H2-TPR peak areas per mole of cobalt were thus calculated for two 

different temperature ranges (25°C to 450°C and 25°C to 800°C), and are presented in 

Figure 4-5 as a function of the strontium substitution level. It can be observed that the 

relative TPR peak areas per mole of cobalt increased with increasing strontium 

substitution levels, and that the increase is much higher at 450°C in comparison to 

800°C. In addition, the results in Figure 4-4 and Figure 4-5 indicate that the LaCoO3 

perovskite had the lowest cobalt reduction level compared to other catalysts. This is 

mainly due to its stable rhombohedral structure, leading to highly dispersed metallic 

cobalt after reduction at 450C, and it may not be fully reduced even at 800°C. 

As mentioned previously, strontium substitution modifies the LaCoO3 perovskite 

to produce a less stable structure and lower the reduction temperature. The XRD results 

in Figure 4-4 show that the Co0 peak in the La1−xSrxCoO3 perovskite with x=0.4 was 

stronger and broader than in the other materials. What’s more, the TPR results in 

Figure 4-5 further proved that this perovskite had a slower reduction process and it 

exhibited a lower relative peak area per mole cobalt at 450°C. It is thus reasonable to 

deduce that the La1−xSrxCoO3 perovskite with x=0.4 has a higher tendency to sinter. 

However, following reduction at 800 C, the La0.6Sr0.4CoO3 perovskite was believed 

to be fully reduced and thus showed a higher relative H2-TPR peak area compared to 

other samples. 
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Figure 4-5. Relative peak area per mole Co of La1−xSrxCoO3 perovskites after reduction at () 450 

°C and () 800 °C. The H2-TPR peak areas were integrated to 450 C or 800 °C and calculated as: H2-

TPR peak area of La1−xSrxCoO3/TPR peak area of LaCoO3100, per mole of Co. 

It is postulated that the partial strontium substitution facilitates the reducibility of 

the La1−xSrxCoO3 perovskite catalysts not only by lowering the reduction temperature 

but also by increasing the cobalt reduction level [39]. Thus it is expected that strontium 

substitution in La1−xSrxCoO3 perovskites will alter the catalytic activity in F-T 

synthesis. 

4.3 Catalytic Activity of Sr-substituted LaCoO3 Perovskite Catalysts 

in Syngas Conversion 

The catalytic activity of the prepared La1-xSrxCoO3 perovskites (x=0 to 0.4) in F-

T synthesis for HAS was investigated. The F-T reactions were carried out at steady 

state under the same reaction conditions for each catalyst: 300°C to 350 °C, 3.0 MPa 

and a gas hourly space velocity (GHSV) of 3500 h-1 (without considering N2) (See 

Chapter 3, Sections 3.5.1.1). The experiments were carried out for 24h and the data 

obtained from each experiment were the average of measurements over the steady-

state period (at least 10 measured values) with a carbon mass balance error less than 

4%. 
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4.3.1 Catalyst Activity in Syngas Conversion 

The catalytic activity of the prepared La1-xSrxCoO3 perovskites for F-T synthesis 

was investigated. The conversion of the reactants (CO or H2) was monitored frequently 

during the experimental time period. A typical CO conversion as a function of the 

reaction time is given in Figure 4-6. 

 

Figure 4-6. Evolution of CO conversion with reaction time for catalyst x = 0.1 at 300 °C, P=3.0 

MPa, GHSV = 3500 h-1, and H2/CO/N2= 2:1:3. 

After a catalyst induction period of about 12 h, CO conversion was stable for the 

remaining of the experiment, with unnoticeable catalyst deactivation within a 24 h 

period reaction time. The mean conversion values during the stable period (after ca. 

12 h) were used as reactant conversion in this work.  

CO and H2 conversion over the prepared La1-xSrxCoO3 catalysts as a function of 

strontium substitution and at different reaction temperatures are displayed in Figure 

4-7. As expected, the results show that CO and H2 conversion in the F-T reaction over 

the prepared La1-xSrxCoO3 catalysts increased with the reaction temperature. CO 

conversion was slightly higher than H2 conversion at high reaction temperatures 

(T=325°C and 350°C), indicating that the water gas shift reaction (Equation 2-4) was 

more prevalent at the higher temperature, although only to a small extent overall. The 

catalytic results showed that the substitution by strontium had an inverse effect on the 

catalytic activity of La1xSrxCoO3 beyond x=0.1. CO and H2 conversions increased only 
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for low strontium substitution levels (x0.1) and then quickly decreased with 

increasing x values.  

 

Figure 4-7. CO (left) and H2 (right) conversion as a function of strontium substitution for La1-

xSrxCoO3 catalysts at different reaction temperatures. F-T synthesis conditions: P=3.0 MPa, 

GHSV=3500h-1, and H2/CO/N2=2:1:3. 

The F-T synthesis with the La1-xSrxCoO3 perovskite catalysts produced mostly 

light hydrocarbons (C1 to C5, in the gas phase) and liquid oxygenated products (C1 to 

C9 alcohols), with a small portion of heavier hydrocarbons (C6 to C14) present in the 

liquid phase. In order to simplify the discussion on product selectivity, the products 

were grouped into four main groups: carbon dioxide, methane, light hydrocarbons (C2 

-C5) and oxygenates (which also includes C5+ hydrocarbons, produced in very small 

amounts). The product selectivity of syngas conversion over the prepared catalysts at 

300 °C as a function of strontium substitution is given in Figure 4-8.  
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        Figure 4-8. Product selectivity (■) CO2, (▲) CH4, () C2-C5 and () C5+/Oxygenates for La1-

xSrxCoO3 catalysts. F-T synthesis conditions: T=300 °C, P=3.0 MPa, GHSV=3500h-1, and 

H2/CO/N2=2:1:3. 

With any amount of strontium substitution, the catalysts selectivity toward 

methane decrease slightly compared to the selectivity obtained for the LaCoO3 

catalyst, while the selectivity towards higher hydrocarbons (C2-C5) increased (except 

for the catalyst with x=0.1). Over all of the five catalysts with different strontium 

substitutions, except for the one with x=0.1, there were no remarkable changes in the 

oxygenates product selectivity (less than 5%). It can be deduced that the strontium 

substitution of La1-xSrxCoO3 has mild effects on the higher alcohol product selectivity 

at 300°C, considering the small uncertainties that may be present in the measurements.  

This is in agreement with previous findings presented in the literature, that while 

substitution at the A site influence CO conversion, the product selectivity in F-T 

synthesis is mainly affected by the B site substitution in perovskite catalysts [6, 10], 

which will be investigated in Chapter 5. 

4.3.2 Catalyst Structure after Reaction 

In this study, the used catalysts after a 24 h catalytic performance test were 

investigated by XRD analysis and the results are given in Figure 4-9.  
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Figure 4-9. X-ray diffraction patterns of La1−xSrxCoO3 perovskites after 24 hours reaction. (A) full 

pattern, (B) zoom in the perovskite peak range and (C) zoom on the Co0 peak. Phase: (↓) LaCO3OH, 

() La(OH)3, (▲) SrCO3, (◊) La2O2CO3 and (*) Co0. 

The XRD results show that the typical diffraction peak(s) associated with the 

perovskite structure in the range 2θ ≈38-39° could not be detected for any of the used 

catalysts, and new phases corresponding to LaCO3OH (JCPDS-ICDD 26-0815), 

LaO2CO3 (JCPDS-ICDD 22-0642), La(OH)3 (JCPDS-ICDD 83-2034) and SrCO3 

(JCPDS-ICDD 74-1491) were observed. Compared to the XRD analysis of the 

catalysts after reduction (Figure 4-4), where no Co0 could be detected on the catalysts 

with low strontium levels (x=0 and 0.1), Co0 peaks was observed on these 2 catalysts 

after reaction (Figure 4-9). These catalysts were thus further reduced and their 

rhombohedral structure collapsed during the F-T synthesis, due to the presence of a 

reducing atmosphere (H2) that promoted the formation of active Co0 sites. In parallel, 

La2O3 and La2SrOx formed during the reduction (see Figure 4-4) further reacted with 

F-T side products H2O or/and CO2 to produce LaCO3OH, La(OH)3 and La2O2CO3 

(Equations (4-4), (4-5), and (4-6), respectively) .  

 La2O3 + 2 CO2 + H2O →	2 LaCO3OH (4-4) 

 La2O3 + 3 H2O →	2 La(OH)3 (4-5) 
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 La2O3 + 2 CO2 ↔ La2O2CO3 (4-6) 

SrCO3 was formed by the reaction between La2SrOx and CO2 produced during the 

F-T reaction [15]. As expected, with increasing strontium substitution, the peak 

intensity of Co0 and SrCO3 gradually increased, due to improved reducibility and 

higher strontium content, respectively. However, the peak intensity of LaCO3OH 

decreased significantly with increasing x, due to the decrease in lanthanum 

concentration in the catalysts. 

Figure 4-10 shows the Scanning electron microscope (SEM) images of the fresh 

(left) and used (right) La1-xSrxCoO3 perovskite catalysts with different strontium 

substitution levels. 
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Figure 4-10. SEM images of fresh (left) and used (right) La1−xSrxCoO3 samples. 

The SEM micrographs of the fresh La1-xSrxCoO3 perovskite samples (Figure 4-10 

(left)) do not show large morphological differences with different strontium 

substitution: the dominant morphologies are polyhedral grains, with a non-

homogeneous size distribution. The LaCoO3 powder showed a wide range of particle 

size from 50 to 300 nm (measured from SEM pictures, based on the average 

measurement of ~100 particles), with 80% of the powder diameter between 150 and 

250 nm. In contrast, the particle size distributions of the strontium substituted catalysts 

were much narrower (100-200 nm), with smaller average particle diameters compared 

to the unsubstituted one. The similar particle size distributions observed for the 
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substituted catalysts would thus not affect their surface areas significantly, in 

accordance with the BET results (Table 4-1).  

One the other hand, the SEM analyses show some variations in the morphologies 

of the La1-xSrxCoO3 perovskite catalysts after reaction (Figure 4-10 (right)). The La1-

xSrxCoO3 perovskite catalysts with x≤0.1 were less affected by sintering as they 

retained their crystal size after reaction (100-200 nm). However, for catalysts with 

x≥0.2, the main particle size was increased from 100-200 nm before reaction, to 200-

300 nm after reaction.  

4.3.3 Relationship between Perovskite Structure and Catalytic Activity 

In order to explain the change in catalytic activity with strontium substitution, the 

physical and chemical characteristics of the catalysts need to be understood. In this 

study, as shown above, the catalysts’ specific surface areas only slightly increased with 

different level of strontium substitution, while the particle size was narrower (Figure 

4-10). It is generally expected that both CO and H2 conversions would increase with 

increasing surface area. However, the perovskites surface areas were very low and the 

results in Figure 4-7 showed that a significant drop of catalytic activity was observed 

with La1-xSrxCoO3 catalysts with x>0.1. This thus suggest that the crystal structure 

might be responsible for the drop in catalytic activity, and that the catalysts’ surface 

area and morphologies will have little or no effect on the catalyst activity.  

Both TPR and XRD analysis (Figure 4-3 and Figure 4-4, respectively) 

demonstrated that the substitution of trivalent La3+ by divalent and bigger Sr2+ in 

LaCoO3 perovskite sample promotes the catalyst’s reducibility. The catalytic activity 

of the F-T catalysts is related to the effectiveness of the active centre (metallic cobalt) 

[3, 4]. According to Table 4-2 and Figure 4-5, more metallic cobalt was formed during 

reduction of the La1-xSrxCoO3 perovskite catalysts with higher strontium substitution 

levels. The higher the Sr2+ substitution, the easier for La1-xSrxCoO3 perovskites to be 

reduced at 450°C and the more metallic cobalt is available on the catalyst surface. This 

should in theory, facilitate CO adsorption to form complexes with the Co0 active 

centres, and initiate the F-T reaction. Thus a higher catalytic activity could be expected 

for the catalysts with higher strontium substitution. However, the reverse effect was 

observed in this study. In order to explain the experimental results, the turnover 
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frequency of the active centre cobalt of the catalysts was calculated (TOF, defined as 

mole of CO converted per mole of cobalt atom per second). The results are given in 

Figure 4-11. These show that the TOF values increased with increasing strontium 

substitution at low levels (x≤0.1), then decreased significantly with x higher than 0.1, 

while the molar concentration of cobalt in the catalyst increased, due to the lower 

molar mass of strontium compared to lanthanum. This suggests that not all reduced 

cobalt acted as active centres for the F-T reaction. 

 

Figure 4-11. TOF of La1-xSrxCoO3 catalysts (same reaction conditions as for Figure 4-8). 

The XRD results in Figure 4-4 and Figure 4-9 confirm that the stable 

rhombohedral structure led to a better dispersion of the active site Co0 over the catalyst 

surface, and thus the higher TOF value observed for x=0 and 0.1. In addition, SrCO3 

was found on the surface of the catalysts after reaction, and the XRD peak intensity of 

this compound increased with increasing x (see Figure 4-9). It was reported that this 

compound is inactive in F-T synthesis and hinders CO’s access to the active sites by 

covering the catalyst surface [15], which has a negative effect on the catalytic activity 

and progressively partially inhibits the F-T reaction with increasing strontium 

substitution. 

The La0.9Sr0.1CoO3 catalyst proved to have the optimal strontium substitution level 

for La1-xSrxCoO3 catalysts in the F-T process, displaying the best compromise between 

low active site Co0 sintering and reducibility improvement by strontium substitution. 
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For these reasons, this catalyst showed the highest catalytic performance in syngas 

conversion compared with the other catalysts in this study. A comparison of the 

catalytic activity of several catalysts (including perovskite catalysts and Co-based 

catalyst) with different chemical compositions in the F-T synthesis, in terms of specific 

reaction rates is listed in Table 4-3. Taking the catalyst activity (CO reaction rate) and 

reaction conditions into consideration, the La0.9Sr0.1CoO3 perovskite catalyst prepared 

in this study reached a moderate level of catalytic activity compared to other reported 

catalysts. 

Table 4-3. Catalyst performance of some representative catalysts reported in the literature. 

Catalyst Ref. Temp. 

(°C) 

H2:COa Pressure 

(MPa) 

GHSV 

(h-1) 

CO rate b 

(μmol.gcat
-1.s-1) 

La0.9Sr0.1CoO3 This work 300 2:1 3.0 3500 8.53 

LaCo0.7Cu0.3O3 [7] 300 2:1 6.9 5000 4.16 

7.5%CuO/LaCoO3 [11] 300 2:1 3.0 3900 14.02 

LaCo0.7Cu0.3O3/ZrO2 [12] 310 2:1 3.0 3900 5.21 

6%Co3O4/LaFe0.7Cu0.3O3 [25] 300 2:1 3.0 3900 8.27 

CuCo/SiO2
 c [40] 300 2:1 5.0 6000 5.18 

Fe-Cu-Co/Pal-B21c, d [41] 350 2:1 5.5 6000 14.2 

a Molar ratio      

b CO conversion rate : calculated based on the data in the literature  
c For comparison purpose, Co-based catalyst for F-T reaction tested under similar conditions. 
d H2SO4-activated palygorskite (Pal) supported Cu–Fe–Co based catalysts 

4.4 Behaviour of La1-xSrxCoO3 Perovskite Catalysts during the 

Induction Period in Syngas Conversion 

It is very common for F-T synthesis catalysts to have an induction period prior to 

achieving steady state. In general, the F-T synthesis induction period varies from 

minutes to hundreds of hours depending on the nature of the catalysts and the reaction 

conditions [42-46]. However, a complete explanation of this period is currently lacking 

and catalyst evaluations in the literature are generally based on the data collected at 

steady state. The more accepted hypothesis to explain the induction period is that the 

catalyst undergoes a transformation before being fully active. In order to gain a deeper 

insight into the catalyst performance, the catalyst behaviours during both the induction 

period and the steady state stage of the F-T reaction should be taken into consideration. 

In this section, the induction periods for Sr-substituted perovskite catalysts La1-
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xSrxCoO3 (x=0, 0.1 and 0.2) were obtained under the same operation conditions of 

T=300°C, P=3.0 MPa and GHSV=3500 h-1. A mixture of gas (H2/CO/N2=2:1:3) was 

used as feed gas. 

The variations in the CO and H2 conversion as a function of time on stream (TOS) 

for La1-xSrxCoO3 perovskite catalysts are shown in Figure 4-12. An induction period 

(about 12 h) was necessary for all the Sr-substituted perovskite catalysts to achieve 

steady state in F-T reaction, which is much shorter than for standard supported Co/SiO2 

catalysts reported in the literature (over 24 h) [42].  

 

Figure 4-12. Evolution of CO and H2 conversion with the time on stream in F-T synthesis for La1-

xSrxCoO3 perovskite catalysts (x=0, 0.1 and 0.2). 

The perovskite catalysts with different strontium substitution levels showed 

different ratio R between H2 and CO conversions during the induction period (Equation 

(4-7)). 

 R	= H2 conversion / CO conversion 	 (4-7) 

In Figure 4-13, during the first 4 hours of the reaction, the activity of LaCoO3 

catalyst (x=0) towards H2 conversion was considerably higher than for CO conversion, 

with a conversion ratio R increasing from 1.01 to 1.12. When strontium was substituted 

in the catalysts (La1-xSrxCoO3, x=0.1 and 0.2), a different behaviour was observed 
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during the induction period, with first a quick decrease of R for the first hour, followed 

by an increase, to reach the equilibrium of R~1 after ca. 4 h. This trend was more 

drastic for x=0.2 than for x=0.1. 

 

Figure 4-13. Ratio between H2 and CO conversions (R) with the time on stream in F-T synthesis 

for La1-xSrxCoO3 perovskite catalysts. 

In F-T reaction, the main reaction is the formation of hydrocarbons (and water) 

from CO and H2 (see Equation (4-8) and (4-9)).  

 (2n+1) H2 + n CO → CnH2n+2 + n H2O (4-8) 

 2n H2 + n CO → CnH2n + n H2O (4-9) 

However, during the initial stage of the induction period, the CO conversion for 

La0.8Sr0.2CoO3 catalyst was much higher compared to H2 conversion. Both the water 

gas shift reaction (Equation (4-10)) and the Boudouard reaction (Equation (4-11)) are 

common side reactions in the F-T synthesis, that would yield this effect [47, 48]. Both 

these reactions also result in the formation of CO2. 

 CO + H2O ↔ CO2 + H2 (4-10) 
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 CO + CO → CO2 + C  (4-11) 

Since no water was introduced into the system, and its formation was limited to 

the F-T synthesis reactions (mainly Equation 2-1 and 2-2), the Boudouard reaction was 

believed to be the predominant side reaction that took place at the beginning of the F-

T reaction. Figure 4-14 shows that in the initial stage of the induction period (first 4 

hours), the CO2 selectivity gradually increased for all catalysts, and was higher for the 

catalyst with x=0.2 than that for x=0 and 0.1. 

 

           Figure 4-14. CO2 selectivity with the time on stream in F-T synthesis for La1-xSrxCoO3 perovskite 

catalysts. 

 Table 4-4 shows the mass gain (∆m) of the used La1-xSrxCoO3 catalysts analysed 

by TGA. The mass gains were caused by carbon formed during the reaction, which are 

combusted during TGA. As all the used catalysts were treated under the same 

condition, it could be assumed that the amount of residual F-T products was similar 

for all catalysts, and that the relative difference in mass gains could be essentially 

attributed to the carbon formation over different catalysts. The addition of strontium 

was proved to have high affinity for CO2 [49], hence SrCO3 was formed easily during 

the reaction and its peak intensity increased with strontium substitution (see Figure 
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4-9). Both these results indicate that the strontium substitution might favour the 

Boudouard reaction and its extent increased with strontium substitution.  

Table 4-4. Mass gain of used La1-xSrxCoO3 catalysts after reaction. 

Catalyst x Δm (mgcarbon/gcat) 

LaCoO3 0 126.4 

La0.9Sr0.1CoO3 0.1 192.2 

La0.8Sr0.2CoO3 0.2 217.9 

It is reasonable to deduce that the carbon formation caused by the Boudouard 

reaction mainly took place in the first 4 hours of the F-T reaction because of the 

dramatic increase of CO2 selectivity. After that, the WGS reaction become more 

prominent than the Boudouard reaction with time on stream because of the presence 

of water, produced in F-T reactions. Indeed, for the La1-xSrxCoO3 catalyst with x=0.1, 

the higher CO conversion (Figure 4-12) and CO2 selectivity (Figure 4-14) observed 

after ca. 4 h TOS together with the higher R ratio, compared to the catalyst with x=0.2, 

indicate a higher extent of the WGS reaction. In Figure 4-12, the catalyst with x=0.2 

shows the lowest CO conversion in the steady state, which indicates that in addition to 

catalyst structure, carbon formation during the induction period also leads to the 

decrease of catalytic activity. The unsubstituted LaCoO3 catalyst exhibited the highest 

R ratio and the lowest amount of carbon and CO2 were formed. As both the WGS and 

Boudouard reactions were less prominent, this catalyst might favoured the 

methanation reaction, as confirmed by the highest selectivity towards methane 

observed in Figure 4-8. 

4.5 Conclusion 

Sr-substituted La1−xSrxCoO3 perovskite catalysts, active in the F-T synthesis, were 

successfully synthesised by co-precipitation. Increasing the partial substitution of 

lanthanum by strontium beyond x = 0.1 modified the stable rhombohedral structure of 

La1- xSrxCoO3 perovskites towards a less stable cubic symmetry, which was easier to 

reduce but favoured cobalt sintering during the reduction process. At high strontium 

substitution levels (x ≥ 0.2), the inactive SrCO3 compound, which is suspected to cover 

the catalyst surface, was also formed, further affecting the activity of La1−xSrxCoO3 

perovskite catalysts. As a consequence the catalytic activity of La1-xSrxCoO3 

perovskites decreased in the F-T reaction for x≥ 0.2. At low strontium substitution 
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level (x = 0.1) the catalytic activity in F-T reaction was improved compared to LaCoO3 

perovskite due to the improvement in reducibility, without the negative effect on Co0 

active site dispersion and sintering. In addition, La1−xSrxCoO3 perovskite catalysts 

exhibited a shorter induction period compared to other types of Co-based catalysts for 

syngas conversion. However, strontium substitution favoured the Boudouard reaction 

in the initial reaction stage and the amount of carbon formed on the catalyst increased 

with increasing strontium substitution. The optimal strontium substitution for La1-

xSrxCoO3 perovskite catalysts for syngas conversion was thus evaluated at x = 0.1, for 

which the catalyst exhibited a good compromise between reducibility, sintering and 

activity.  

This work represents the first step in designing perovskite catalysts tailored for 

the selective production of higher alcohol in the Fischer-Tropsch process. In the next 

chapter, the catalyst selectivity will be further investigated with B site substitution 

effects on La0.9Sr0.1CoO3 perovskites in F-T synthesis, and its effect on higher alcohol 

selectivity.  
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 Chapter 5 Nickel-substituted La0.9Sr0.1CoO3 Perovskite 

Catalysts for Higher Alcohol Production in Fischer-

Tropsch Synthesis 

 Introduction 

In Chapter 4, it was demonstrated that low level substitution of strontium at the A 

site of the LaCoO3 perovskite catalysts increased the syngas conversion due to 

improvements in reducibility and dispersion of the Co0 active centres on the catalyst 

surface, but no effect on higher alcohol (C2+OH) selectivity was noticed [1]. However, 

a highly selective catalyst towards C2+OH alcohols is essential for the success of the 

higher alcohol synthesis (HAS) process.  

Partial substitution at the B site of the perovskites was found to be an effective 

method for improving the product selectivity in F-T synthesis (see Chapter 2, Section 

2.8). Tien-Thao et al. reported on a series of copper-substituted LaCo1-xCuxO3 

perovskite catalysts in HAS from syngas [2-5]. These perovskite catalysts showed 

higher C2+OH selectivity compared to the unsubstituted LaCoO3 perovskite catalyst 

(up to 27.3 wt.% for x=0.3, vs. 13.6 wt.%) [2]. Liu and co-workers found that for a 

Co-Cu-doped LaFeO3 perovskite, the alcohol selectivity during CO hydrogenation 

decreased with the Co/Cu molar ratio, and the highest C2+OH selectivity (33%) was 

achieved for the 2% Co3O4/LaFe0.7Cu0.3O3 perovskite catalyst with a low ratio (Co/Cu 

molar ratio=0.19) [6]. It has been reported that the synergism between cobalt and 

copper favoured the formation of higher alcohols, which can be explained in 

mechanistic terms. According to the mechanisms mentioned in Chapter 2 (Section 

2.3.1), the formation of alcohols in the F-T synthesis includes CO dissociation, CO 

insertion, carbon chain growth, and hydrogenation. The F-T element cobalt is active 

for CO dissociation and chain propagation, while copper promotes the insertion of 

adsorbed CO into the carbon chain and subsequent alcohol formation [7-9].  

The transition metal nickel is well known as an active catalyst for methane 

formation from syngas [7, 10]. However, if nickel is used as a promoter in other metal-

based catalysts, then the catalyst becomes more active towards higher alcohol 
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synthesis. Li et al. found that nickel is an effective promoter for K2CO3/MoS2 catalyst 

and enhances higher alcohol production [11-13]. Recent research on Ni-containing 

catalysts such as Cu-Mn-Ni, K-Ni-MoS2, and Ni-Cu/CeO2 suggested that nickel had 

the potential to promote higher alcohol synthesis due to its strong ability for CO 

insertion [10, 14, 15]. Since then nickel has been considered as a promising candidate 

for HAS from syngas.  

The synergism of the bifunctional active centres, with one metal active site 

preferentially catalysing CO dissociation and carbon chain growth and the other 

promoting CO insertion, benefits the higher alcohol formation (see review [16]). It is 

thus reasonable to deduce that a perovskite catalyst with a Co-Ni bimetallic 

combination would be a good candidate for HAS because cobalt promotes chain 

propagation and nickel has a strong ability for CO insertion, thus promoting CO 

conversion and higher alcohol selectivity. Indeed, the perovskite structure is very 

tolerant to the partial substitution of B site elements (see Chapter 2, Section 2.8.3). 

Besides, the unique structure of perovskite leads to high metallic dispersion once the 

catalysts are reduced, as demonstrated in Chapter 4 [2, 17]. This represents an 

advantage compared to the impregnation method commonly used  to prepare Co-Ni 

bi-metal catalysts [18], with its well-known difficulty in controlling the active 

components distribution, which led to inhomogeneous active materials over the 

catalysts [19]. In addition, it has previously been established in the literature that 

during the reduction process of bimetallic Co-Ni perovskite catalysts, a Co-Ni alloy 

was formed [20-22]. Both XRD and TPR analysis proved that metal-metal interactions 

took place due to the close vicinity and electronic interaction between Co3+ and Ni3+ 

sites.  

To the best of our knowledge, there is no investigation of HAS over Co-Ni bimetal 

catalysts to date. The aim of this chapter is to further improve the activity of the 

La0.9Sr0.1CoO3 perovskite catalysts developed in Chapter 4, using nickel substitution 

at the B site (La0.9Sr0.1Co1-yNiyO3) to improve their selectivity toward higher alcohols 

in HAS.  
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    Effect of Nickel Substitution on Structure and Reduction 

Properties of La0.9Sr0.1CoO3 

 Structure of La0.9Sr0.1Co1-yNiyO3 Perovskites  

La0.9Sr0.1Co1-yNiyO3 perovskite samples (y=0, 0.1, 0.5, and 1) were prepared 

according to the co-precipitation method described in Chapter 3, Section 3.3.2, and 

analysed by Brunauer-Emmett-Teller (BET) method and X-ray diffraction (XRD) 

(Chapter 3, Section 3.4). 

The specific surface area of the prepared La0.9Sr0.1Co1-yNiyO3 perovskite catalysts 

are summarised in Table 5-1. The catalyst surface areas were between 4 and 7 m2/g, 

lower than that reported by Valderrama et al. for La-Sr-Co-Ni-O based perovskite 

catalysts (6-15 m2/g), which were calcined at 750°C [17].  

Table 5-1. Specific surface areas of La0.9Sr0.1Co1-yNiyO3 perovskite catalysts. 

Sample y Surface area (m2/g) 

La0.9Sr0.1CoO3 0 4.7 

La0.9Sr0.1Co0.9Ni0.1O3 0.1 4.1 

La0.9Sr0.1Co0.5Ni0.5O3 0.5 4.7 

La0.9Sr0.1NiO3 1 6.3 

The relatively low surface areas of the perovskite catalysts are related to the 

preparation method since the catalysts were calcined at a high temperature (800°C), 

which might induce the sintering of the solids (see Chapter 4, Section 4.2.1). Because 

the surface area changed by very small increments with nickel substitution, it is 

expected that the catalytic activity was not affected by the specific surface area (as 

explained in Chapter 4, Section 4.3.3).    

Figure 5-1 presents the powder XRD patterns of the as-prepared La0.9Sr0.1Co1-

yNiyO3 perovskite catalysts (before reduction). 
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Figure 5-1. XRD patterns of as-prepared La0.9Sr0.1Co1-yNiyO3 perovskite catalysts. (A) full pattern, 

(B) zoom in the perovskite peak range, and (C) zoom in the Co-Ni oxide peak range. Phases: () 

Perovskite (including La0.9Sr0.1CoO3 and La0.9Sr0.1NiO3), () Co3O4, () NiO, and () Co-Ni oxide. 

These results show that all La0.9Sr0.1Co1-yNiyO3 catalysts exhibited the perovskite 

structure for the different substitution levels of nickel (y), as shown by the presence of 

the typical perovskite diffraction peaks between 38° and 40° [23, 24]. In addition, 

La0.9Sr0.1Co1-yNiyO3 perovskite diffraction peak at 38-39° in Figure 5-1 (B) gradually 

shifted to lower 2 with increasing nickel substitution, which indicates that nickel ions 

have entered into the perovskite structure since the ionic radius of Ni3+ (0.56 Å) is 

higher than that of Co3+ (0.52 Å). In Figure 5-1 (C), small fractions of Co3O4 (JCPDS-

ICDD 80-1541) were found in the catalyst without nickel (y=0), while NiO (JCPDS-

ICDD 47-1049) was present in the catalyst without cobalt (y=1). These secondary 

phases were also observed by other authors [24]. For the low Ni-substituted catalyst 

(y=0.1), only the Co3O4 phase was observed with low peak intensity and the NiO phase 

was barely visible, indicating that all the nickel elements had entered into the 

perovskite structure. On the other hand, the Co-Ni oxide phase (JCPDS-ICDD 03-

0995) was detected at 43.3° for the Ni-substituted perovskite catalysts with y=0.5. This 

peak was present between the diffraction lines of Co3O4 and NiO, indicating that nickel 

oxide and cobalt oxide were also potentially present in this catalyst. Due to the close 

position of the diffraction peaks and the similarities in structure between Co3O4, NiO, 
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and Ni-Co oxide, distinguishing between these three phases is very difficult [25]. The 

secondary phases Co-Ni oxide and possibly NiO present in the catalyst with y=0.5 

suggests that only a limited amount of nickel atoms could enter the La0.9Sr0.1CoO3 

perovskite structure.  

 Reduction Properties of La0.9Sr0.1Co1-yNiyO3 Perovskites 

The reduction properties of the Ni-substituted La0.9Sr0.1CoO3 perovskites were 

investigated by H2-temperature programmed reduction (TPR), as displayed in Figure 

5-2. All the TPR peaks can be ascribed to the reduction of Co3+ and Ni3+, since La3+ 

and Sr2+ are not reduced under such experimental conditions [17, 23]. 

 

Figure 5-2. TPR profiles of La0.9Sr0.1Co1-yNiyO3 perovskite catalysts1. 

As detailed in Chapter 4, Section 4.2.2, the reduction process of La0.9Sr0.1CoO3 

perovskite took place in two steps: Co3+ was first reduced mostly to Co2+ at low 

temperatures, between ~350-500°C, while the reduction peaks at higher temperatures 

(500-700°C) corresponded to the formation of Co0. Few Co3+ species were directly 

                                                 
1 The TPR trace for La0.9Sr0.1Co0.9Ni0.1O3 perovskite in Figure 5-2 appears different from that 

presented in Figure 4-3 due to a different amount of catalyst used (0.1 g vs. 0.3 g). High amount of 

catalyst consumed more hydrogen and led to the overlap of reduction peaks. 
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reduced to Co0, hence the presence of two peaks in the lower temperatures reduction 

step (350-500°C) [26]. La0.9Sr0.1NiO3 perovskite also presented a two-steps reduction 

process: the first one, at about 370°C, corresponding to the reduction of Ni3+ to Ni2+, 

and the second step at 520°C leading to Ni0 formation [23]. The reduction steps can 

be described as follows: 

 2 LaNiO3 + H2 → La2Ni2O5 + H2O (5-1) 

 La2Ni2O5  + 2 H2 → La2O3 + 2 Ni0 + 2 H2O (5-2) 

For Ni-substituted perovskite catalysts (y=0.1 and 0.5), the first two reduction 

peaks at low temperatures were overlapped (300-450C) and were attributed to the 

reduction of Ni3+ to Ni2+, Co3+ to Co2+ and, to a lesser extent, to Co0. The peak at higher 

temperatures (450-550°C) was ascribed to the complete reduction of the B site 

elements (cobalt and nickel). With nickel substitution, the third reduction peak was 

shifted to lower temperatures. This behaviour indicates that the Co2+ and Ni2+ species 

were reduced at lower temperatures when both metals were present, that is, the 

substitution of nickel in La0.9Sr0.1CoO3 perovskites favoured the reduction of cobalt 

species. Furthermore, a new broad reduction peak at ~200 °C was also observed for 

the catalyst with y=0.5, which originated from the reduction of the extra-framework 

Ni-containing oxide. This observation is consisted with the work of Kotsev et al., who 

reported the reduction behaviours of a series of NiO samples with different calcination 

temperatures [27]. 

To investigate the phase changes of the prepared perovskite catalysts after 

reduction, the samples were reduced at 450°C in 5% H2/N2 for 1 hour before XRD 

analysis. The XRD patterns are shown in Figure 5-3. 
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Figure 5-3. XRD patterns of La0.9Sr0.1Co1-yNiyO3 perovskite catalysts after reduction at 450 °C. 

(A) full pattern, (B) zoom in the perovskite peak range and (C) zoom in the metallic peak range. Phases: 

() Perovskite, (∆) La2O3, () La2SrOx, () Ni0 and () Co-Ni alloy. 

On reduction at 450 °C, the perovskite structure of the catalysts with  only one 

metal in the B site (y=0 and y=1) was preserved, with the main diffraction peaks at 2θ 

≈ 38-39° still present on the spectra, although broader, suggesting a partial collapse of 

the crystalline structure (see Figure 5-3 (B)). However, the perovskite structure of Ni-

substituted catalysts (y=0.1 and 0.5) collapsed after reduction, as the 2θ ≈ 38-39° peaks 

disappeared for these catalysts. In parallel, new phases such as La2SrOx (JCPDS-ICDD 

42-0343) and La2O3 (JCPDS-ICDD 74-2430) were observed. After reduction at 

450°C, the Co0 diffraction peak (2θ=51.83°) was barely visible for the perovskite 

catalyst with y=0, due to the high stability of La0.9Sr0.1CoO3 catalyst and the good 

dispersion of the Co0 species [1] (See Chapter 4, Section 4.2.2). For catalysts with 

y=0.1 and 0.5, the small diffraction peak located between 51.38° and 52.16° showed 

that the Co-Ni alloy was formed during the reduction. This is in agreement with the 

results of Gallego et al. who reported that the partial reduction of LaNi0.9Co0.1O3  

perovskite catalyst produced a Co-Ni alloy [20]. The weaker diffraction peak of the 

Co-Ni alloy for the catalyst with y=0.1 suggests that less bimetallic alloy formed on 

the catalyst surface, as expected, but with a high dispersion, which was also observed 

by Wang et al. [21]. In particular, the diffraction peak of the Co-Ni alloy slightly 
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shifted toward the peak of metallic nickel with the increase in nickel substitution as 

shown in Figure 5-3 (C), suggesting that certain amount of metallic nickel was also 

formed after reduction. Taking the presence of small amount of Ni-containing oxides 

in the unreduced catalyst (for y=0.5 and 1) (Figure 5-1 (C)) into account, it is 

reasonable to assume that such phase was reduced to form Ni0 at lower temperatures, 

as suggested by Silva et.al [24] and Pereñíguez et.al [28]. Furthermore, the Ni0 

diffraction peaks could be clearly observed in the catalyst with y=1. These 

observations are in agreement with the TPR analysis, suggesting that the partial 

substitution of cobalt by nickel in the La0.9Sr0.1CoO3 perovskite structure lowered the 

reduction temperature of the catalysts, and increasing nickel substitution level above 

0.5 led to a separation of the extra-framework Ni-containing oxide. Similar behaviours 

were observed by Tien-Thao et al., who reported that the substitution of cobalt by 

copper in LaCo1-xCuxO3 perovskites increased the catalyst reducibility and extra-

lattice copper oxide existed with copper substitution higher than 0.5 [2]. 

In order to compare the reduction ability of the catalysts, the total H2-TPR peak 

areas were measured and are presented in Figure 5-4. In theory, the more hydrogen is 

consumed in TPR, the more metal oxides are reduced and more active centres for the 

F-T reaction are formed. The results in Figure 5-4 demonstrate that the nickel-

substituted La0.9Sr0.1Co1-yNiyO3 (y not equal to 1) catalysts consumed a similar amount 

of hydrogen compared to La0.9Sr0.1CoO3, which suggests that nickel-substituted 

La0.9Sr0.1Co1-yNiyO3 catalysts had a similar number of active centres after reduction. In 

contrast, La0.9Sr0.1NiO3 catalyst consumed about a third less of hydrogen, which may 

be attributed to the significant sintering of metallic nickel perovskite catalysts [29]. 

This agrees with the XRD analysis (Figure 5-3), where the metallic nickel diffraction 

lines for the catalyst with y=1 were much stronger compared to that of cobalt for the 

catalyst with y=0. In addition, secondary phases such as Co3O4 and NiO were also 

reduced during the TPR process. Less hydrogen would be consumed to reduce NiO 

(for y=1) than to reduce Co3O4 from Co-containing perovskites, which also contributed 

to the lower hydrogen consumption of La0.9Sr0.1NiO3. 
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Figure 5-4. Relative total TPR peak area/gcat (TPR peak area of La0.9Sr0.1Co1-yNiyO3/TPR peak area 

of La0.9Sr0.1CoO3×100, per gram of catalyst). 

As mentioned above, cobalt and nickel are highly active metals in F-T synthesis, 

and the mixing of these two active F-T metals has great effects on the reaction activity 

and selectivity [30]. Thus, metallic cobalt and nickel species, as well as the Co-Ni alloy 

formed during the reduction of the La0.9Sr0.1Co1-yNiyO3 perovskite catalysts can be 

considered as the active centres for HAS in this study. 

 La0.9Sr0.1Co1-yNiyO3 Perovskite Catalytic Performance in HAS 

 Catalyst Activity - CO Conversion 

The Ni-substituted perovskites have been tested as catalysts for higher alcohol 

formation from syngas in the high-flow fixed-bed reactor (Spider F-T facility, see 

Chapter 3, Section 3.5.1.2). The experiments were carried out at 275°C under 3.0 MPa, 

GHSV=10995 h-1 and H2/CO=2 for 24 h, for all catalysts. The data obtained from each 

experiment were the average of measurements over the steady-state period. 

The CO and H2 conversion at 275 °C for the investigated catalysts are given in 

Figure 5-5. The results show that the catalyst activity changed significantly with the 

nickel substitution. 
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Figure 5-5. CO and H2 conversion as a function of nickel substitution for La0.9Sr0.1Co1-yNiyO3 

perovskite catalysts. Reaction condition: T=275 °C, P=3.0 MPa, GHSV=10995 h-1, and H2/CO=2:1. 

The unsubstituted La0.9Sr0.1CoO3 and La0.9Sr0.1NiO3 catalysts showed almost no 

activity, which was mainly due to the unfavourable operating conditions for mono-

metal catalysts used in this experiment. As discussed in Chapter 4, the La0.9Sr0.1CoO3 

catalyst exhibited high syngas conversion under relatively high reaction temperatures 

(≥300 °C) and a low GHSV of 3500 h-1 (Chapter 4, Section 4.3). As for the 

La0.9Sr0.1NiO3 catalyst, though nickel is active for methane formation, the reaction 

conditions were not optimum for the methanation reaction (typically, T=100-600 °C, 

P=0.1 MPa, and H2/CO ratio=3) [25, 31, 32]. However, among the La0.9Sr0.1Co1-

yNiyO3 perovskites, the bimetallic Co-Ni catalysts with y=0.1 and 0.5 displayed a CO 

conversion about 5 to 7 times higher than the monometallic B site perovskites (y=0 

and 1, respectively). Interestingly, the TPR results (Figure 5-2) suggested that the 

bimetallic catalysts had a similar number of active centres as La0.9Sr0.1CoO3. These 

results confirm that nickel substitution improves the catalytic activity of 

La0.9Sr0.1CoO3 via the formation of bi-metallic Co-Ni active centres, which are more 

active than mono-metallic cobalt active centres.  

In order to explain the catalytic activity results, an estimation of the turnover 

frequency (TOF, defined as moles of CO converted per mole of active centre per 

second) was performed. Due to the difficulty in determining the exact number of active 
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centres (Co0, Ni0 and Co-Ni alloy) of the catalysts during the reaction, two sets of 

assumptions were made for the TOF calculation: 

 In the first set of assumptions, the “Co-Ni bi-metal” plot in Figure 5-6 (black 

plot) was calculated based on the hypotheses that (1) all substituted nickel 

atoms form bimetallic Co-Ni centres and (2) the excess cobalt formed Co0 

active centres and that all metal sites are accessible to the reagent gases. 

 In the second set of assumptions, the “separate mono-metal” TOF plot in 

Figure 5-6 (red plot) was based on the postulations that all B metal sites in the 

perovskites form separate mono metal active centres (Co0 and Ni0) after 

reduction, thus the total number of active centres in each catalyst is very 

similar due to the close molecular weight of cobalt and nickel.  

 

Figure 5-6. TOF of La0.9Sr0.1Co1-yNiyO3 perovskite catalysts (same reaction conditions as for 

Figure 5-5). 

Based on this first set of assumptions (Figure 5-6 (black plot)), the results show 

that the TOF value increased with increasing nickel substitution until y=0.5, thus 

validating that the Co-Ni alloy centres have a much higher activity than mono-metallic 

cobalt or nickel active centres, as the higher the nickel substitution level, the lower the 

theoretical number of bimetallic active centre (for y=0.1 and 0.5). However, it is 

realistic to presume that in this set of simplified assumptions, a certain amount of 
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mono-metallic cobalt and nickel active centres do exist in the bimetallic catalysts, thus 

affecting the real number of active centres. The “separate mono-metal” TOF plot 

(Figure 5-6 (red plot)) overcame part of this uncertainty and shows the same trend as 

the “Co-Ni bi-metal” curve.  

These selected calculations are based on two extreme and simplified assumptions, 

and the real TOF for Ni-substituted catalysts would be somewhat in between the two 

curves. However, the results confirm that nickel substitution improved the catalytic 

activity of La0.9Sr0.1Co1-yNiyO3 catalysts with the formation of Co-Ni bimetal active 

centres for CO conversion. The results in this work are supported by the reported 

finding in the literature showing that the alloying of cobalt with nickel strengthened 

the activity of SiO2 supported Co-Ni bi-metal catalysts for hydrogen dissociative 

adsorption, resulting in a higher catalytic activity in CO hydrogenation [33].  

The used catalysts after 24 h reaction were analysed by XRD and the results are 

given in Figure 5-7.  

 

Figure 5-7. XRD patterns of La0.9Sr0.1Co1-yNiyO3 perovskite catalysts after reaction. (A) full 

pattern, (B) zoom in the perovskite peak range and (C) zoom in the metallic peak range.  Phases: () 

Ni0, (*) Co0, () Co-Ni alloy, () LaCO3OH, and (◊) La2O2CO3. 

The diffraction peaks of the perovskite structure at 2θ ≈ 38-39° have disappeared 

in all the used catalysts analysed after the F-T reaction (Figure 5-7 (B)), indicating a 
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collapse of the structure due to the presence of a reducing atmosphere, and possible 

further reduction. For the Co-containing perovskite catalysts (y=0, 0.1 and 0.5), Co0 

and LaCO3OH (JCPDS-ICDD 26-0815) were formed during the reaction, in 

accordance with the observation in Chapter 4 (Section 4.3.2) [1]. La2SrOx observed 

after reduction (see Figure 5-3) was believed to transform into LaCO3OH and SrO 

during the HAS reaction (Equation (5-3), with x=4). Although the SrO phase was not 

detected by XRD, due to possible low concentration and particle size lower than the 

detection limit of the X-ray analysis, its formation cannot be discarded  [17].  

 La2SrOx + 2 CO2 + H2O → 2 LaCO3OH + SrO (5-3) 

For Ni-substituted catalysts (y=0.1 and 0.5), the Co-Ni alloy phase could not be 

detected after reaction due to the impurities (side products) on the surface of the 

catalyst. Slightly phase separation of the Co-Ni alloy to form Co0 and Ni0 atom may 

be an additional effect to the 2 θ drifting. As expected, the peak intensity of Ni0 for the 

catalyst with y=0.5 increased significantly compared to the catalyst with y=0.1. 

Besides, the 2θ value of the Ni0 peak slightly shifted to 52.16°, which was closer to the 

metallic nickel diffraction line. This peak can be associated with the reduction of the 

extra-framework Ni-containing oxide shown in Figure 5-1. For the catalyst with y=1, 

the Ni0 phase was clearly observed, together with the formation of La2O2CO3 (JCPDS-

ICDD 22-0642) (Equation (5-4)).  

 La2O3 + CO2→ La2O2CO3 (5-4) 

It has been reported by Maluf et al. that the combination of strontium and nickel 

in La-Sr-Co-Ni-based perovskite structure enhance the water gas shift reaction (WGS) 

[34]. As a result, the produced water from CO hydrogenation with the La0.9Sr0.1NiO3 

catalyst will react preferably with CO to form CO2 and then form La2O2CO3, rather 

than with La2SrOx to form LaCO3OH. 

 Alcohol Selectivity and Yield 

In this section, the effects of nickel substitution on HAS over La0.9Sr0.1Co1-yNiyO3 

perovskite catalysts are discussed with respect to the following two aspects: (1) the 

role of nickel in the creation of active sites for HAS and (2) the role of active centres 

in the formation of higher alcohols.  
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As discussed thoroughly in the literature, nickel is a good catalyst for methanation 

because of its strong ability for hydrogenation [7, 10, 35]. As shown in Figure 5-8 (A), 

the CO methanation reaction rate was much faster than that of the alcohol formation 

reaction for all Ni-containing catalysts. It should be noted that the lower methane 

reaction rate observed for the catalyst with y=1 was due to the low conversion of CO 

(see Figure 5-5)2. Thus, as expected, methane selectivity increased significantly with 

increasing nickel substitution level as shown in Figure 5-8 (B).  

 

Figure 5-8. Performance of La0.9Sr0.1Co1-yNiyO3 perovskite catalysts for higher alcohol formation 

(same reaction conditions as Figure 5-5): (A) methane and alcohol production rate and (B) methane 

selectivity. 

Figure 5-9 presents the alcohol product distribution (C atom%) and higher alcohol 

space time yield (STY) over La0.9Sr0.1Co1-yNiyO3 perovskite catalysts. 

                                                 
2 Please note that no experimental data are available for light hydrocarbons, due to the analytical 

method applied in the tests (single peak in GCMS).  
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Figure 5-9. Performance of La0.9Sr0.1Co1-yNiyO3 perovskite catalysts for higher alcohol formation 

(same reaction conditions as Figure 5-5).  

Figure 5-9 shows the significant effect of the Co-Ni alloy active centres on shifting 

methanol production towards higher alcohols. At nickel substitution level of 0.1, the 

amount of methanol decreased significantly to 30.1%, half the value compared to 

La0.9Sr0.1CoO3 catalyst (60.5%), and the main alcohol product was ethanol, with higher 

alcohols representing a total of 69.9% of the alcohol products. For catalyst with y=0.5, 

the higher alcohols were still the main products (61.5%), with the amount of methanol 

increasing to 38.5%. With further increase in nickel substitution (y=1), methanol 

became the predominant product (86.7%). In addition, the space time yield of higher 

alcohols (C2+OH) were 15.2 mg·gcat
-1·h-1 and 7.7 mg·gcat

-1·h-1 for the catalyst with 

y=0.1 and y=0.5, respectively, compared to 1.5 mg·gcat
-1·h-1 for both mono-metallic 

catalysts (y=0 and 1). These results suggest that the synergistic effect of the Co-Ni 

alloy not only increase the catalysts activity as discussed above (Section 5.3.1) but also 

plays a significant role in alcohol production and CO insertion to promote higher 

alcohol formation. The promotion effect of nickel in HAS from syngas has also been 

proved by Li et al., who claimed that with the addition of nickel, both the CO 

conversion and the selectivity toward higher alcohols over alkali-doped molybdenum 

sulphide catalysts were enhanced greatly (22.5% vs 55.6%, and 28.8% vs. 41.2%, 

respectively) [13]. However, compared to y=0.1, the higher alcohol STY and higher 

alcohol selectivity decreased for the catalyst with y=0.5, while methane formation 
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increased (Figure 5-8), suggesting that the intra- and extra- perovskite lattice nickel 

atoms play different and competing roles in higher alcohol synthesis. With a high level 

of nickel substitution (y=0.5), only part of the nickel atoms entered into the perovskite 

structure to form Co-Ni alloy after reduction to act as active centres for higher alcohol 

formation. The rest remained in oxide form that reduced to Ni0 during the reduction 

process and existed outside the perovskite framework (see Section 5.2.2), which 

promoted methanation. 

Comparing the ratio of each C2+OH alcohol over methanol (C1OH) for each value 

of y (Figure 5-10) provides evidence of the ability of nickel substitution in 

La0.9Sr0.1Co1-yNiyO3 perovskite catalysts to promote carbon chain propagation. For 

catalysts with y=0.1 and 0.5, the ratio of C2OH/C1OH, C3OH/C1OH and C4+OH/C1OH 

were much higher than that for the unsubstituted catalysts (y=0 and 1). This 

observation is in accordance with the above discussion, indicating that the bi-metal 

Co-Ni catalyst favours higher alcohol formation. It should be noted that ethanol was 

the main alcohol product for the La0.9Sr0.1Co0.9Ni0.1O3 catalyst, with a maximum 

C2OH/C1OH ratio of 1.24. 

 

Figure 5-10. CnOH/C1OH ratio (with n>1) over La0.9Sr0.1Co1-yNiyO3 perovskite catalysts for higher 

alcohol formation (same reaction conditions as Figure 5-5). 
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 Anderson-Schultz-Flory Distribution of Alcohol Products 

As mentioned in Chapter 2, Section 2.3.1, the formation of higher alcohols 

followed a CO insertion mechanism (most accepted mechanism), that is, insertion of 

CO into the corresponding hydrocarbon precursors to produce acyl intermediates 

which are then hydrognetated to alcohol products. The Anderson-Schultz-Flory (ASF) 

distribution is commonly used to investigate the chain growth of hydrocarbon products 

in the F-T process (Chapter 2, Section 2.2). This distribution was also employed in 

several reports to study the mechanism of  alcohol (C1OH to C5OH) production in the 

F-T process [2, 3, 12, 13, 15, 36]. A linear ASF distribution (ln Wn/n versus n) is 

generally expected, indicating a single mechanism or a single type of activation sites. 

However, deviations from the linear ASF distribution are generally observed, 

especially for products of low carbon number, due to the superposition of several ASF 

distributions resulting from multiple growth sites or reaction paths [37-39]. Figure 

5-11 presents the ASF plots for alcohol (C1OH to C5OH) obtained over the nickel-

substituted La0.9Sr0.1Co1-yNiyO3 catalysts. 

 

Figure 5-11. ASF plots of alcohols over La0.9Sr0.1Co1-yNiyO3 perovskite catalyst with different Ni-

substituted level (same reaction condition as in Figure 5-5) (a) y=0, (b) y=0.1, (c) y=0.5 and (d) y=1. 
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The results in Figure 5-11 show that the chain propagation of alcohol products 

(C1OH-C5OH) over the B site mono-metal catalysts, La0.9Sr0.1CoO3 (y=0) and 

La0.9Sr0.1NiO3 (y=1), followed the traditional linear ASF distribution. This suggests 

that there was only one kind of active centre or mechanism over these cataltysts [36]. 

However, for Ni-substituted La0.9Sr0.1Co1-yNiyO3 catalysts (y=0.1 and 0.5), a deviation 

was observed for methanol in the ASF plots, suggesting that methanol and the higher 

alcohol formation routes over these two catalysts might be different due to different 

active centres Co0, Ni0 and Co-Ni alloy acting as growth sites [13, 15, 37, 38]. As 

mentioned in Chapter 2, section 2.3.1, the CO insertion mechanism proposed by Xu et 

al. is widely accepted for HAS from syngas (see Figure 5-12) [40]. According to the 

discussion above, cobalt is active for CO dissociation, while the Co-Ni alloy catalysis 

CO insertion and nickel favours methanation. For the catalyst with y=0.1 and 0.5, 

cobalt and Co-Ni alloy were considered as active centres. During the reaction, CO 

would either adsorbed on the catalyst surface and then be hydrogenated to form 

methanol (via CO2 formation) or be dissociated to form C* for chain propagation. 

According to this, the ASF distribution of alcohol products should be linear, similar to 

the catalyst with y=0. However, the presence of the Co-Ni alloy promoted the CO 

insertion, which increased the formation of higher alcohols. As a result, the selectivity 

of methanol was relatively less than for mono-metal catalysts, leading to a deviation 

of methanol in the ASF distribution. In addition, the presence of metallic nickel (y=1 

catalyst) favoured methane formation, with more CO dissociated to form C*, which 

also decrease the formation of methanol.  
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Figure 5-12. Alcohol formation through CO insertion mechanism (adapted from Xiao et al.[16]). 

The chain growth probability (α), presented in Table 5-2,  were calculated using 

the slope of the straight line for the higher alcohols (see Chapter 2, Equation 2-6), and 

were higher for both Ni-substituted La0.9Sr0.1Co1-yNiyO3 catalysts. For comparison 

purposes, α value was calculated based on C2OH-C4OH data, though C5OH was 

observed in catalysts with y=0.1 and 0.5. 

Table 5-2. Alcohol chain growth probability of La0.9Sr0.1Co1-yNiyO3 perovskite catalysts. 

Catalyst y α a 

La0.9Sr0.1CoO3 0 0.14 

La0.9Sr0.1Co0.9Ni0.1O3 0.1 0.21 

La0.9Sr0.1Co0.5Ni0.5O3 0.5 0.15 

La0.9Sr0.1NiO3 1 0.04 

                      a α calculated based on C2OH -C4OH. 

Confirming the previous results (see Figure 5-10), it is reasonable to claim that 

nickel substitution, and the presence of a bimetal Co-Ni alloy in the catalyst exerted 

an positive impact on the chain propagation to produce higher alcohols. Similar results 

were observed by Li et al. when studying HAS in the F-T process over nickel modified 

K2CO3/MoS2 catalyst [12]. As mentioned before, cobalt favours the dissociation of 
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CO, thereby promoting the chain growth of hydrocarbons [41], while Ni-based 

catalysts have a strong ability for CO insertion, favouring alcohol formation [42]. For 

low nickel substitution catalyst (y=0.1), the Co-Ni alloy exerted the bi-functionality, 

namely, the formation of the hydrocarbon precusors by chain propagation and the 

succeeding CO insertion under hydrogenation conditions, hence a higher chain growth 

probability for higher alcohol formation compared to the catalyst with y=0. However, 

with the increase in nickel substitution, the La0.9Sr0.1Co0.5Ni0.5O3 catalyst had a lower 

α value compared to that of the catalyst with y=0.1. The presence of extra-lattice nickel 

species was favorable to the formation of methane, which exhibited a much faster 

formation rate than that of alcohols (see Figure 5-8). Without the synergism of the Co-

Ni alloy, the catalyst y=1 exihibted a much lower α value than other catalysts due to 

its high methanation ability [7, 10]. 

    Effect of Reaction Temperature over La0.9Sr0.1Co0.9Ni0.1O3 

Perovskite Catalyst on Higher Alcohol Formation 

The La0.9Sr0.1Co0.9Ni0.1O3 catalyst showed the highest catalytic performance in 

HAS compared with the other catalysts evaluated in this chapter. To provide further 

insights into the catalyst with y=0.1, and optimise higher alcohol production, the effect 

of reaction temperature on the synthesis of higher alcohols was investigated. The 

reactions were carried out in the range of 275°C to 340°C at 3.0 MPa, GHSV=10995 

h-1, and H2/CO=2. The measured space time yields of alcohols, methane and carbon 

dioxide are given in Figure 5-13. 
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Figure 5-13. The effect of reaction temperature for La0.9Sr0.1Co0.9Ni0.1O3 perovskite catalyst space 

time yield of alcohols, methane and carbon dioxide. Reaction conditions: T=275-340°C, P=3.0 MPa, 

GHSV= 10995 h-1, and H2/CO=2:1. 

With increasing reaction temperature, the STY of methanol showed a maximum 

at 310°C and then decreased, while the STY for C2OH, C3OH, and C4+OH showed a 

maximum at 320°C, with a total higher alcohol STY of 48.9 mg·gcat
-1·h-1. Indeed, 

methanol formation is generally favoured at low temperature, while relatively high 

temperature promotes the higher alcohol formation [43-45]. However, it is well known 

that CO adsorption and dissociation on the catalyst surface strongly depends on the 

reaction temperature [3, 4], with CO adsorption inversely proportional to temperature, 

while higher temperatures kinetically favour the methanation and WGS reactions. The 

increasing reaction temperature thus increased the methane and carbon dioxide 

production and suppressed the alcohol production, as also reported by Tien-Thao et al. 

[4] and Liu et al. [25]. In parallel, the increase in the extent of the WGS reaction would 

lead to change in the H2/CO ratio (increase) and contribute to the decrease in CO 

insertion and C-C chain growth [40, 46]. As a result, the alcohol STY decreased at 

higher reaction temperatures (above 320°C).  
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    Comparison of La0.9Sr0.1Co0.9Ni0.1O3 Perovskite Catalyst with 

Other HAS Catalysts 

The same process conditions for higher alcohol synthesis via the F-T process do 

not exist in the literature for the direct comparison of the performance of the catalysts 

used in this work with other catalytic systems. However, some catalytic performances 

of other reported catalysts including cobalt and nickel elements for HAS are 

summarised in Table 5-3. As expected, different kinds of catalysts and reaction 

conditions led to different alcohol yields. Generally, higher reaction temperature and 

pressure, and lower GHSV led to better yields of alcohols, as can be seen in Table 5-3. 

Taking the catalyst activity and reaction conditions into consideration, the 

La0.9Sr0.1Co0.9Ni0.1O3 perovskite catalyst prepared in this study reached a high level of 

CO conversion and higher alcohol selectivity (weight fraction) compared to other 

catalysts. 

Table 5-3. Catalyst performance of some representative catalysts reported in the literature. 

Catalyst 

Conditions CO 

conv. 

(%) 

ROH 

STY 1 

Alcohol weight 

fraction (wt.%) 
Ref. 

T 

°C 

P 

MPa 
H2/CO 

GHSV

h-1 
C1OH C2+OH 

La0.9Sr0.1Co0.9Ni0.1O3 320 3.0 2 10995 49.2 67.7 27.8 72.2 
This 

work 

5Cu15Co/Al2O3 250 2.0 2 4500 30.9 43.8 43.1 56.9 [47] 

Ni/Mn/K/MoS2 315 9.5 2 6000 17.8 330 45.8 54.2 [14] 

CsNiCu/CeO2 300 3.0 2 2400 37.6 178.4 54.0 46.0 [15] 

LaCo0.7Cu0.3O3/ZrO2 310 3.0 2 3900 35.3 97.3 17.6 82.4 [48] 

LaRhO3 300 0.6 1 NA NA 31.0 51.6 48.4 [46] 

1 ROH STY: mg·gcat
-1·h-1. 

 Conclusions 

Ni-substituted La0.9Sr0.1Co1-yNiyO3 perovskite catalysts were successfully 

synthesised by the co-precipitation method. XRD analysis revealed that the perovskite 

structure was maintained with the substitution of nickel into the La0.9Sr0.1CoO3 

catalyst. The close proximity of nickel and cobalt sites in the perovskite lattice 

promoted the catalyst reducibility. Though the perovskite structure disappeared during 

the reaction, both the strong interaction between cobalt and nickel and the good 
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dispersion of the active centres that came from the unique perovskite structure had a 

positive effect on the catalytic performance for HAS in the F-T process. The 

interactions between the nickel and cobalt in the perovskite structure generated Co-Ni 

alloy after reduction, with the synergistic effect between cobalt and nickel responsible 

for the improvement in CO conversion and higher alcohol selectivity. That is, the Co-

Ni alloy showed a bi-functionality—the chain propagation of hydrocarbon precursors 

and subsequent CO insertion. With higher nickel substitution levels (y=0.5), metallic 

nickel also formed and existed outside of the perovskite framework. The extra-lattice 

nickel species, reduced to metallic nickel, favoured the methanation reaction rather 

than the formation of higher alcohols.  

Due to the highly dispersed bimetallic Co-Ni alloy and less extra-lattice Ni0 phase, 

the La0.9Sr0.1Co0.9Ni0.1O3 catalyst showed the highest selectivity toward higher alcohol 

formation. A homogeneous distribution of the bi-metallic Co–Ni alloy is a key 

characteristic for high yields in the synthesis of higher alcohols. The reaction 

temperature was also proved to be a critical factor affecting both alcohol yield and 

selectivity.  
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 Chapter 6 Tri-metallic Co-Ni-Cu-based Perovskite 

Catalysts for Higher Alcohol Synthesis 

6.1 Introduction 

Although higher alcohol synthesis (HAS) catalysts have been investigated over 

the past two decades intensively (see Chapter 2), the targeted product yields still 

remain low under a wide range of different process parameters such as temperature, 

pressure, contact time and H2/CO ratio. Until today, there is no HAS process (from 

syngas) available on a commercial scale [1, 2]. As discussed in Chapter 2, higher 

alcohols are highly valuable products, so that the HAS process remains a major 

research topic of many industrial and academic research groups. It is believed that the 

type of active centre on the catalyst surface is a crucial factor for higher alcohol 

formation from syngas. In Chapter 4, the mono-metallic La1-xSrxCoO3 perovskite 

catalysts (x=0-0.4) have been investigated for syngas conversion and despite showing 

CO conversion in the high range compared to other reported catalysts, the higher 

alcohol yield remained low for commercial application under a wide range of Fischer-

Tropsch (F-T) reaction conditions. 

It was reported that the synergistic effect between two metal species in a bimetallic 

alloy can change the physical and chemical properties of the individual metal atoms. 

This finding was proven by many reported research results using different bi-metal 

alloy, such as Cu-Co, Cu-Fe, and Cu-Ni for HAS via F-T reaction [3-5]. In Chapter 5, 

the author found and reported for the first time that the bi-metal Co-Ni alloy in 

La0.9Sr0.1Co1-yNiyO3 perovskite catalysts had a positive effect on higher alcohol 

selectivity and yield, for low nickel substitution level. The experimental results 

established that the synergistic effect between the two metals in the Co-Ni alloy played 

a crucial role in enhancing the higher alcohol selectivity. 

Based on the reported results in the literature and this work, it is clear that the 

catalytic activity of bi-metal catalysts for HAS from syngas is heavily affected by the 

type of each individual metal. Copper is commonly used as an active element for HAS 

from syngas in various types of catalysts (modified methanol synthesis catalysts, F-T 

synthesis catalysts, etc.), as it displays an ability to form C2+ oxygenates [3, 6]. As 
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mentioned in Chapter 2, Cu-based catalysts containing F-T elements such as cobalt 

and iron are considered as some of the most promising catalysts in HAS due to their 

high activity and selectivity to higher alcohols. 

To further explore the synergistic effect of metals in multi-metal alloy on targeted 

product yield, a more complex metal alloy, Co-Ni-Cu, is used in this chapter. To date, 

only few tri-metallic catalysts for HAS in F-T process have been investigated. 

Surisetty et al. reported that K-promoted tri-metallic Co-Rh-Mo sulphide catalyst 

showed a higher C2+OH selectivity compared to that of the K-promoted bi-metallic 

Rh-Mo sulphide catalyst (31.4% vs. 24.6%) in HAS [7]. The tri-metallic catalyst had 

an increased amount of active centres responsible for the formation of alcohols and 

exhibited a positive synergistic effect between the metal species. Guo et al. 

investigated the catalytic activity of Fe-Cu-Co based catalysts with palladium 

promotion for HAS and revealed that the addition of small amounts of cobalt improved 

the Fe-Cu interaction and dispersion, and then the synergism between iron and copper 

ions benefited the formation of higher alcohols [8, 9]. The synergism of Fe-Cu was 

attributed to the formation of dual-site, with copper active for CO insertion, while iron 

favoured CO dissociation and chain propagation [10].  

In addition to metallic effect, other efforts have been made to increase the catalytic 

activity and higher alcohol selectivity in HAS [11-13]. Alkali element (lithium, sodium 

or potassium) used as catalyst promoter showed substantial improvements in higher 

alcohol (C2+OH) selectivity, as well as in prolonging the catalyst lifetime [14, 15]. 

Thus, alkali promoters have been widely used in different catalyst types for HAS from 

syngas and can even be considered as necessary for HAS [15-18] (see Chapter 2, 

Section 2.6.2.1). Further optimisation of reaction conditions such as temperature, 

H2/CO molar ratio and gas hourly space velocity (GHSV) would also contribute to an 

increase in catalyst performance for HAS from syngas. 

The aim of this chapter is to study the catalytic performance of a tri-metallic 

catalyst in HAS. In order to take advantages of the perovskite structure and three active 

catalytic components of F-T synthesis, namely, cobalt, nickel, and copper, a 

La0.9Sr0.1Co0.8Ni0.1Cu0.1O3 perovskite catalyst was used in this chapter. Furthermore, 

experimental investigations were performed to evaluate the effect of alkali (sodium 

and potassium) addition in the La0.9Sr0.1Co0.8Ni0.1Cu0.1O3 perovskite catalyst for HAS. 
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The most promising catalyst for HAS in this chapter was selected and used for further 

studies on the catalyst process parameter sensitivity and catalyst stability.   

6.2    Catalytic Activity of Co-Ni-Cu-based Perovskite Catalyst for 

Higher Alcohol Synthesis  

A tri-metal alloy La0.9Sr0.1Co0.8Ni0.1Cu0.1O3 perovskite catalyst was synthesised 

and its activity in HAS compared with the bi-metal La0.9Sr0.1Co0.9Ni0.1O3 perovskite 

catalyst studied in Chapter 5. Catalytic activity tests were carried out in a high-pressure 

fixed-bed reactor (Spider 3 F-T instrument, AMTech, Germany). Detailed descriptions 

of the experimental procedures were given in Chapter 3. For comparison purposes, the 

reaction conditions were kept the same than for these tests described in Chapter 5, 

section 5.4 (T=275-340 °C, 3.0 MPa, H2/CO=2, and GHSV=10995 h-1). For simplified 

writing purpose, the acronyms LSCNC and LSCN are used in this chapter to represent 

La0.9Sr0.1Co0.8Ni0.1Cu0.1O3 and La0.9Sr0.1Co0.9Ni0.1O3 catalysts, respectively.  

The results in Figure 6-1 present the CO conversions at different temperature (275 

to 340 °C) during a 120 hour time on stream (TOS) test for LSCNC perovskite catalyst.   

 

Figure 6-1. CO conversion for HAS with LSCNC perovskite catalyst, at different temperatures. 

Reaction conditions: P=3.0MPa, GHSV=10995 h-1, and H2/CO=2:1. 

As shown in Figure 6-1, CO conversion in the HAS reaction over the prepared 

LSCNC perovskite catalyst increased with reaction temperature at temperatures no 
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more than 310°C. At reaction temperatures higher than 310°C, CO conversion 

decreased with increasing reaction temperatures. This result suggests that the LSCNC 

catalyst decayed at high temperatures (≥320°C) under reductive syngas atmosphere. 

Yang et al. [19] and Xiao et al. [20] reported a similar catalyst decay in Cu-contained 

catalysts, namely Cu-Co/TiO2 catalyst and Cu-Fe bi-metallic catalyst for HAS from 

syngas, respectively. Based on their research findings, they concluded that copper 

containing catalysts were not suitable to operate at temperatures higher than 300°C 

due to the sintering of copper [5, 21]. Because of the catalyst decay, the test results of 

LSCNC catalyst at high temperature (320-340°C) will be excluded from any further 

discussions. The results of CO conversion, higher alcohol yield and alcohol 

distribution (C atom%) of HAS from syngas over LSCNC and LSCN catalysts at 290 

and 310°C are listed in Table 6-1.  

Table 6-1. Comparison of catalytic performances between LSCNC and LSCN catalysts at 290-310 

°C, P=3.0 MPa, GHSV=10995 h-1, and H2/CO=2:1. 

T 

(C) 
Catalyst 

CO 

conv.% 

Selectivity% ROH STY 

mg∙gcat
-1∙h-

1 

Alcohol Distribution (C atom %) 

CH4 CO2 C1OH C2OH C3OH C4+OH 

290 LSCNC 8.7 11.3 4.8 19.7 63.1 29.3 6.8 0.8 

 LSCN 34 48.9 3.0 69.2 43.2 32.4 16.0 8.3 

310 LSCNC 12.6 26.3 12.1 53.2 40.0 42.5 9.7 7.8 

 LSCN 35.8 49.9 3.7 79.5 39.5 36.0 17.1 7.5 

The results in Table 6-1 show that CO conversion over LSCNC catalyst (8.7% at 

290°C and 12.6% at 310°C, respectively) was lower than that of the bi-metallic LSCN 

catalyst (34% % and 35.8% respectively). Xiao et al. reported a similar result when 

copper was added to a Co-based catalyst [3]. Due to the modification of the electronic 

structure of cobalt sites by copper modification, the CO dissociation ability of cobalt 

in Cu-Co catalyst was decreased, thus leading to lower CO conversion [5, 22]. It is 

well known that cobalt and nickel are the active centres for methane formation from 

syngas [23, 24]. As a result, the LSCN catalyst showed high methane selectivity of 

nearly 50%. Surprisingly, with copper substitution in the B site of the LSCN perovskite 

catalyst, the methane selectivity decreased dramatically (about 2 to 4 times). Similar 

results were also observed by Tien-thao et al. for Co-based catalyst, when studying 

higher alcohol formation in F-T process over Cu-substituted LaCoO3 perovksite 

catalysts [24]. The suppression of methane formation with copper addition was 
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possibly due to the enhanced stability of the CHx species on the surface, with copper 

active for chain termination and alcohol production [22, 25]. However, CO2 selectivity 

of LSCNC perovskite catalyst was higher than that of LSCN catalyst, especially at 310 

°C. No explanation in the literature could be found about the effect of copper on CO2 

selectivity in HAS at this stage. 

As mentioned in Section 6.1, the addition of copper to HAS catalysts is expected 

to improve their selectivity towards higher alcohols, due to its activity in CO insertion 

to form alcohols [3, 10]. The ethanol distribution of LSCNC perovskite increased at 

temperature of 310°C. The above results suggest that the synergism between cobalt, 

nickel and copper had a positive effect on decreasing the formation of methane and 

improving the ability for ethanol formation in the F-T process. However, compared to 

LSCN catalyst, the space time yield (STY) of total alcohols over tri-metallic LSCNC 

catalyst was 72% lower at 290°C and 33% lower at 310°C. The lower alcohol STY 

indicates that the slight increase in ethanol formation was not enough to compensate 

for the decrease of CO activation ability with the addition of copper. As a result, the 

catalytic performance was not improved with low amount of copper addition 

(Co/Ni/Cu=8/1/1) as expected. Consequently, further investigations were performed, 

the results of which are discussed in the following sections. 

6.3    Alkali-promoted Tri-metallic LSCNC Perovskite Catalysts for 

Higher Alcohol Synthesis 

As mentioned in Section 6.1 and in Chapter 2, Section 2.6.2.1, alkali promotion is 

one of the most attractive methods to enhance higher alcohol selectivity and catalyst 

stability. In the following section, sodium and potassium are used as promoters of 

LSCNC perovskite catalysts (La0.9Sr0.1Co0.8Ni0.1Cu0.1O3) for HAS from syngas. 

6.3.1 Effect of Alkali Promoters on LSCNC Perovskite Properties 

In order to study the effect of promoters, the loading of sodium and potassium 

additives on LSCNC catalyst were kept at the same level (ca. 0.65 wt.%) for all tests.  

The specific surface area (SBET) and measured metal element concentrations of the 

alkali-promoted perovskite catalysts are listed in Table 6-2. The SBET of all the 

perovskite samples were rather low (below 5 m2/g) due to the high calcination 

temperature (800 °C) [26]. At this low surface area and with only small change in 
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alkali concentration between sodium and potassium-promoted catalyst, it is expected 

that the catalysts’ performance were not affected by the SBET.  

Table 6-2. Physical properties of the perovskite catalysts with/without alkali addition. 

Samples 
Surface area Alkali loading 

(m2/g) (wt.%) 

Na-LSCNC 3.35 0.67 

K-LSCNC 1.59 0.64 

LSCNC* 1.75 - 

* LSCNC exact elemental composition: La0.87Sr0.13Co0.8Ni0.11Cu0.09O3. 

The XRD patterns of the fresh alkali-promoted catalysts Na-LSCNC and K-

LSCNC and the non-promoted LSCNC catalyst are presented in Figure 6-2. The sharp 

and clear peaks of the perovskite structure were obtained for all three catalysts after 

calcination at 800°C, indicating that the alkali additives did not alter the catalysts’ 

crystallographic structure. Only small reflections were found in the perovskite 

catalysts, which can be assigned to Co3O4. No significant reflection lines of alkali 

metals could be seen in the promoted catalysts, most likely due to the low promoter 

content, which is below the XRD detection limit. 

 

Figure 6-2. X-ray diffraction patterns of alkali-promoted LSCNC perovskite catalysts (left) full 

pattern, (right) zoom in on the perovskite peak range. Phases: () Perovskite, () Co3O4.  
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In order to study the phase change of alkali-promoted LSCNC catalysts in the 

reduction process, the X-ray patterns of all the samples reduced at 450 °C for 1 h are 

shown in Figure 6-3.  

 

Figure 6-3. X-ray diffraction patterns of alkali-promoted LSCNC perovskite catalysts after 

reduction at 450 °C (left) full pattern, (right) zoom in on the metallic peak range. Phases: (∆) La2O3, 

() La2SrOx, and () Co-Ni-Cu alloy. 

Upon reduction at 450 °C, the perovskite structure in the 2θ range of 38-39° had 

disappeared for all catalysts, and La2O3 (JCPDS-ICDD 74-2430) and La2SrOx 

(JCPDS-ICDD 42-0343) phases were formed, as observed in the previous chapter (see 

Chapters 5, Section 5.2). However, while both phases were observed on the 

unpromoted LSCNC, only the La2O3 phase was observed for Na-LSCNC, and the 

La2SrOx phase for K-LSCNC. The diffraction peaks of the LSCNC catalyst matched 

the standard La2O3 phase very well (see Figure 6-3 inset), while the diffraction lines 

of the Na-LSCNC catalyst were slightly shifted to lower 2θ values. 

 In addition, multi-metallic phases were detected for all the reduced catalysts. The 

typical diffraction lines of metallic cobalt (JCPDS-ICDD 15-0806), nickel (JCPDS-

ICDD 04-0850) and copper (JCPDS-ICDD 04-0836) are 51.83°, 52.18° and 50.73°, 

respectively. In Figure 6-3 (right), a diffraction peak was observed between pure 
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cooper and nickel diffraction lines, located at 51.86° for each catalyst (except Na-

LSCNC at 51.60°). In Chapter 5, Section 5.2.2, the Co-Ni alloy that was formed in 

La0.9Sr0.1Co1-yNiyO3 (y=0.1 and 0.5) catalysts during the reduction showed a XRD 

diffraction peak at 52°. Compared to the Co-Ni alloy, the diffraction peak in this study 

was slightly shifted to the left, closer to the cobalt diffraction line (even past it for Na-

LSCNC catalyst). The shift in 2θ values was due to the incorporation of copper to 

cobalt and nickel (see Table 6-2), indicating the formation of a tri-metallic alloy in the 

reduction process. It should be mentioned that the shift in 2θ values between the Co-

Ni alloy and the Co-Ni-Cu alloy is small due to the low amount of copper in the 

catalyst. This can be related to the results of Lua et al. who reported that the reduction 

of Ni-Cu-Co oxalate hydrate produced a Ni-Cu-Co alloy [27].  

Figure 6-4 shows the H2-TPR profiles of the perovskite samples. All the catalysts 

showed multiple peaks, indicating that multi-step reduction occurred. The reduction 

of Co3+ to Co2+, Ni3+ to Ni2+ and Cu2+ to Cu0 were responsible for the signal appearing 

around 340°C [24, 28]. The second peak above 450°C (except for LSCNC, 400°C) can 

be attributed to the reduction of Co2+ to Co0 and Ni2+ to Ni0 (note that these species 

were not observed on the XRD spectra, as the reduction was performed at 450°C). For 

the non-promoted perovskite catalyst LSCNC, the reduction process started at 200°C, 

which was much lower than that of the LSCN perovskite catalyst (Chapter 5, Section 

5.2.2). It was reported that for Cu-Co perovskite precursor, copper acted as a reduction 

promoter, leading to enhanced cobalt reduction in the catalyst at relatively lower 

temperatures [13, 28]. Tien-Thao et al. hypothesized that copper diffused toward the 

catalyst surface and acted as a catalyst for hydrogen dissociation under reduction 

conditions. This caused the decrease of the Co3+ reduction temperature, particularly 

for the cobalt species on the grain boundaries [24, 29]. It is expected that the copper in 

the tri-metal alloy perovskites should play the same role as reduction promoter and 

lead to a shift of LSCNC reduction towards lower temperature.  
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Figure 6-4. TPR profiles of alkali-promoted LSCNC perovskite catalysts. 

In contrast, with the presence of alkali elements (sodium and potassium), the 

catalyst reduction peaks shifted to higher temperatures compared to catalyst LSCNC, 

as shown in Figure 6-4. The result indicates that the metallic Co3+, Ni2+ and Cu2+ were 

more difficult to reduce in the presence of alkali metal. Similar results for bi-metal 

catalysts were found by Tien-Thao et al. [15], Dalmon et al. [22] and Sun et al. [30]. 

In addition, the H2 consumption of the investigated catalysts during the reduction was 

lower for the alkali-promoted catalysts than for the LSCNC catalyst (Figure 6-5). 

Therefore, alkali promoters not only increased the catalyst reduction temperature but 

also decreased the extent of the reduction. Based on the TPR and H2 consumption 

results, K-promoted catalyst was easier to reduce than sodium-promoted catalyst. 

Alkali metals are considered as electronic promoters, which suppress the H2 

chemisorption on the catalyst surface, resulting in the difficulty of reducing metal 

oxides species [18, 31]. In other words, the addition of alkali metals tend to prevent 

the phase transformation of the catalyst [32]. The lower the H2 consumption, the less 

metal oxide reduced to form active centre, thus it is expected that CO conversion might 

be affected with alkali-promoted catalysts. 
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Figure 6-5. Relative total TPR peak area/gcat (TPR peak area of perovskite catalyst/TPR peak area 

of Na-LSCNC×100, per gram of catalyst). 

6.3.2 Effect of Alkali Promoters on Catalytic Activity for HAS 

A series of HAS tests at different temperatures between 275 and 340 C were 

carried out in 120 h test using the alkali-promoted LSCNC catalysts. After in-situ 

reduction as described in Chapter 3, the promoted catalysts were first tested at the 

lowest reaction temperature of 275C, then it was increased by 20C for each further 

test (except 310 and 340°C). The results of the CO conversion over the alkali-promoted 

LSCNC catalysts are given in Figure 6-6. 

60

80

100

120

140

LSCNCK-LSCNC

 

 

R
el

at
iv

e 
T

P
R

 p
ea

k
 a

re
a/

g
ca

t

Catalyst

Na-LSCNC



Chapter 6 Tri-metallic Co-Ni-Cu-based Perovskite Catalysts for Higher Alcohol 

Synthesis 

149 

 

 

Figure 6-6. CO conversion for HAS with alkali-promoted LSCNC perovskite catalysts, at different 

temperatures (same reaction conditions as for Figure 6-1): (▲) LSCNC, (■) Na-LSCNC, and (●) K-

LSCNC. 

As shown in Figure 6-6, CO conversion was strongly depends on the kind of 

promoters. At low reaction temperatures (<310 °C), Na- and K-promoted LSCNC 

catalysts displayed lower CO conversions compared to that of the un-promoted 

catalyst. This result can be explained by the previous observations, that the reduction 

ability and active centre formation decreased with alkali promotion (see XRD and TPR 

results in Figure 6-3 and Figure 6-4). However, interesting catalyst behaviours were 

observed at higher reaction temperatures (≥310°C). CO conversion over the Na-

LSCNC catalyst remained constant with increasing temperatures within the range of 

310-340 °C. In contrast, CO conversion of K-promoted catalyst increased with 

increasing temperature and reached the maximum of 60% at 340°C. This is supported 

by the TPR results, demonstrating that the K-promoted catalyst had a higher 

reducibility compared to the Na-LSCNC one. As discussed before, the low CO 

conversion at high temperature observed for the LSCNC catalyst can be attributed to 

catalyst decay (see Section 6.2). On the other hand, no significant deactivation was 

observed for the K-LSCNC catalyst within 120 h time on stream, indicating that the 

addition of potassium prevented the catalyst deactivation, stabilized the catalyst and 

prolonged the catalyst lifetime. 
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Alkali-promoted catalysts after reaction at 340°C were also analysed by XRD and 

the results are given in Figure 6-7.  

 

Figure 6-7. X-ray diffraction patterns of alkali-promoted LSCNC perovskite catalysts after 

reaction (left) full pattern, (right) zoom in on the metallic peak range. Phases: () LaCO3OH and () 

Co-Ni-Cu. 

As with our previous observations, the diffraction peaks of the previously detected 

La2O3 and La2SrOx have disappeared in the used catalysts, and are believed to 

transform into LaCO3OH (JCPDS-ICDD 26-0815) during the F-T reaction (see 

Chapter 5, Section 5.3.1). In addition, it was previously observed that for the LSCN 

catalyst, phase separation occurred after reduction, and Co0 and Ni0 peak were 

observed (see Chapter 5, Figure 5-7). In this instance, no phase separation was 

observed in the alkali-promoted LSCNC catalysts after reaction. This is consistent with 

the previous observation that the addition of alkali metals tend to stabilize and prevent 

the phase transformation of the catalyst [32]. For alkali-promoted catalysts, the 

diffraction peaks of the Co-Ni-Cu tri-metallic alloy shifted towards lower 2 value, 

with a shift more important for Na-LSCNC than for K-LSCNC. Taking the lower 

activity of the Na-LSCNC catalyst at higher reaction temperatures into account, it is 

reasonable to assume that the copper species were aggregated inside the Co-Ni-Cu 

alloy for this catalyst, leading a peak shift towards the metallic copper diffraction line. 
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The STY of higher alcohols as a function of reaction temperature for all the three 

investigated catalysts are given in Figure 6-8. 

 

Figure 6-8. Higher alcohol STY for HAS with alkali-promoted LSCNC perovskites (same reaction 

conditions as for Figure 6-1): (■) Na-LSCNC, (●) K-LSCNC and (▲) LSCNC catalysts.  

The higher alcohol STY of all catalysts were very low at 275°C and increased 

with increasing reaction temperatures to 310°C, where they reached a maximum. The 
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temperature, the reaction temperature was increased further to 320°C. A big drop of 

higher alcohol STY was detected for all catalysts and beyond this temperature, a 
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explained in Section 6.3.1. As the reaction temperatures increased (310°C), the 

alkali-promoted catalysts displayed higher C2+OH STY than the un-promoted LSCNC 

catalyst. It can be assumed that these catalysts were further reduced under reduction 

environment during the F-T reaction to form more active centres, whereas the LSCNC 

catalyst was decayed at high temperature, as mentioned before. At the reaction 

temperature of 310°C, the K-promoted catalyst has the highest C2+OH STY, 

confirming that potassium is an essential promoter for maintaining the Co-Ni-Cu 

active centre (see Figure 6-7), which is responsible for higher alcohol selectivity 

improvement in HAS process. Tien-Thao et al. reported a similar effect of potassium 

promoter on alcohol formation over bi-metal Co-Cu catalysts [33].   

At low temperature (310°C), the three investigated catalysts showed similar 

methane yields, increasing with reaction temperatures (see Figure 6-9). At higher 

temperatures (>310°C), different catalysts behave differently. As discussed in session 

6.2, the un-promoted LSCNC perovskite catalyst decayed at high temperature due to 

sintering, resulting in low CO conversion and alcohols and methane formation. For 

Na-promoted LSCNC catalyst, only a small increase in methane formation can be 

detected within the temperature range of 310 °C to 340°C. This result is supported by 

the previous finding suggesting that Na-LSCNC catalyst was not sensitive to the 

reaction temperature (see Figure 6-6). In contrast, the K-promoted LSCNC catalyst 

was very active and methanation became predominant as expected at higher 

temperature range (see Figure 6-9).     
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Figure 6-9. Methane STY as a function of reaction temperature for HAS with alkali-promoted 

LSCNC perovskite catalysts (same reaction conditions as for Figure 6-1). 

Given the unpromoted catalyst decay at high temperature, the catalysts’ 

performances at the optimal temperature of 310 °C was used for further discussion in 

this chapter. The measured results obtained under steady state conditions are 

summarized in Table 6-3. 

Table 6-3. Performance of alkali-promoted LSCNC perovskite catalysts in HAS at 310 °C. 

Catalyst 
CO conv. 

% 

ROH STY 

mg∙gcat
-1∙h-1 

Alcohols Distribution (C atom %) CO2 

Selectivity 

% 
C1OH C2OH C3OH C4+OH 

Na-LSCNC 12.8 68.7 33.6 45.7 11.2 9.6 18.4 

K-LSCNC 21.4 83.1 22.9 49.4 14.0 13.6 16.7 

LSCNC 12.6 53.2 40.0 42.5 9.7 7.8 12.1 

The results in Table 6-3 show that not only the STY of total alcohols obtained for 

the K-LSCNC catalyst was much higher than that of the Na-LSCNC and LSCNC 

perovskite catalysts, but also a very different alcohol distribution can be observed. The 

ethanol and higher alcohol percentage were 49.4% and 77.1%, respectively, which 

were much higher than those for the other catalysts. A positive change with the Na-

promoted catalyst was also observed but it appears less markedly. The XRD analysis 

results in Figure 6-3 has indicated that with the modification of alkali metals, the active 
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centres of Na-LSCNC and K-LSCNC catalysts were the Co-Ni-Cu alloy, similar to 

that of the un-promoted LSCNC catalyst. As mentioned in Chapter 2, although alkali 

metals are not active for alcohols formation, they can effectively lead to a change in 

the alcohol distribution, which might be due to the basicity of the alkali metal that 

improves the stability of the CHx intermediate species to prolong the carbon chain [15, 

34].  

6.4    Further investigations into K-Promoted Tri-metallic Co-Ni-Cu 

Catalyst for HAS 

6.4.1 Effect of Reaction Temperatures on Higher Alcohol Product Distribution 

As discussed in Section 6.3.2, K-LSCNC perovskite catalyst displayed a better 

higher alcohol selectivity and yield among all the tested catalysts. To provide further 

insights into the K-LSCNC catalyst, the effect of reaction temperature on the synthesis 

of higher alcohols was investigated. In this section, the reaction temperature was varied 

between 275°C and 340°C, and the experiments were carried out using the same 

operating conditions in Section 6.2 ( P=3.0 MPa, GHSV=10995 h-1 and H2/CO=2:1). 

The results in Figure 6-10 show that at lower reaction temperatures (275-290 °C), 

methanol was the main product among all the alcohols (84.1% and 64%, respectively). 

When the temperature was increased to 310°C, the higher alcohol percentage increased 

from 36% to 77.1%. Especially, a significant increase in ethanol was detected (from 

28.3% to 49.4%). At higher reaction temperatures (>310 °C), the ethanol amount 

remains fairly constant. The amount of propanol and C4+OH alcohols increased clearly 

with increasing temperature within the range 310°C to 340°C. The highest higher 

alcohol fraction reached approximately 83.5% at 340°C. This suggests that high 

reaction temperature favours the formation of higher alcohols from syngas over tri-

metallic K-LSCNC catalyst. A similar temperature effect was also found by Liu and 

co-workers when they studied alcohols formation from syngas over Cu/Zn/Al catalyst 

[35]. Based on their finding, they proposed that high temperature facilitates the 

cleavage of C-O bonds, so that it enhances higher alcohol formation. Though high 

reaction temperatures shifted the alcohol distribution to C2+OH (320°C and 340°C), 

the alcohol yield was much lower than that at 310°C (see Figure 6-8). Thus, 310 °C is 

the optimal temperature for higher alcohol production over K-LSCNC catalyst. 
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Figure 6-10. Alcohol distribution as a function of reaction temperatures for the K-LSCNC 

perovskite catalyst Reaction conditions: 275-340 °C, 3.0 MPa, GHSV=10995 h-1, and H2/CO=2:1. 

6.4.2 Effect of H2/CO ratio on Higher Alcohol Product Distribution  

Apart from reaction temperature, H2/CO ratio is also recognised as an important 

reaction parameter that has pronounced influence on HAS from syngas [34]. In this 

section, three experiments were carried out at different H2/CO ratio of 1.5, 2 and 3. 

The reactions were kept at stable conditions for at least 12 hours for each condition 

(310°C, 3.0 MPa, and GHSV=21990 h-1) before the product samples were analysed. 

The analysis results are given in Table 6-4.  

Table 6-4. Effect of H2/CO ratio on higher alcohol synthesis over K-LSCNC catalyst at 310°C, 3.0 

MPa, and GHSV=21990 h-1. 

H2/CO 

Ratio 

CO 

conv.

% 

ROH 

STY1 

Alcohols Distribution (C atom %) 
CH4 sel. 

% 

CO2 sel. 

% C1OH C2OH C3OH C4+OH 

1.5 9.9 5.4 44.9 46.0 9.0 0.0 10.1 3.8 

2 10.1 20.4 33.1 44.2 10.6 12.1 22.9 6.1 

3 15.3 7.6 46.2 43.7 8.3 1.8 29.8 3.5 

1 ROH STY: mg.gcat
-1h-1 

As expected, the CO conversion increased with increasing H2/CO ratio. The 

catalyst performance at H2/CO ratio of 1.5 was very low as the targeted alcohol product 

0

20

40

60

80

100

 

 

340320310290

A
lc

o
h

o
l 

d
is

tr
ib

u
ti

o
n

 (
C

 a
to

m
 %

)

Temperature (C)

 C
1
OH

 C
2
OH

 C
3
OH

 C
4+

OH

275



Chapter 6 Tri-metallic Co-Ni-Cu-based Perovskite Catalysts for Higher Alcohol 

Synthesis 

156 

 

STY only reached 5.43 mg∙gcat
-1∙h-1, much lower than that of the other tests. With the 

H2/CO ratio of 3, CO conversion reached the highest level in this experiment series. 

Unfortunately, a substantial increase in the selectivity to methane was detected. 

Similar results were observed by other researchers for HAS from syngas over 

LaCo0.7Cu0.3O3 perovskite catalyst [33].  According to Equation (2-8) in Chapter 2, an 

H2/CO ratio of 2 is ideal for alcohol formation. With the H2/CO ratio of 2, the total 

alcohol STY reached the highest level and methanol fraction was much lower than for 

other ratio. Mechanistically, with a lower H2/CO ratio (below 2) the partial pressure of 

CO is higher, which favours CO insertion and carbon chain growth, thus heavier 

products formation [36, 37]. However, the low H2/CO ratio also promotes coke 

formation, which is not ideal for HAS. With increasing H2/CO ratio (above 2), the 

partial pressure of H2 increased, resulting in the formation of C1 product, such as 

methane and methanol [38]. Consequently, the H2/CO ratio of 2 was the optimal ratio 

for higher alcohol production. 

6.4.3 Catalytic Stability of K-LSCNC Perovskite 

As discussed above in this chapter, K-LSCNC perovskite catalyst displayed the 

highest targeted product selectivity and yield among all the tested catalysts at optimal 

reaction temperature of 310°C, and H2/CO ratio of 2. The results in section 6.3.2 

showed that the K-promoted catalyst had unnoticeable catalyst deactivation within a 

120 h reaction time in a bench scale reactor system (Spider 3F-T instrument; Chapter 

3, Section 3.5.1.2). As mentioned in Chapter 2, Cu-containing catalysts have a high 

potential to deactivate because of copper sintering. In order to investigate the stability 

of K-LSCNC perovskite catalyst (K-La0.9Sr0.1Co0.8Ni0.1Cu0.1O3) in HAS, long-term 

experiments were carried out in a larger gas processing rig (Syncat Facility Gas 

Processing Rig (CSIRO); Chapter 3, Section 3.5.1.3) at 310° C, 3.0 MPa and H2/CO 

ratio at 2. The stability of the K-LSCNC perovskite catalyst was examined after the 

initial induction period of approximately 14 h.  

The CO conversion at different GHSV (4970-15420 h-1) during a 245 h test and 

the corresponding catalytic bed temperature (middle of the catalytic bed) are presented 

in Figure 6-11. The 24 h cyclic variations observed on the catalytic bed temperature 

(and to a lower extent on the CO conversion) were due to variations in the feed gases 

temperatures, as the feed gases were stored outside and no pre-heater was used prior 
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to the reactor, hence some variation between night and day temperatures (the 

experiment was conducted in winter). However, for each stage of the experiment, these 

variations remained within 3°C. 

 

Figure 6-11. CO conversion and varication of catalyst bed temperature over K-LSCNC perovskite 

catalyst as a function of time on stream. Reaction condition: T=310°C, P=3.0 MPa, and H2/CO =2:1.  

The catalyst stability test started at a high GHSV (15420 h-1). No catalyst 

deactivation could be observed within the first 97 h of the run, as the measured CO 

conversion was ca. 8% and remained within 1% throughout this period. Following 

the first stage, the second stage was carried out at a lower GHSV (10990 h-1) for 

another time period of 103 h. As expected, with the decrease of the GHSV, the CO 

conversion jumped to 20%±2%. It should be noted that there was a small increase of 

about 2% of CO conversion at the end of the second test, due to a slight temperature 

increasing of the catalyst bed. After the second stage, the feed flow rate was further 

reduced in the final stage (GHSV=4970 h-1) and CO conversion reached 40.8±3% 

(average over the period). During this 48 h stage, similar CO conversion cycles were 

observed. In this stage, cyclic variations in the feed gases temperatures had a more 

pronounced cyclic effect on the variations in the catalytic bed temperature due to the 

lower GHSV, and hence on the CO conversion. The results in this section 

demonstrated that the catalyst did not deactivated after a 245 h test. Furthermore, the 
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catalytic activity of K-LSCNC catalyst is very sensitive to the GHSV and reaction 

temperature.      

The non-condensable CH4 and CO2 gases were analysed during the 245 h test. In 

order to minimise the unavoidable fluctuation errors, at least 40 samples were analysed 

and the average values are given in Figure 6-12. The selectivity for both CH4 and CO2 

remained almost constant for each GHSV, during each stage of the experiment. The 

decrease of feed gas flow rate (GHSV) resulted in a gradual increased contact time, 

which led to an increase in CO conversion and CH4 selectivity [33]. However, CO2 

selectivity showed an opposite trend. The results of alcohol products were not 

presented due to their low amount, too small for accurate analysis. 

 

Figure 6-12. Higher alcohol STY and CH4, CO2 selectivity over K-LSCNC perovskite catalyst as 

a function of time on stream under different GHSV (same reaction conditions as for Figure 6-11): (--■-

-) CH4 selectivity and (••□••) CO2 selectivity. Each point represent the average of about 40 samples 

(~10 h).  

6.5 Conclusion 

In this chapter, the HAS over tri-metallic La0.9Sr0.1Co0.8Ni0.1Cu0.1O3 (LSCNC) 

perovskite catalyst was investigated. With the addition of copper, CO conversion and 

alcohol STY over tri-metallic Co-Ni-Cu catalyst was lower than that of Co-Ni catalyst 

in F-T reaction and catalyst decay occurred beyond 310°C. Addition of copper to the 

catalyst reduced its CO dissociation ability, hence the decreased activity of the tri-

metallic LSCNC catalyst. However, the synergetic effect between the three metals had 
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a positive effect on increasing ethanol distribution, indicating that tri-metallic LSCNC 

catalyst has the potential to produce C2+OH at optimal conditions.  

Two alkali metals (sodium and potassium) were used to promote the LSCNC 

perovskite catalyst. The effect of these promoters on the active centre properties and 

catalytic activities were studied carefully. The addition of alkali metals reduced the 

catalyst reducibility. The introduction of sodium in the tri-metallic catalyst did not 

improve the catalytic activity and prevented catalyst decay. In contrast, the addition of 

potassium improved the higher alcohol selectivity and yield in the F-T process 

significantly. Furthermore, the potassium promoter stabilized the catalyst and 

potentially prevented catalyst deactivation during the reaction, which was responsible 

for improving the higher alcohol formation. In addition, reaction temperature is one of 

the key parameters affecting the alcohol production not only quantitatively but also 

qualitatively.  The effect of other reaction conditions, such as H2/CO and GHSV were 

also investigated in this study. K-LSCNC perovskite catalyst showed excellent 

reaction stability for HAS from syngas, with no deactivation observed after more than 

240 h TOS, suggesting that potassium is not only a promoter for HAS but also a 

catalyst stabiliser.  
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 Chapter 7 Conclusions and Recommendations 

7.1 Introduction 

This chapter summarizes the key findings from this PhD research study. The work 

carried out in this thesis dealt with the catalytic conversion of syngas into higher 

alcohols over perovskite catalysts. The main focus has been on the development of a 

series of LaCoO3 based perovskite catalysts to improve the activity and selectivity 

towards higher alcohols. Firstly, this research reported the role of strontium in Fischer-

Tropsch (F-T) catalysts for the first time. Secondly, the effect of nickel substitution on 

the B site of LaCoO3 perovskite catalyst for higher alcohol synthesis from syngas 

(HAS) was investigated. Thirdly, alkali promoted tri-metallic Co-Ni-Cu-based 

perovskite oxides were used as catalysts for HAS from syngas. The effect of alkali 

promoters and reaction conditions were studied carefully, and catalytic stability tests 

were carried out over the selected catalyst. In parallel, fundamental understanding of 

the perovskite structure and properties were achieved in this study, which is of great 

importance for the enhancement of catalytic performance for HAS. In addition, based 

on the conclusions from this research, several recommendations are suggested for 

future work to improve the knowledge in this research area. 

7.2 Conclusions 

Perovskites (ABO3) are excellent catalyst precursor structures for HAS from 

syngas, as they can be easily formed by precipitation method. This makes perovskites 

suitable for catalyst development research, as accurate and specific catalyst design and 

preparation can be performed by changing and/or substitution of A and B site easily. 

As a consequence, the activities of many metals can be tested as active centres for 

HAS.  

7.2.1 Perovskite Catalysts Structure and Characteristics 

- Perovskite structure led to a good dispersion of active centres on the surface 

of the catalyst after reduction, so that it improved the activities of the catalyst 

significantly.  
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- Partial substitution at the A and B sites of the perovskite catalysts had different 

effects on the perovskite structure of La1-xSrxCo1-yNiyO3.  

o At the A site, increasing the partial substitution level of lanthanum with 

larger strontium element (x>0.1) distorted the rhombohedral 

perovskite structure and led to a less stable cubic symmetry, which in 

turn promoted the catalyst reducibility.  

o However, the substitution of cobalt by nickel at the B site had less 

effect on the perovskite structure due to their smaller atomic radius. 

What’s more, only a limited amount of nickel ions can enter into the 

perovskite structure. With higher nickel substitution level (x=0.5), 

metallic nickel also formed and existed outside of the perovskite 

framework. 

7.2.2 La1-xSrxCo1-y-zNiyCuzO3 Perovskite Activity in HAS 

- Substitution at the A site improved syngas conversion, but the effect on higher 

alcohol selectivity could not be observed. In contrast, the substitution at the B 

site was effective in improving higher alcohol production. 

- Partial substitution at the B site of cobalt by nickel and copper promoted the 

formation of bi- and tri-metal active centres after reduction. Higher alcohol 

selectivity of the multi-metal catalysts was much higher than that of mono-

metal. Synergistic effects of the metals in bi-metal alloy were responsible for 

the targeted product selectivity improvement. 

- The catalytic activity of perovskites was very sensitive to the substitution level 

of the A and B site. It was found in this work that a low substitution of A and 

B site led to a positive effect in HAS, but beyond a limit, a reverse effect 

occurred. 

o Strontium substitution level at the A site has an inverse effect on F-T 

synthesis over La1-xSrxCoO3 perovskite catalysts: at low strontium 

substitution level (x = 0.1), the catalytic activity in the F-T reaction 

was improved compared to un-substituted LaCoO3 perovskite due to 

the improvement in reducibility. At high strontium substitution levels 

(x ≥ 0.2), the catalytic activity of La1-xSrxCoO3 perovskites decreased 

because of the negative effect on Co0 active site dispersion and 
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sintering, as well as the formation of inactive SrCO3 during the 

reaction. 

o Due to the highly dispersed bimetallic Co-Ni alloy and the lower 

concentration of extra-lattice metallic nickel, the La0.9Sr0.1Co0.9Ni0.1O3 

catalyst showed the highest selectivity toward the higher alcohol 

formation. 

- Alkali metals, which are the important promoters for higher alcohol catalysts, 

can be introduced into the perovskite catalysts easily. 

o Potassium showed an excellent effect not only on alcohol selectivity 

but also on the catalyst stability, by preventing catalyst deactivation 

and protecting the Co-Ni-Cu alloy during the reaction. 

- The optimal temperature for HAS from syngas is between 310°C and 320°C 

for multi-metal Co-Ni and Co-Ni-Cu catalysts. This temperature is slightly 

higher than that of the traditional temperature of F-T synthesis for HAS 

(between 270°C and 290°C). The higher alcohol formation occurs in a very 

narrow reaction temperature range.               

7.3 Recommendations 

On the basis of the outcome of this PhD project, the following future research is 

suggested to close the research gaps in this area: 

1. It has been proved in Chapter 5 and 6 that the synergistic effect of multi-metal 

is the key factor for HAS from syngas. According to previous literature on 

HAS and the effect of some metal elements (see Chapter 2, Section 2.4), future 

work on the effects of metal elements such as iron, manganese and 

molybdenum in the B site of LaCoO3 based perovskites could be envisaged to 

improve the targeted products selectivity .  

2. Multi-metal catalysts should be excellent candidates for the HAS process, but 

this complicated class of catalyst might suffer from catalyst deactivation. 

Thus, a precise research on catalyst reduction, induction period (catalyst 

stabilisation time) and promoter for this catalyst should be performed.     

3. According to HAS process review, catalyst activity and selectivity are very 

much dependent on the catalyst support and surface area, to promote the 

distribution of the active centres and influences the interaction between active 
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elements and support. As perovskites have very low surface area, they could 

benefit from being supported, thus improving the overall surface area of the 

perovskite catalyst and their activity and selectivity towards higher alcohols. 

Further research is needed to investigate different kinds of supports such as 

alumina and carbon nanotubes for perovskite catalysts for HAS from syngas. 

Another option would be to introduce a templating agent during the perovskite 

synthesis process which could also be a means to increase surface area. 

4. The kinetic study of the HAS process is very important because it is not only 

essential for optimizing reaction parameters, but also a prerequisite for the 

industrial practice. However, few works have been reported in detail to model 

the kinetics of this reaction system. Therefore, the next important step would 

be to study the kinetics of HAS from syngas over perovskite catalysts prepared 

in this thesis. 

5. The characterisation techniques used in the study, while useful and insightful, 

were very standard. Greater depth in understanding the material, both before 

and after reaction, could be gained by utilising additional characterisation 

techniques such as TPD (with selected probe molecules), XPS, HR-TEM 

(including elemental mapping) and perhaps others. They could provide a more 

complete picture and lend further support to some of the conclusions regarding 

the catalyst (and the changes it undergoes) itself. 

6. To this date, there is no suitable and well proven theory available for catalyst 

design, with all results mainly based on empirical work, resulting in long 

catalyst development time. Thus fundamental knowledge on reaction 

mechanism and synergistic effect of the metals in multi-metals catalysts 

should be improved to shorten catalyst development time. 
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