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Synopsis 
 

The methanation reaction is the most basic reaction in the hydrogenation of carbon 

monoxide (CO) and is essential in the production of substitute (synthetic) natural gas 

(SNG). Nickel has been found to be the most appropriate methanation catalyst. 

However, deactivation by thermally induced sintering is problematic at the conditions 

associated with the methanation catalyst.  Crystallite size plays an important role in 

the activity of the methanation reaction and so it becomes important to also 

determine the effects of crystallite size on the deactivation of the nickel catalyst. 

The main objective of this study was to conduct an in situ magnetic investigation on 

the effects of crystallite size on thermally induced sintering at elevated temperatures 

in an inert atmosphere as well as in a steam and hydrogen atmosphere. The 

approach taken to meeting these objectives included the use of the microemulsion 

technique in synthesising unsupported nickel nanoparticles with a narrow size 

distribution. Use of the microemulsion technique in synthesising γ-alumina supported 

nanoparticles was also investigated in order to determine the most appropriate 

approach in the synthesis of model nickel catalysts. 

The microemulsion technique proved successful in the synthesis of nickel oxide 

nanoparticles with a narrow size distribution, in the size range of 3 – 13 nm, where 

the size of the particles was linearly dependent on the water/surfactant ratio. Partial 

reduction of the nickel oxide nanoparticles was observed during calcination in air 

resulting in the simultaneous formation of nickel nanoparticles. 

Two preparation methods were proposed for the synthesis of supported nickel 

nanoparticles: direct support addition to the microemulsion and addition of the 

support to already synthesised and calcined nanoparticles. Two different sizes (4 nm 

and 12 nm) were synthesised. Direct support addition to the microemulsion resulted 

in catalyst samples which displayed poor reducibility. Catalyst samples prepared 

according to the addition of the support to the nanoparticles showed markedly 

improved reducibility, making them highly suitable for a magnetic investigation. 

Model catalysts were prepared by adding nickel nanoparticles (5 nm and 12 nm) with 

a narrow size distribution to a γ-alumina support. Although both model catalysts had 
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similar size distributions after reduction, they did not display similar behaviour during 

the sintering studies. The catalyst synthesised using smaller nanoparticles showed a 

far greater propensity to sinter, both in an inert and oxidising atmosphere. Steam 

exacerbates the sintering process. 
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Chapter 1 

1. Introduction 
 

The methanation reaction is the most basic reaction in the hydrogenation of carbon 

monoxide (CO) and is expressed according to the equation: 

molkJHOHCHHCO K /206, 0

298242     Equation 1 

It is a highly important process in the chemical industry and has a number of 

applications. It has long been used as the final clean-up step in ammonia synthesis 

plants. The methanation process is also used in the removal of trace amounts of CO 

from hydrogen (H2) rich gas feeds (Karellas, et al., 2012), in the purification of 

reformate gas for fuel cells (Dagle, et al., 2007) and, most recently, as an essential 

step in the production of substitute (synthetic) natural gas (SNG) from coal or 

biomass (Tian, et al., 2013). The production of SNG from solid fuels such as coal, 

petcoke, biomass or waste is financially attractive because it involves the conversion 

and upgrade of cheap, abundant and widely distributed carbonaceous feedstock into 

methane rich gas which is stable for fuel supply and may be used in any existing gas 

infrastructure lines (Liu, et al., 2012). SNG poses an excellent alternative for areas 

which have abundant coal reserves but are poor in the natural gas resource 

(Chandel & Williams, 2009).  

From a comprehensive analysis of raw material sources, cost and activity, the most 

appropriate methanation catalyst has been found to be nickel (Tian, et al., 2013). 

Current methanation catalysts are almost entirely based on nickel due to its high 

activity, high selectivity for methane and comparatively low price (Atkinson & Nicks, 

1976; Yan, et al., 2013; Hwang, et al., 2011; Watson, 1980). However, a major 

problem for processes based on this methanation reaction remains the deactivation 

of the nickel catalyst by coking, sintering and poisoning.  Agnelli, et al. (1998) has 

shown that in the absence of poisoning, the deactivation of supported nickel 

catalysts could primarily be due to particle sintering. During low temperature 

methanation, nickel has a tendency of forming volatile nickel carbonyl species, 
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resulting in a continuous loss of metal. This carbonyl formation is limited to 

temperatures below 300 °C (Rostrup-Nielsen, et al., 2007). However, at higher 

temperatures, thermally induced sintering becomes critical where the migration of 

atoms results in the coalescence of particles (Jensen, et al., 2011).  

Crystallite size plays an important role in the activity of the methanation reaction. 

According to Boudart & McDonald (1984), decreasing crystallite size results in a 

higher number of surface atoms per gram of the metal being exposed and available 

for reaction which then suggests that there would be an increase in activity. Hence, 

nickel crystallite size is postulated to have an effect on the activity of the methanation 

reaction. Thus, by noting the importance of the effect of crystallite size on activity, it 

in turn becomes important to also investigate how this crystallite size affects the 

deactivation process, particularly thermally induced sintering.  

In order to adequately study the effects of crystallite size on this sintering process, it 

becomes crucial to be able to synthesise model catalysts with crystallite sizes in the 

nanometre range and with a very narrow size distribution (Fischer, et al., 2011). 

Microemulsions are an effective means to synthesise metal or metal oxide 

crystallites in this nanometre size range (Barkhuizen, et al., 2006).  

The main objective of this investigation was to synthesise unsupported and 

supported model nickel catalysts in the nanometre size range where the crystallites 

had a sufficiently narrow size distribution using the microemulsion technique. The 

effects of nickel crystallite size on thermally induced sintering in an inert atmosphere 

and in the presence of water vapour were then also studied using novel in situ 

techniques developed at the University of Cape Town: in situ powder X-ray 

diffraction (PXRD) and the in situ magnetometer. 
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Chapter 2 

2. Literature Review 

2.1. Methanation reaction 
 

The main reaction which takes place during the methanation process is given by 

Equation 1. Side reactions are expressed according to: 

 

    Equation 2 

molkJHCOCCO K /172,2 0

2982       Equation 3 

molkJHOHCHHCO K /165,24 0

2982422     Equation 4 

 

According to Hu, et al. (2012), the methanation of CO can take place over a number 

of transition metal catalysts including Ni, Ru, Rh, Co and Fe. Ru and Rh are not 

economically viable for use in the large scale production of SNG because of their 

high cost and low availability, despite the fact that they exhibit high activity at low 

temperature for the removal of trace amounts of CO from H2 rich gas streams 

(Gorke, et al., 2005; Fujita & Takezawa, 1997; Utaka, et al., 2003; Vannice, 1975). 

Cobalt is very active for the hydrogenation of carbon monoxide but is less selective 

than nickel for methane (Watson, 1980). Iron is also a possible methanation catalyst. 

It is, however, not as effective as nickel when comparing yield, activity and selectivity 

towards methane production (Haynes, et al., 1974). 

Recently, the interest in the methanation process, particularly its use in SNG 

production, has been increasing, as evidenced by the renewed interest in the 

technology and catalysts associated with this process (Jensen, et al., 2011). 

 

 

molkJHCOHOHCO K /41, 0

298222 
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2.2. Methanation for SNG production 
 

Jensen, et al. (2011) describe SNG  as a high-methane replacement for natural gas. 

SNG can be used on-site, fed into a natural gas pipeline, or be liquefied into liquefied 

natural gas (LNG). Natural gas demand is projected to grow at a faster rate than 

general energy demand growth (Jensen, et al., 2011). Sudiro & Bertucco (2010) list 

the advantages of SNG with respect to other synthetic fuels. They note that the 

transport of SNG is efficient and cheap and can be done in any existing gas 

pipelines and distribution networks, and it can be coverted to other products in 

natural gas combined-cycle power plants and petrochemical facilities. 

 

The methanation of syngas process is typically operated at high concentrations of 

carbon monoxide with a H2/CO feed ratio of 3.0 and high temperatures ranging from 

300 to 600 °C (Rostrup-Nielsen, Pedersen, & Sehested, 2007). Jensen, et al. (2011) 

noted that the methanation reaction is favoured at low water content and high 

pressures. 

According to Gao, et al. (2012), the production of SNG is primarily based on the 

gasification of coal or biomass to synthesis gas (syngas). This process is particularly 

useful in areas which have abundant coal reserves but are poor in natural gas 

resources (Chandel & Williams, 2009). The syngas which emerges from gas 

cleaning and conditioning usually contains hydrogen, carbon monoxide, carbon 

dioxide, water, methane and higher hydrocarbons including C2H6, C2H4 and C2H2 

(Haryanto, et al., 2009; Jurascik, et al., 2009). The latter increase the risk of carbon 

deposition on the methanation catalyst, in turn suppressing its activity. This syngas 

can then be converted to SNG by the catalytic hydrogenation of the carbon oxides 

through the methanation reaction. 

Two main processes have been proposed for SNG production on an industrial scale. 

The first is a high temperature process (Luterbacher, et al., 2009, Rostrup-Nielsen, 

et al., 2007) which requires several stages for heat exchange and where the catalyst 

has to be exceptionally stable. The second process is low temperature methanation. 

This process requires rapid heat removal, resulting in decreased thermal stress for 

the catalyst. The catalyst of choice does, however, have to display very high activity 
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and stability (Huang, et al., 2014). Typically, fluidized bed reactors and slurry 

reactors are employed due to the fast heat transfer (Rahimpour, et al., 2012). This, 

however, introduces a new pathway for catalyst deactivation: attrition. Fluidized beds 

are exceptionally suitable for highly exothermic reactions (Rahimpour, et al., 2012). 

Liu, et al. (2013) found that the fluidized bed reactor, under the same conditions, gas 

velocities and pressures, showed higher CO conversion and selectivity to methane, 

much closer to thermodynamic equilibrium than the fixed bed reactor. The fluidized 

bed also exhibited lower sensitvity to changes in reaction pressure and space 

velocity. Liu, et al. (2013) assert that the fluidized bed shows technical superiority to 

the fixed bed because of the efficient heat/mass transfer and interaction between 

gas and solid, good uniformity in bed temperature and the surface of the catalyst is 

regularly regenerated as a result of attrition. Regardless of these advantages, 

adiabatic fied bed reactors are far more commonly employed in industry, possibly 

due to the high degree of expertise and experience with these reactor systems. 

Several fixed bed reactors are placed in series with intermediate gas coolers. 

Product gas recycles are also employed. A number of methanation processes based 

on fixed bed  reactors and the gasification of coal and biomass have been developed 

including the Lurgi process (Mills, 1971; Lee, 2007), TREMPTM technology (Jensen, 

et al., 2011), Davy process (Dave, 2013) and the HICOM process. 

The methanation reaction is highly exothermic. In an attempt to decrease the 

reaction heat in the adiabatic fixed bed methanation process, several approaches 

make use of recycle streams containing water and methane (Gao, et al., 2012, 

Jensen, et al. 2011). In the TREMPTM technology developed by Haldor Topsoe 

(Denmark), the product recycle controls the temperature in the first methanation 

reactor.  

Er-rbib & Bouallou (2014) note that there are a number of economic and technical 

barriers which limit the widespread commercial implementation of technologies 

associated with SNG. The primary issue is that the methanation reaction is highly 

exothermic. Syngas, at a temperature of 300 °C, introduced into an adiabatic 

methanation reactor, may reach temperatures in excess of 900 °C due to the heat 

produced during the reaction. The temperature increase associated with this reaction 

may then result in catalyst sintering and subsequent catalyst deactivation . According 

to Jensen, et al. (2011), at the high temperatures associated with the methanation 



6 
 

reaction nickel crystallite growth needs to be limited in order to allow for sufficient 

activity in the aged catalyst. A stable support will facilitate this restriction of crystallite 

growth. At low temperatures, the particle migration mechanism is the dominant 

mechanism by which nickel catalyst sintering occurs where particles are mobile over 

the carrier surface, collide and coalesce (Jensen, et al., 2011). At higher 

temperatures, the sintering mechanism changes to the atom migration mechanism. 

This mechanism is characterised by the migration of atoms (or small agglomerates) 

from one particle to another (Jensen, et al., 2011). The cross-over temperature for 

the two mechanisms, according to Jensen, et al. (2011) is in the temperature range 

of 500 - 600 °C.  

 

2.3. SNG plant overview 
 

Figure 2.1 below is a graphical representation of a typical SNG plant. 

 

 
Figure 2.1.Major units of the SNG plant 

Adapted from Jensen, et al. (2011) 

 

Initially coal, petcoke or biomass is gasified in the presence of oxygen and water. 

The resultant gas is cooled and processed in order to remove tars, salts and dust. 

The sour shift unit allows for the adjustment of the hydrogen and carbon monoxide 

ratio by the water gas shift reaction. Emerging from the sour shift unit is syngas rich 
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in hydrogen sulphide and carbon dioxide, which are removed in the acid gas removal 

unit. Sulphur acts as a poison for methanation catalysts whilst the carbon dioxide is 

removed in order to obtain appropriate hydrogen to carbon ratios further 

downstream. Syngas then enters the methanation unit.  

 

2.4. Crystallite size and activity in the methanation reaction 
 

The effect of crystallite size on activity in the methanation reaction was considered. 

Vannice (1976) notes that the most justifiable way of comparing activity among 

catalysts is that normalized to unit metal surface area or to the number of reduced 

metal surface atoms (turnover frequency, TOF). Determination of specific activity 

allows for a direct comparison of the intrinsic activity of catalysts.  

In order to gain an understanding of the effects of crystallite size on activity, the work 

by Bezemer, et al. (2006) was considered. They investigated the effect of cobalt 

particle size on activity in Fischer-Tropsch synthesis.  As depicted in Figure 2.2, they 

found that there was an ideal crystallite size which allowed for maximum activity per 

gram of cobalt. It was proposed that this may be as a result of the fact that 

crystallites below 8 nm may not be large enough to support the step sites necessary 

for Fischer-Tropsch synthesis to take place, resulting in this decrease in activity. 
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Figure 2.2: The influence of cobalt particle size on activity normalized to the 
cobalt loading (220 °C, H2/CO = 2, 1 bar) 

Adapted from Bezemer, et al.(2006) 

 

The methanation reaction is a fairly simple reaction and the thermodynamic data 

pertaining to it is readily available in literature. Yet the detailed mechanism of the 

reaction on the catalytic surface has not as yet been unambiguously described 

(Watson, 1980). Reactions which are structure sensitive are characterised by TOF 

which vary appreciably with varying crystallite structure (different crystallographic 

planes or nanocrystallites in the 1 – 10 nm size range) (Boudart & McDonald, 1984). 

Structure insensitive reactions should display the opposite behaviour. It has been 

suggested that the methanation reaction is structure insensitive due to the 

comprehensive single crystal studies of methanation conducted over nickel and 

ruthenium. Yet, from the work conducted by Watson (1980), it is apparent that the 

kinetic parameters found on the basal planes of different single crystal facets and 

those found on supported catalysts were in agreement, suggesting that the 

methanation reaction was structure insensitive.  

Rostrup-Nielsen, et al.(2007) investigated the activity and stability of a supported 

nickel-based catalyst (22 wt.% Ni on a stabilised support) by exposing them to 
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syngas which was equilibrated at high temperatures (600 - 700 °C).  Hydrogen 

chemisorption was used to give an indication of the specific nickel surface area. 

They noted that the loss of methanation activity was more pronounced than the loss 

of the specific nickel surface area due to sintering, an eminent process at these high 

temperatures. The activity per unit surface area (TOF) also decreased. The authors 

concluded that these results indicated that the methanation reaction was highly 

structure sensitive. From DFT calculations the authors could show that step sites 

were more active than non-step sites and larger metal particles have a significantly 

reduced number of these step sites. Similar results were reported by Zhao, et al. 

(2012) who prepared their catalysts by the solution combustion method. In both 

cases, however, the crystallite size was greater than 20 nm, which may be outside 

the size range for the effective study of crystallite size effects. 

Bartholomew, et al. (1980) studied the effects of support and metal dispersion on CO 

hydrogenation for nickel supported on alumina, silica and titania at 1.4 bar and 227 - 

277 °C with a H2 to CO ratio of four in 95 % nitrogen. They found that for Ni/Al2O3, 

the TOF decreased with increasing dispersion in the range 5 - 60 %. Dispersion is 

inversely proportional to particle diameter and Boudart & McDonald (1984) quantified 

this result: TOF increased fourfold with increasing nickel particle diameter. This trend 

was also observed, although less pronounced, for Ni/SiO2. These results indicate 

that methanation is indeed a structure sensitive reaction.  

van Meerten, et al. (1983) also investigated the effects of nickel crystallite size on the 

methanation reaction in the crystallite size range of interest. They made use of low 

and high field magnetisation measurements in order to gain an understanding of 

crystallite size and size distribution in connection with catalytic activity. Nickel on 

silica catalysts were prepared according to the homogeneous precipitation method 

with crystallite sizes ranging from 0.5 to 5 nm. Larger crystallites of up to 12 nm were 

obtained by exposing the crystallites to high temperatures in hydrogen and allowing 

them to sinter. van Meerten, et al. (1983) reported the activity on the basis of the 

initial dispersion and found that specific activity under standard conditions increases 

with average crystallite size from 0.6 nm up to 4.4 nm. Thereafter, the mass specific 

activity decreases with a further increase in nickel crystallite size up to 12.3 nm. 

Boudart & McDonald (1984) note that this may be because structure-sensitive 

reactions need a multiple-atom site or ensemble on the catalysts surface. Hence, a 
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structure-sensitive reaction will have an associated optimum catalyst with the most 

active structure. 

Vannice (1976) investigated the catalytic behaviour of nickel and nickel dispersed on 

a number of different supports (alumina, silica and graphite) in the hydrogenation of 

CO reaction at 1 bar. The unsupported material was prepared using a precipitation 

method. The supported catalysts were synthesised using the incipient wetness 

technique. This involved wetting the support with an aqueous solution of nickel 

precursor. Vannice (1976) reported that there may be a relationship between 

crystallite size and activity. The highest turn over frequency was observed at the 

lowest particle size, contradicting the findings of the reports outlined above. 

However, any differences were very small at less than an order of magnitude at 205 

°C. This may have been because all the synthesised particles were greater than 8 

nm, perhaps outside the range where particle size effects become important. 

Yet van Meerten, et al. (1983) found from their magnetic results that the activity of 

the catalyst remained almost constant during methanation, despite the crystallite 

distribution shifting to larger sizes and, consequently, the metal surface area 

decreasing. According to van Meerten, et al. (1983), this suggests that the sites for 

catalytic activity are located mainly at the larger crystallites. They confirmed that 

during methanation small crystallites disappear in favour of the formation of larger 

crystallites. 

Several reports have suggested that the  methanation reaction is a structure 

sensitive reaction. Crystallite size has an effect on the mass specific activity: as 

crystallite size decreases, the activity increases. There exists, however, a critical size 

below which the activity begins to decrease. 

 

2.5. Catalyst deactivation 
 

Catalyst deactivation is a major problem associated with the field of heterogeneous 

catalysis. It relates to the loss of activity with time-on-stream, a process that can be 

of a chemical or physical nature (Forzatti & Lietti, 1999). Bartholomew (2001), in a 

review on the mechanisms of catalyst deactivation, describes catalyst deactivation 
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as the loss over time of catalyst activity and/or selectivity. Although this deactivation 

is unavoidable, there are some mitigating steps which can be taken in order to 

minimise, postpone or even reverse this process. This then requires an 

understanding of the mechanisms of catalyst deactivation. 

There are a number of different mechanisms through which a catalyst can 

deactivate.These deativation mechanisms are classed either as poisoning, coking or 

fouling, sintering and phase transformation. Catalyst deactivation may also occur via 

masking and loss of the active elements through volatilization, erosion and attrition 

(Forzatti & Lietti, 1999). Bartholomew (2001) separates the different mechanims of 

catalyst deactivation into six instrinsic mechanisms: poisoning, fouling, thermal 

degradation, vapour compound formation accompanied by transport, vapour-solid 

and/or solid-solid reactions, and attrition or crushing. These mechanisms could 

further be classed as chemical, mechanical or thermal. These deactivation 

mechanisms will be discussed below, particularly the effect these deactivation 

mechanisms have on the nickel catalyst systems employed in the methanation 

process. 

 

2.5.1. Poisoning 
 

 Poisoning can be described as the loss of activity due to the strong chemisorption of 

impurities onto the active sites of the catalyst (Forzatti & Lietti, 1999). A poison may 

have a geometric effect in that it blocks an active site, or it may have an electronic 

effect by changing the adsorptivity of other species (Forzatti & Lietti, 1999). The 

chemical nature of the active sites of a catalyst may also be altered by a poison 

which could lead to the formation of new compounds, resulting in a change in the 

performance of the catalyst. 

Sulphur compounds act as poisons of nickel catalysts in many catalytic processes, 

including methanation of synthesis gas (Bartholomew, et al. 1979). A number of 

authors including Bartholomew, et al. (1979), Erekson & Bartholomew (1983)  and 

Fitzharris, et al. (1982) investigated the effects of sulphur poisoning on nickel 

methanation catalysts. Bartholomew, et al. (1979) conducted in situ activity studies 
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on alumina supported nickel catalysts in order to determine the effects of hydrogen 

sulphide on the methanation activity and found that the adsorption of hydrogen 

sulphide is affected by the competitive adsorption of reactants and reactant 

intermediates as well as residence time and temperature. Erekson & Bartholomew 

(1983) indicated that poisoning rates are complex functions dependent on hydrogen 

sulphide concentrations, temperature and partial pressures of carbon monoxide and 

water. Fitzharris, et al. (1982) highlighted the fact that sulphur as a poison has a 

geometric effect, resulting in the blockage of active sites, as opposed to electronic 

effects. 

 

2.5.2. Fouling, coking and carbon deposition 
 

Fouling is a mechanical deactivation mechanism characterised by the physical 

deposition of compounds from the fluid phase onto the catalyst surface, leading to a 

decrease in activity because of a blockage of sites or pores (Bartholomew, 2001). It 

refers to all occurrences where the catalytic surface is covered with a deposit 

(Moulijn, et al., 2001).When catalytic reactions involve hydrocarbons, side reactions 

may take place on the catalysts surface resulting in the formation of carbonaceous 

material which physically covers the active surface. This may result in the coverage 

of the active sites and pore blockage, as depicted in Figure 2.3, leading to catalyst 

deactivation (Forzatti & Lietti, 1999). 

The mechanical deposition of carbon or coke is of particular importance in the 

methanation reaction. A distinction is made between coke and carbon and this is 

related to their origin (Bartholomew, 2001). Coke is the result of the decomposition 

or condensation of hydrocarbons whilst carbon is as a consequence of the 

disproportionation of carbon monoxide (Forzatti & Lietti, 1999). 

 



13 
 

 

Figure 2.3. Conceptual model of fouling, crystallite encapsulation and pore 
plugging of a supported metal catalyst due to carbon deposition 

Adapted from Bartholomew (2001) 

 

McCarthy & Wise (1979) found that four types of carbon form on an alumina 

supported nickel methanation catalyst when exposed to carbon monoxide: 

chemisorbed carbon atoms (α), bulk nickel carbide, amorphous carbon (β), and 

crystalline elemental carbon. 

Trimm (1983) compiled a review which focused on minimising coke deposition on 

supported metal catalysts. Trimm (1983) notes that the deposition of coke on a 

catalyst involves a multifaceted relationship between coke formation (resulting from 

reactions in the gas phase or on the catalyst surface), and coke removal. 

 

2.5.3. Sintering 
 

Thermal degradation results in a physical change in a catalyst leading to its 

deactivation. This deactivation can be as a consequence of the loss of catalytic 

surface area as a result of crystallite growth of the catalytic phase. Thermally 

induced deactivation can also lead to support collapse and subsequent loss of 
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support surface area and chemical transformation of the catalytic phase to a non-

active phase as described in Section 2.5.4 (Bartholomew, 2001). 

Sintering is the loss of active surface area as a consequence of the structural 

modification of the catalyst (Forzatti & Lietti, 1999) and is a major route for the 

deactivation of heterogenous catalysts which operate at elevated temperatures 

(Datye, et al., 2006).  

 

Figure 2.4. Two conceptual models for crystallite growth due to sintering by 
(A) atomic migration or (B) crystallite migration 

Adapted from Bartholomew (2001) 

 

There are two proposed pathways through which this sintering process may occur: 

atomic migration and crystallite migration (Figure 2.4). Atomic migration (Ostwald 

ripening) refers to sintering which occurs as a result of the escape of metal atoms 

from a crystallite, transport of these atoms across the support surface (or in the gas 

phase) and the resultant merger with another metal crystallite on collision. It is based 

on the assumption that the metal particles are immobile and sintering occurs due to 

the transfer of atoms or clusters from small particles to larger particles. Given that 

larger crystallites are more stable, the smaller crystallites decrease in size in favour 

of the larger ones increasing (Forzatti & Lietti, 1999). The second model, crystallite 

migration, involves the movement of crystallites across the support surface, resulting 

in their collision and coalescence. In order to determine ways of improving catalyst 

durability, it becomes important to gain an understanding of this sintering 

phenomenon (Datye, et al., 2006). 
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The melting point plays an important role in the sintering process (Moulijn, et al., 

2001). The Tamman and Huttig temperatures, which are directly related to melting 

temperature, may give an indication as to the temperatures where thermally induced 

sintering may take place. These temperatures may be expressed according to the 

semi-empirical equations Equation 5 and Equation 6.  

meltingHuttig TT  3.0        Equation 5   

meltingTamman TT  5.0        Equation 6 

When the temperature increases, the mobility of atoms also increases. At the Huttig 

temperature, the atoms at the defects will become mobile. At the Tamman 

temperature, atoms from the bulk will begin to migrate. At the melting temperature, 

liquid-phase behaviour will be observed. However, a number of different factors 

influence the temperature at which mobility is observed in solids including texture, 

size and morphology. Furthermore, small particles may exhibit mobility at 

temperatures lower than the Tamman and Huttig temperatures (Couchman & Jesser, 

1977). 

 

Table 2.1. Tmelting, TTamman and THuttig values (°C) of Ni, NiO and Al2O3 

Compound Tmelting TTamman THuttig 

Ni 1452 726 436 

NiO 1955 978 587 

Al2O3 2045 1023 614 

 

A number of authors have investigated the sintering behaviour of nickel catalysts, 

attempting to determine the effects of time, temperature (Bartholomew & Sorensen 

1983; Rostrup-Nielsen, et al., 2007; Shen, et al., 1981), support material 

(Rasmussen, et al., 2004; Richardson & Propp, 1986)  and combinations thereof 

(Richardson & Crump, 1979). Some authors also attempted to determine whether 

size distributions could be used in order to identify the sintering mechanism (Datye, 

et al., 2006). 
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Bartholomew & Sorensen (1983) examined the sintering kinetics of silica and 

alumina supported nickel catalysts, with particle sizes in the 2 – 4 nm size range, 

prepared using a simple impregnation technique. The catalysts were exposed to 

elevated temperatures for different times in a hydrogen atmosphere. The work 

presented by Bartholomew & Sorensen (1983) indicates that the loss of metal 

surface area increases significantly with increasing temperature. It was hypothesised 

that at temperatures below 650 °C, although the growth of metal crystallites may 

contribute to a loss of the nickel surface area, it is primarily due to support collapse. 

Crystallite growth becomes the dominant mechanism of deactivation only beyond 

650 °C. Bartholomew & Sorensen (1983) suggest that at temperatures below 650 °C 

and exposure times ranging between 5 and 20 hours, crystallite migration is the 

principal sintering mechanism. At higher temperatures and longer exposure times, 

there is a shift in the sintering mechanism to atomic migration. Bartholomew & 

Sorensen (1983), did not extend the study to nickel catalysts with larger crystallite 

size. 

Shen, et al. (1981) found that at elevated temperatures, sintering of the metal takes 

place via atom migration. Similarly, Rostrup-Nielsen, et al., (2007) concluded that at 

600 °C, sintering followed the atom migration sintering mechanism. 

Rasmussen, et al. (2004) conducted a sintering study on alumina supported nickel 

catalysts. They exposed model catalysts prepared by impregnation to a 1:1 mixture 

of steam and hydrogen at different temperatures and ambient pressure for 50 hours. 

By considering the form of the nickel particle size distributions and the reaction order 

of loss of nickel surface area, Rasmussen, et al. (2004) concluded that sintering at 

650 °C occurs through the particle coalescence mechanism.  

Steam may exacerbate sintering by causing support sintering where the support 

forms mobile surface hydroxyl groups that are volatilized at elevated temperatures 

(Bartholomew, 2001). Also, Sehested, et al. (2004) and Sehested, et al. (2006) who 

conducted studies on nickel based catalysts under various 
𝑃𝐻2𝑂

𝑃𝐻2
⁄  ratios, propose 

that surface oxidation of the metal surface in H2O/H2 atmospheres results in the 

formation of a Ni2-OH complex which enhances particle mobility, resulting in an 

increase in the sintering rate. The support is also susceptible to morphological and 
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structural changes which may then precipitate the sintering of the nickel particles 

facilitated by the collapse of the support pore structure (Rasmussen, et al., 2004). 

Williams, et al. (1972) studied the sintering behaviour of alumina supported nickel 

catalysts in a steam and hydrogen environment at elevated pressures by determing 

the loss of nickel specific surface areas. The catalyst was prepared by co-

precipitation. Williams, et al. (1972) proposed that loss of nickel surface occurs as a 

result of the loss of fine pore structure and conversion of γ-alumina to α-alumina. The 

authors assert that the principle cause of sintering in this atmosphere is the thermal 

instability of the alumina base. The extent of sintering increases with an increase in 

the steam content of the treatment atmosphere.  

Richardson & Propp (1986) investigated the effects of pore size on sintering kinetics 

of nickel on alumina catalysts using in situ magnetization techniques and hydrogen 

chemisorption measurements. Different alumina samples with varying average pore 

radii were used. It was observed that initial sintering rates increased as pore size 

increased, with decreased sintering rate in samples where the pore size approached 

the size of the crystallite.Richardson & Crump (1979) also acknowledge that pore 

size distribution may also play an important role in the sintering process and may 

account for the bimodal distributions observed at high temperatures. 

Richardson & Crump (1979) investigated sintering of nickel on silica catalysts. 

Magnetic methods were used in order to determine the effects of temperature, time, 

initial distribution, and nickel concentration on crystallite size distribution in an 

attempt to determine the prevailing sintering mechanisms. Measurements were 

made in situin helium. The fresh samples had nickel crystallites with sizes between 1 

and 3 nm. At temperatures of 400 °C, the distribution widened. Richardson & Crump 

(1979) suggested that this result was consistent with the interparticle transport 

mechanism. Above 450 °C, however, more dramatic sintering was observed, with 

the migration model favoured as the sintering mechanism resulting in bimodal 

distributions. Richardson & Crump (1979) place great significance on initial changes 

in size distribution. The broadening of the distribution suggests the dominance of the 

interparticle transport mechanism as smaller crystallites disappear in the formation of 

larger ones. The crystallite migration model would be characterised by an increase in 

the average crystallite size with the disappearance of the small crystallites. The use 

of size distribution in the determination of sintering mechanism is highly ambiguous. 
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Datye, et al. (2006) conducted a study where they attempted to determine wheher 

the partcle size distribution of supported metal catalysts treated at 900 °C over time 

could be used to determine the sintering mechanism. Datye, et al. (2006) proposed 

that size distributions skewed towards small particles may indicate Ostwald ripening, 

whilst a size distribution with a long tail towards large particles may be characteristic 

of particle migration and coalescence. Their work could, however, not definitively 

establish a link between size distribution and the sintering mechanism.  

 

2.5.4. Phase Transformation 

2.5.4.1. Vapour compound formation accomponied by transport 

 

The loss of metal through the formation of volatile compounds may result in 

significant catalyst deactivation. 

 

 

Figure 2.5. Formation of volatile tetra-nickel carbonyl at the surface of nickel 
crystallites in a CO atmosphere 

Adapted from Bartholomew (2001) 
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The pathway by which sintering occurs during the hydrogenation of CO on nickel 

catalysts is dependent on the temperature. At low temperatures, the primary 

mechanism through which the catalyst deactivates is by the formation of volatile 

nickel carbonyls (Figure 2.5). At higher temperatures, atoms (or small agglomerates) 

migrate from one particle to another (Jensen, et al., 2011).  

Van Meerten, et al. (1983) made use of magnetic measurements conducted during 

the hydrogenation of CO in order to detail how, at temperatures between 197 and 

247 °C, small crystallites are lost in favour of larger particles through a process of 

Ostwald ripening, that is crystallite growth due to atomic migration. High CO partial 

pressures and lower temperatures favour the rate of transition of nickel, suggesting 

that nickel tetra carbonyl is the intermediate responsible for nickel transport. This 

finding was corroborated by Enger & Holmen (2012). They reported that nickel forms 

volatile carbonyls which result in a continuous loss of the metal from the reactor at 

temperature and pressure conditions of 200 - 300 °C and 10 - 60 bar, respectively. 

Similar findings were reported by Shen, et al. (1981) who investigated the loss of 

methanation activity of alumina-supported nickel catalysts at pressures of up to 6 bar 

and temperatures from 127 to 467 °C. The supported catalysts were prepared using 

the incipient wetness impregnation method. They concluded that at low temperatures 

the interparticle transport model involves volatile nickel carbonyl formation.  

Munnik, et al. (2014) investigated the deactivation of silica supported nickel catalysts 

during the methanation reaction (230 °C, H2:CO = 2:1, 1 bar). Ostwald ripening was 

the deactivation mechanism of interest, particularly the formation of nickel carbonyls. 

Munnik, et al. (2014) researched the effect of particle size (3 – 9 nm) and spatial 

distribution on this deactivation process. They reported that small particles (3 – 4 

nm) deactivated faster and to a larger extent. There was also local destruction of the 

support. This all contributed to decreased catalyst stability. Medium sized particles (8 

nm) displayed improved stability. 
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2.5.4.2. Solid state reactions 

 

Forzatti & Lietti (1999) describe phase transformation as a process which takes 

place at very high temperatures and results in the transformation of one crystalline 

phase into a different one leading to significantly reduced activity. In alumina 

supported nickel catalysts, the alumina may diffuse to the surface of the catalyst, 

inducing the formation of an aluminate. This process may be exacerbated by the 

presence of gas phase oxygen and/or water (Bartholomew, 2001). 

From the above investigations it can be noted that although a large amount of work 

has been done on the effects of temperature and steam on the sintering of nickel 

catalysts, there has not been an extensive study which deconvolutes and compares 

these two effects on crystallite size growth. The above studies were also limited in 

that all of them exposed a catalyst to a single temperature for an extended period of 

time and then characterised the sintered sample. No studies were conducted 

investigating nickel crystallite growth of a single catalyst over a range of 

temperatures. Furthermore, the above studies focussed on catalysts with a single 

crystallite size. The investigations were not extended to include various crystallite 

sizes. 

 

2.6. The microemulsion technique 
 

When considering a study which involves the investigation of the effects of crystallite 

size, it becomes crucial to be able to synthesise model catalysts with crystallite sizes 

in the nanometre range and with a very narrow size distribution (Fischer, et al., 

2011). This then necessitates the investigation of techniques which would allow for 

the synthesis of unsupported and supported metal nanoparticles which display the 

required narrow size distribution as model catalyst systems.  

Hada, et al. (2013) have highlighted a number of different techniques which have 

been proposed in the synthesis of nickel oxide nanoparticles including ultrasonic 

radiation, hydrothermal synthesis, the carbonyl method, the laser chemical method, 

pyrolysis by microwave, the sol-gel method, precipitation-calcinations, the 
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microemulsion method, anodic and plasma method and the thermal decomposition 

method. However, when considering a technique which could be used in the 

synthesis of metal or metal oxide nanoparticles in the nanometer size range and with 

a narrow size distribution, the microemulsion technique is most appropriate. The 

microemulsion technique is a soft technique which does not require extreme 

temperatures or pressures and is an effective means to synthesise metal or metal 

oxide crystallites in this nanometre size range (Han, et al., 2004). 

According to Eastoe, et al. (2006), there are five main parameters which could 

influence particle size and polydispersity: solvent type, choice of surfactant or co-

surfactant, addition of electrolyte, concentration of reagents, and water/surfactant 

ratio.  

Boutonnet, et al. (1982) note that the preparation of extremely small particles of 

platinum, iron and nickel has gained particular attention due to the widespread use of 

these metals in heterogeneous catalysis. Small particles have been observed to 

have very large specific surface areas and a large proportion of crystalline faces or 

edges with specific catalytic properties, all of which is highly desirable in a 

heterogeneous catalyst. The preparation of such particles then requires that they be 

produced with uniform size and shape.  

Eriksson, et al. (2004) highlight various advantages of the microemulsion technique 

for catalysts preparation, the most pertinant to this study being: 

 A narrow size distribution can be obtained 

 Particle size can be controlled to a large extent 

 The support does not have a negative impact on the formation of the particles 

Microemulsions have a number of applications ranging from oil recovery to the 

preparation of nanoparticles (Eriksson, et al., 2004). Industrially, metal catalysts are 

primarily prepared using the impregnation technique. This technique is successful in 

synthesising small metal particles, however it proves extremely difficult to also 

achieve a narrow size distribution. The microemulsion technique overcomes this 

limitation of the impregnation technique in that the reverse micelles, which are 

present in the microemulsion acting as nano-reactors or templates, create a suitable 

environment for the production of small metal nanoparticles of narrow size 
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distribution is created (Eriksson, et al., 2004). Song & Kim (1999) utilised the 

microemulsion technique and a conventional precipitation method to prepare tin 

oxide particles. They found that use of the microemulsion method resulted in the 

synthesis of particles with a smaller diameter and greater surface area than that 

observed when using the precipitation method. They reasoned that the distinguishing 

factor may be that the powder prepared by the microemulsion technique is formed in 

a controlled manner, confined to nanosize domains whilst in the precipitation 

method, the powder formed in an uncontrolled manner where the precipitated 

particles could grow and aggregate.  

The term 'microemulsion' has been described by Danielsson & Lindman (1981) as a 

thermodynamically stable, optically isotropic solution of water, organic compound 

and at least one surfactant. According to Eriksson, et al. (2004), the microemulsion is 

heterogenous on a molecular level yet appears homogenous at a macroscopic scale. 

The internal structure of a microemulsion, at a particular temperature, is dependent 

on the ratio of its constituents. The system of particular interest is that involving 

water pools surrounded by surfactant and dispersed in the oil phase resulting in an 

inverted micelle. Transition metal salts can be dissolved in the water pool and serve 

as a precursor for final metal particles (Eriksson, et al., 2004; Boutonnet, et al., 

1982). 

A microemulsion which consists of small oil droplets in a continuous water phase 

(micelles) is consistent with a high concentration of water. Conversely a high oil 

concentration results in the formation of small water droplets in a continuous oil 

phase (reverse micelle) (Eriksson, et al., 2004). Pileni (1993) describes these 

reverse micelles as the result of a surfactant dissolved in organic solvent which then 

forms spheroidal aggregates. According to Pileni (1993), reverse micelles act as 

microreactors. The preparation of nanoparticles from microemulsions can be 

achieved by mixing a microemulsion containing the precursor with a microemulsion 

containing a precipitating agent (Eriksson, et al., 2004; Fischer, et al., 2011; 

Barkhuizen, et al., 2006; Mabaso, 2005) (see Figure 2.6 below). 
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Figure 2.6: Proposed mechanism for the formation of metal particles by the 
microemulsion approach 

Adapted from (Capek, 2004) 

The size of the final metal particle is dependent on the size of the droplets in the 

microemulsion which may be manipulated by varying the water/surfactant ratio. 

Increasing this ratio results in an increase in the average diameter of the droplets 

(Eriksson, et al., 2004; Pileni, 1993; Mabaso, 2005).This property favours the 

synthesis of nanosize, monodispersed crystallites (Pileni, 1993).  

 

2.6.1. Preparation of unsupported NiO nanoparticles 
 

A number of authors have utilised the reverse micelle technique in the synthesis of 

nickel oxide nanoparticles. Ahmad, et al. (2006) used the reverse micelle technique 

to synthesise homogenous, spherical nickel oxide nanoparticles of 25 nm with a 

narrow size distribution. These partcles were characterised using transmission 



24 
 

electron microscopy (TEM), powder X-ray diffraction (PXRD) and Fourier transform 

infrared spectroscopy (FTIR) was used in order to confirm the crystalline nature of 

the material. Ahmad, et al. (2006), however, did not indicate whether this technique 

could be used in the synthesis of nanoparticles of different sizes. 

Du, et al. (2012) applied the water-in-oil microemulsion technique in the synthesis of 

nanosized nickel oxide particles. They successfully synthesised nanoparticles in the 

11.5 nm to 31.5 nm range by varying the proportion of surfactant, oil and water in the 

microemulsion, the mixing method and the calcination temperature. They however 

failed to deconvolute the contribution of each factor in controlling crystallite size and 

so no clear correlation was seen between varying the water/surfactant ratio and 

resultant nanoparticle size. 

Mihaly, et al. (2011) also made use of the microemulsion technique in an attempt to 

control the particle size, morphology and size distribution of the nickel oxides. The 

authors successfully synthesised nanoparticles with an average size of 11 nm with a 

very narrow size distribution. They, however, did not determine whether this 

technique could  be applied over a wide range of sizes. 

Hada, et al. (2013) made use of a single microemulsion system where a unique 

blend of anionic and non-ionic surfactant. The blend was proposed to be  more rigid 

than a single moiety of ionic surfactant which they hoped would result in improved 

size control as the rigidity of the surfactant layer has been highlighted as an essential 

factor in size control. Although these authors did synthesise nickel oxide particles, 

they merely reported that particles in the range of 14 nm to 50 nm were synthesised. 

No size distribution of the sample was determined. No conclusions could be made 

on whether this single microemulsion technique using a unique surfactant blend 

could successfully be used to synthesise nanoparticles with a narrow size 

distribution. They also failed to synthesise particles of different sizes, and so no 

information could be gained on whether increasing the rigidity of the surfactant layer 

could indeed be a possible route for increased partcle size control. 
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2.6.2. Preparation of supported NiO nanoparticles 
 

When considering catalyst preparation methods, precipitation is the most widely 

used technique for the synthesis of both monometallic and multimettallic oxides 

(Schwarz, et al., 1995). This process results in the formation of a new solid phase 

(precipitate) from a homogenous liquid solution (Schwarz, et al., 1995). 

Impregnation, which includes the use of aqueous media, involves the addition of a 

specific volume of solution containing the precursor of the active metal of the catalyst 

with the carrier. Incipient wetness is a term applied to the special case of 

impregnation where the volume of the solution added is equal to or less than the 

pore volume of the solid support.  Although nickel catalysts are conventionally 

synthesised using the impregnation or precipitation method, a technique which 

results in the formation of catalysts with particles in the nanometre size range and 

with a very narrow size distribution was required in order to successfully conduct an 

investigation involving crystallite size effects. Thus, the application of the 

microemulsion technique in the synthesis of supported nickel nanoparticles was 

considered.  

Supported nanoparticles could also be synthesised using the reverse micelle 

technique. Boutonnet, et al.(1982) suggested that when stable dispersions are 

formed, the particles could be transferred to solid supports without agglomeration by 

evaporation of the solvent. Furthermore, Eriksson, et al.(2004) note that in order to 

prepare a homogenous supported catalyst, it is imperative that a homegenous 

distribution is maintained when transferring the particle onto the support. 

Simultaneously adding the support powder and the solvent may result in the particles 

adhering to the support, obtaining a homogenous distribution of the particles. This is, 

however, highly dependent on the properties of the support (Eriksson, et al., 2004). 

There are number of different ways to support nanoparticles using the microemulsion 

technique. In order to obtain homogenous distribution of the metal particles on the 

carrier, the support could be co-precipitated during the destabilisation of the reverse 

micelles (Kishida & Teranishi, 1968).The disadvantage associated with this method 

involves the possible encapsulation of the metal, decreasing the catalytically active 

surface area. The support could also be added directly to the microemulsion 

(Barkhuizen, et al., 2006; Cheang, 2009; Mabaso, 2005). Cheang (2009) and 
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Mabaso (2005) proved this method successful for the synthesis of model iron 

catalysts whilst Barkhuizen, et al. (2006) utilised the method for the successful 

synthesis of γ-alumina supported ruthenium and silica supported cobalt. However, 

Fischer (2011), whose investigation involved the synthesis of model cobalt catalysts 

for Fischer-Tropsch synthesis, observed that the addition of the support material to 

the mircoemulsion results in the formation of cobal aluminates, causing a decrease 

in the reducibility of the catalyst. An alternative would be to dry and resuspend the 

nanoparticles synthesised using the microemulsion techniqueand then deposit tem 

on the support (Fischer, et al., 2011). 
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Chapter 3 

3. Scope of study 
 

The methanation reaction is a highly exothermic reaction and the nickel catalyst may 

be exposed to a range of different temperatures during operation. The sintering of 

nickel methanation catalysts is a relatively well studied phenomenon. A number of 

authors have investigated the thermal degradation of nickel catalysts over time at 

different temperatures and in different atmospheres. However, these studies were 

limited: catalyst characterisation could only be done on already sintered material and 

there was no continuous characterization of the catalyst during the sintering process 

over the range of temperatures associated with the methanation reaction, i.e. no in 

situ characterisation.  

Also, nickel is pyrophoric, which implies that it can ignite spontaneously or react 

violently when exposed to air, resulting in a dramatic change in its physico-chemical 

properties. It has also been noted that the methanation reaction occurs at elevated 

pressures. It is then important to be able to conduct these sintering experiments at 

pressures relevant to these conditions. This increases the difficulty of its 

characterisation during experimental investigations. In situ characterisations may be 

used in order to allow for the investigation of changes of the catalyst structure/phase 

and its performance during the experimental process.  

The main objective of this study was to investigate the effects of nickel crystallite size 

on thermally induced sintering using a unique in situ magnetometer, developed at 

the University of Cape Town. The sintering studies were conducted on γ-alumina 

supported nickel nanoparticles in an inert atmosphere and also in a steam and 

hydrogen atmosphere. It is expected that small crystallites will be more likely to 

sinter at elevated temperatures than larger crystallites. Water vapour will accelerate 

the sintering process for both small and larger crystallites. 

When conducting size investigations, model catalysts are essential. In order to 

produce these model catalysts, the application of the microemulsion technique in the 

synthesis of nickel catalysts was investigated. This was achieved by the synthesis of 
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nickel nanoparticles in the 2 – 15 nm size range with a narrow size distribution. The 

microemulsion technique has been identified as a technique which allows for this 

crystallite size control. A number of parameters may have an influence on particle 

size, however the effects of varying the water/surfactant ratio in an attempt to 

synthesise nickel nanoparticles of different sizes has not as yet been well 

established. It is hypothesised that varying the water/surfactant ratio will allow for the 

synthesis of a range of nickel nanoparticles in the 2 – 15 nm size range with a very 

narrow size distribution. 

Preparation of supported samples was then also required in order to conduct 

sintering studies on alumina supported nickel samples at temperatures ranging up 

650 °C. This required an investigation into the different catalyst preparation methods 

associated with the microemulsion technique. 
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Chapter 4 

4. Research approach and methodology 
 

The reverse micelle technique was used for the synthesis of the unsupported and 

supported material. Both the unsupported and the supported material was 

characterised using transmission electron microscopy (TEM) and powder X-ray 

diffraction (PXRD). Furthermore, the supported material was characterised using in 

situ PXRD and the in situ magnetometer. Brunauer–Emmett–Teller (BET) was used 

in order to characterise the support material. Outlined below is a comprehensive 

description of the techniques employed in the characterisation of the unsupported 

and supported material. 

 

4.1. Synthesis of unsupported nickel oxide nanoparticles 
 

The method for the preparation of nickel oxide nanoparticles of various sizes was as 

outlined by Mabaso (2005), who proved the method successful for the synthesis of 

iron oxide nanoparticles. The water-in-oil microemulsion system consisted of water 

as the polar phase, Berol 050 (Pentaethylene glycol dodecylether, Akzo Nobel) as 

the surfactant and n-hexane (AR grade, Kimix) as the oil phase. This ternary system 

is depicted in Figure 4.1. The stability region for this system was first introduced by 

Abrevaya & Targos (1987) and later confirmed by Mabaso (2005) who conducted a 

titration of Berol 050 and n-hexane mixtures with water in a thermostatic bath heated 

to 25 °C in order to determine the area where the ternary system was stable and 

optically transparent. Fischer (2011) also investigated the effect of temperature on 

the stability region of the reverse micelle by combining over 100 mictures of n-

hexane, surfactant and water and equilibrating these mixtures in a temperature 

controlled batch at 10, 25 and 40 °C. Fischer (2011) reported that the stability region 

decreases with increasing temperature. 
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Figure 4.1. Ternary diagram of water-in-oil microemulsion system (W: water, O: 
oil (n-hexane), S: surfactant) with marked stability region with water/surfactant 
ratios (g/g) (a) 5:40 (c) 5:58 (d) 12:40 (g) 9:35 (h) 20:33 

 

The water-in-oil microemulsion technique via precipitation of nickel hydroxide from 

aqueous nickel (II) nitrate hexahydrate (Ni(NO3)2.6H2O,>97%,Sigma-Aldrich Inc.) 

with ammonium carbonate (NH4HCO3.NH2, Merck Chemicals) was used to 

synthesise nickel oxide crystallites of different sizes. The salt solution concentration 

was kept constant at 0.5 M. In order to synthesise different crystallite sizes, the 

amount of the oil phase (n-hexane) was kept constant at 250 g and the 

water/surfactant ratio varied. Two identical microemulsions were prepared by mixing 

specific volumes of Berol 050 (outlined in Table 4.1) with n-hexane. These 

microemulsions were then allowed to equilibrate for 24 hours and then filtered to 

remove the white residue which formed. Thereafter, the required mass of an 

aqueous solution of nickel nitrate was added to one microemulsion and an aqueous 

solution of ammonium carbonate to the second microemulsion. A 4:1 molar ratio of 

[(NH4)2CO3]: [Ni2+] was used in order to achieve complete precipitation of the 0.5 M 

nickel nitrate solution. The amounts used are recorded in Table 4.1.  
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Table 4.1. Water/surfactant ratios used to synthesise nickel oxide 
nanocrystallites of different sizes 

Sample code moil (g) water/surfactant ratio (g/g) 

A 250 5/40 

C 250 5/58 

D 250 12/40 

G 250 9/35 

H 250 20/33 

 

The two microemulsions were mixed using a magnetic stirrer under a constant 

stirring speed of 800 rpm for three hours. Pileni (1993) postulated that the reverse 

micellar aggregates are subject to Brownian motion as a direct consequence of their 

small size. Consequently the droplets collide and coalesce, resulting in contact 

between the reactants which will then react and form a precipitate. The precipitate 

will remain confined to the interior of the microemulsion droplet. The microemulsions 

were blue in colour. There was a correlation between the colour of the 

microemulsion and the water/surfactant ratio: the higher the water/surfactant ratio, 

the darker the microemulsion. A nanoparticle-containing microemulsion is stable. In 

order to separate the particles from the constituents of the  microemulsion a solvent 

needs to be added to compete with the surfactant molecules adsorbed onto the 

particle in order to destabilise the suspension (Eriksson, et al., 2004). For this 

system, acetone (AR grade, Kimix) acts as the destabilising agent. The precipitate 

was liberated from the liquid phase by flocculating with acetone followed by washing 

with acetone in order to remove the surfactant. Thereafter, the precipitate was dried 

at room temperature for three hours, then at 120 °C in an oven for 24 hours and 

finally calcined at 300 °C in a furnace for three hours, all in air.  

A schematic representation of this experimental procedure is shown in Figure 4.2 

below: 
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Figure 4.2: Schematic representation of synthesis of nickel nanocrystallites 
using a microemulsion via precipitation technique 

 

4.2. Synthesis of supported nickel oxide nanoparticles 
 

γ-alumina (Puralox SCCa 5-150, Sasol Technology) was the support material used 

in this study. The support was pre-treated prior to its use by calcining it at 450 °C in a 

furnace for 5 hours (heating rate: 10 °C/min). Thereafter it was stored in an oven at 

120 °C. Two methods were used to synthesise supported nickel oxide nanoparticles: 

Method 1 as outlined by Mabaso (2005) and Method 2 as described by Fischer 

(2011).This then allowed for the determination of the most appropriate preparation 

method to synthesise model catalysts with a narrow size distribution and which 

display sufficient magnetic behaviour on reduction in order to be able to conduct an 

in situ magnetic study on the thermal degradation of nickel catalysts in an inert and 

steam and hydrogen atmosphere. 

 

4.2.1. Synthesis of supported nickel oxide nanoparticles Method 1 
 

The same procedure as outlined in Section 4.1 was used to prepare the supported 

nickel oxide nanoparticles. The only additional step was the addition of the alumina 
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support to the microemulsion before flocculation with acetone. A metal loading of 10 

wt.% was targeted during the synthesis of the supported nickel oxide nanoparticles. 

Thereafter the sample was calcined in a fluidised bed reactor at 350 °C (heating rate: 

10 °C/min) in argon (60 mL (NTP)/min/gcat) for 16 hours. Figure 4.3 below is a 

graphical representation of the synthesis of supported nickel oxide nanocrystallites 

using Method 1.  

 

Figure 4.3: Schematic representation of synthesis of supported nickel 
nanocrystallites using a microemulsion technique 

 

4.2.2. Synthesis of supported nickel oxide nanoparticles Method 2 
 

In order to synthesis supported nickel oxide nanoparticles using Method 2 the 

procedure outlined in Section 4.1 above was used to first synthesise unsupported 

nickel oxide nanoparticles. These particles were resuspended in water by 

ultrasonicating the mixture with a sonication probe (Bandelin Sonoplus, 20 kHz, 

200W) for one hour. The support material was then added to the suspension and the 

mixture was sonicated in an ultrasonic bath for one hour followed by stirring at 400 

rpm overnight. The sample was then dried by gently heating at 100 °C with stirring in 
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three-necked round-bottomed flask placed in a silicon oil bath under an inert 

atmosphere of nitrogen. This procedure is illustrated in Figure 4.4. 

 

Figure 4.4: Schematic representation of synthesis of supported nickel 
nanocrystallites with support addition to NiO nanoparticles 

 

4.3. Characterisation of nickel nanocrystallites and model catalysts 

4.3.1. Transmission Electron Microscopy (TEM) and Scanning 
Transmission Microscopy (STEM) 

 

In order to determine the morphology as well as size and size distribution of the 

nickel oxide nanoparticle samples synthesised by varying the water/surfactant ratio, 

Transmission Electron Microscopy (TEM) was used. For the supported material, 

TEM was also used to determine how well dispersed the nanoparticles were on the 

support. Acetone was first added to the powder sample under investigation and the 

mixture was sonicated in an ultrasonic bath for 10 minutes in order to obtain a 

suspension. A droplet of the suspension was then transferred on to a carbon coated 

copper grid. The grids were then allowed to air dry before analysis in a Tecnai F20 

Transmission Electron Microscope operated at 200 kV. 
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Scanning Transmission Electron Microscopy (STEM) was also used to characterise 

the model catalysts after exposure to elevated temperatures and a steam in 

hydrogen atmosphere. This analysis was performed using a field emission FEI 

Tecnai F20 microscope, operated at 200 kV, and equipped with a high-angle annular 

dark-field (HAADF) detector for Z-contrast imaging. Before conducting any 

measurements, the powder samples under investigation were sonicated in ethanol 

and the suspension supported onto lacey carbon coated copper grids (SPI Supplies, 

200 mesh). 

The TEM and STEM micrographs were then analysed using the freeware ImageJ in 

order to obtain particle size distributions. An attempt was made to measure at least 

300 particles in order to obtain statistically relevant size data. The results obtained 

were a number based average. A volume based average was, however, required in 

order to compare meaningfully the results obtained from TEM with those obtained 

from PXRD and magnetic readings, which report average crystallite size on a volume 

based average. In order to convert a number based average to a volume based 

average, Equation 7 was used: 
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          Equation 7 

 

4.3.2. Powder X-ray Diffraction (PXRD) 
 

Powder X-ray Diffraction (PXRD) is a characterization tool which provides 

information which can be used to identify crystalline phases present in a powder 

sample, as well as average crystallite size. PXRD measurements were conducted on 

the unsupported and supported material using a Bruker D8 Advance X-ray 

diffractometer with a cobalt source (Co-Kα radiation of wavelength 1.79 Å) and a 

position sensitive detector (Bruker Vantec). The scan range was 20 ° < 2θ < 130 ° in 

the step-scan mode with a step-size of 0.01 ° and a scan rate of 0.025 °/s (scan 

time: 1 hour 13 minutes). In order to identify the different crystalline phases the peak 

positions as well as the relative intensities in the diffractograms were compared with 

the peak positions and relative intensities recorded in the ICDD database.  
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Rietveld refinement using TOPAS (Appendix C) was used to determine average 

crystallite size where a crystal structure and instrumental and microstructural 

information was utilised in order to generate a diffraction pattern which is then fit to 

the actual pattern by making use of a least squares method to minimize the 

differences. The fit of the calculated pattern can be improved by refining certain 

parameters. This technique also allows for a quantification of the phase 

compositions in the sample. 

 

4.3.3. In situ Powder X-ray Diffraction Temperature Programmed 
Reduction (In situ PXRD TPR) 

 

The reduction behaviour of the model catalysts was also investigated using in situ 

PXRD which allowed for the simulation of the precise reduction conditions the 

catalysts were exposed to during catalyst sintering tests. A novel in situ capillary cell, 

developed at the University of Cape Town (Fischer, et al., 2014), was used in this 

investigation and is depicted in Figure 4.5. The cell allows for the in situ 

determination of crystallite size changes taking place under the required reaction 

conditions. It has a maximum operating temperature and pressure of 500 °C and 25 

bar respectively. The catalyst sample was placed into a Kapton capillary (3" long, OD 

= 0.0400", ID = 0.0360", wall = 0.00200", Cole-Parmer ®). Although use of the 

polyimide Kapton is limited to temperatures below 400 °C, it does not block X-rays 

thus making it highly suitable for use in PXRD studies. The capillary was inserted 

into the in situ XRD cell which was then mounted on to the Bruker D8 Advance X-ray 

diffractometer with a cobalt source (Co-Kα radiation of wavelength 1.79 Å). 400 

ml/min/gcat hydrogen was allowed to flow through the capillary which was heated to 

380 °C (heating rate: 1 °C/min).The scan range was 40 ° < 2θ <80 ° (scan time: 16 

minutes). Scans were recorded at 50 °C, 100 °C and then every 40 °C up to 380 °C. 

The temperature was kept constant for the duration of each scan. 



37 
 

 

Figure 4.5. Design of the in situ capillary cell reactor 

Adapted from Fischer, et al. (2014) 

 

4.3.4. Temperature Programmed Reduction (TPR) 
 

Temperature Programmed Reduction (TPR) was used to determine the reduction 

behaviour of the supported samples. The reduction was carried out in a U-type 

quartz reactor on a MicromeriticsAutoChem 2910 where a thermal conductivity 

detector (TCD) was used to measure hydrogen consumption. 100 mg of the 

supported sample was first dried by flowing argon (10 mL (NTP)/min) through the 

system and heating to 110 °C (heating rate: 10 °C/min) and holding for 60 minutes. 

The system was then cooled to 60 °C. 5 % hydrogen in argon (50 mL (NTP)/min) 

was allowed to flow through the sample and the system was heated to 900 °C 

(heating rate: 5 °C/min).  
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4.3.5. Atomic Absorption Spectroscopy (AAS) 
 

In order to determine the metal loading of nickel on the γ-alumina, Atomic Absorption 

Spectroscopy (AAS) was used. The supported samples were digested in a mixture of 

acids (6 mL concentrated hydrochloric acid (HCl), 2 mL concentrated hydrofluoric 

acid (HF), 2 mL concentrated nitric acid (HNO3)) on a MARS-5 Microwave digester. 

AAS analysis was then carried out on a VarianSpectraAA 110 instrument. 

 

 

4.3.6. Brunauer–Emmett–Teller (BET) 
 

Brunauer-Emmett-Teller (BET) analysis was conducted on the support material, γ-

alumina, using a BET Micrometrics TriStar 3000 which makes use of the principles 

associated with physical adsorption and capillary condensation. The sample, which 

is placed in an evacuated tube, is first cooled to cryogenic temperature. The sample 

is then allowed to come into contact with nitrogen at a series of precisely controlled 

pressures. As the pressure increases, so too does the number of gas molecules 

adsorbed on the surface. The equilibrated pressure (P) and the saturation pressure 

(P0) are determined in order to obtain the relative pressure ratio (P/P0) which is then 

recorded, together with the quantity of gas adsorbed by the sample at each 

equilibrated pressure. 

 

4.3.7. Magnetic measurements 
 

Nickel is ferromagnetic. Hence, magnetic measurements can be used in order to 

study its behaviour. Measurement of the total magnetisation (M) of a catalyst sample 

can give insight into catalyst composition, crystallite size and size changes of the 

ferromagnetic fraction. According to Serway & Jewett, Jr. (2014), ferromagnetic 

materials have permanent atomic magnetic moments that have a tendency to align 

parallel to one another when placed in an external magnetic field (H). Once this 

alignment has taken place, the material remains magnetised even after the external 
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field is removed and this magnetisation is termed remnant magnetisation (Mr). This 

phenomenon is as a result of of the strong coupling between neighbouring moments. 

Ferromagnetic materials consist of microscopic regions termed domains, regions 

wherein all magnetic moments are aligned (Serway & Jewett, Jr., 2014). When the 

ferromagnetic sample is unmagnetised, the magnetic moments in the domains have 

a random orientation. This them implies that the net magnetic moment is zero. 

The Curie temperature (TC) is the critical temperature beyond which the 

ferromagnetic substance loses its residual magnetization. Below this Curie 

temperature, the magnetic moments of each domain are aligned and the substance 

will display ferromagnetic behaviour. Above the Curie temperature, thermal agitation 

becomes large enough to cause the randomisation of the magnetic moments and no 

magnetisation can be measured. The Curie temperature of nickel is 358 °C (Serway 

& Jewett, Jr., 2014).  

Superparamagnetism, a special case of ferromagnetism usually in the nanometre 

regime where the crystallite size is below or at the size of the magnetic domain, is a 

term applied to crystallites which assume the behaviour of dipoles. In the presence 

of an external magnetic field, their magnetic moments align parallel to one another. 

However, on removal of the external field, the magnetic moments again assume a 

random orientation. The external field strength required for the alignment of 

superparagmagnetic material is strongly dependent on crystallite size. At low field 

strengths, the larger magnetic domains  will align in the direction of the external field 

and the magnetisation observed will be mainly as a consequence of larger 

crystallites. At high field strengths, even the very small magnetic domains will align in 

the direction of the external field and the magnetisation will be as a result of the 

smallest crystallites. This trend is depicted in Figure 4.6. The saturation 

magnetisation (Ms) is the magnetisation at which the magnetic domains of all the 

crystallites align in the direction of the external field. 
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Figure 4.6. Schematic representation of the behaviour of superparamagnetic 
particles in an external magnetic field 

Adapted from Dalmon (1994) 

 

This phenomenon can be used in order to extract information about crystallite size 

from superparamagnetic samples. The Langevin function, expressed according to 

Equation 8, can be used in order to determine crystallite size at different 

temperatures. 
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   Equation 8 

𝑀

𝑀𝑠
 is the ratio of sample magnetisation to saturation magnetisation, 𝜌 is the density of 

the magnetic material,  𝜎𝑠 the mass specific magnetisation, 𝑑 the crystallite diameter, 

𝐻 the external applied field, 𝑇 the temperature and 𝑘 Boltzmann constant. The 
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critical size of nickel, which is the diameter below which crystallites will exhibit 

superparamagnetic behaviour, is reported to be 55 nm (Chernavskii, et al., 2009). 

An indication of crystallite size could also be obtained from the change in the 

percentage of ferromagnetic material (γ). It is described by Equation 9. 

S

r

M

M
wt

2
%)(          Equation 9 

where γ is the percentage of ferromagnetic material, Mr the remnant magnetisation 

and Ms the saturation magnetisation. 

Paramagnetic materials have a weak magnetism. In the presence of an applied field, 

the atomic moments of paramagnetic materials line up with the field. However, this 

process is mitigated by thermal motion leading to magnet moments with random 

orientations (Serway & Jewett, Jr., 2014). NiO and the carrier, γ-Al2O3, exhibit 

paramagnetic behaviour. 

Magnetic measurements were conducted in an in situ magnetometer developed at 

the University of Cape Town. The magnetometer (Figure 4.7) allows for the 

investigation of ferromagnetic catalyst samples at high temperatures of up to 650 °C, 

and pressures of up to 50 bar which in turn means that catalyst samples can be 

characterised in situ at industrially relevant conditions (Fischer, et al., 2014; Claeys, 

et al., 2010).  
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Figure 4.7. Design of in situ magnetometer with a maximum operating field of 
20 kOe, maximum temperature of 650 °C and maximum pressure of 50 bar 

Adapted from Fischer, et al. (2014) 

 

4.3.7.1. Experimental set-up 

 

Figure 4.8 is a schematic representation of the physical setup of the equipment used 

for the experiments conducted on the in situ magnetometer. The setup includes the 

in situ magnetometer configuration which is depicted in Figure 4.9. Gases are 

supplied from cylinders. During the sintering experiments, argon, hydrogen and 

carbon dioxide (for the passivation of the spent catalyst) were controlled using mass 

flow controllers MFC5, MFC3, MFC1 respectively. Gas flow to the reactor was 
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controlled using valves 3WV4 and 3WV5. An HPLC pump (P) supplied water to the 

water vaporizer through valve 3WV1 whilst gas flow to the water vaporizer was 

controlled using valves 3WV2 and 3WV3.  The water from the water co-feeding 

sintering experiments was collected in the cold trap. The temperature of the water 

vaporizer as well as the lines was maintained at 180 °C. The back pressure regulator 

(BPR) was used to control the total pressure of the system: during the investigation 

of the effect of elevated temperatures on sintering, a system pressure of 1 bar was 

used. During exposure of the model catalysts to steam and hydrogen, the system 

pressure was maintained at 10 bar. 
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Figure 4.8. In-situ magnetometer experimental setup PR_1-5: Pressure 
regulators, MFC_1-5: Mass flow regulators/controllers, 3WV_1-5: three way 
valves, NV: Needle valve, BPR: backpressure regulator, PIC: Pressure 
indicator and control, FIC: Flow indicator control, TIC: temperature indicator 
and control. 
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Figure 4.9. Side view In-situ magnetometer set up 

 

4.3.7.2. Reactor set-up 

 

As depicted in Figure 4.10 below, a stainless steel reactor (O.D. 0.5", I.D. 9.7 mm) 

was used. It has a non-magnetic brass frit to support the catalyst bed and prevent 

catalyst loss through the reactor. 1.5 g of the model catalyst was loaded into the 

reactor between two thin layers of glass wool. The loaded reactor was then secured 

in the aluminium holding bracket which places the reactor equi-distant from the 

infrared heaters and between the two magnetic coils. A non-magnetic thermocouple 

was then inserted into the reactor and the rest of the reactor filled with silicon 

carbide. A computer controlled electromotor is used to move the reactor axially in 

order to induce a magnetic signal from the sample. 
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Figure 4.10. Schematic of fixed bed reactor configuration used for in-situ 
magnetometer experiments 

 

4.3.7.3. Experimental procedure 

4.3.7.3.1. In situ reduction 
 

The model catalysts were activated in situ before investigating the effects of 

crystallite size on thermally induced sintering at different temperatures under inert 

conditions and in the presence of water vapour. The model catalysts were reduced 

at atmospheric pressure by  flowing 200 mL (NTP)/min of hydrogen and heating the 

reactor from room temperature to 250 °C (heating rate: 1 °C/min) and holding for 80 

minutes. The sample was then cooled to 150 °C (cooling rate: 10 °C/min) under 

argon (100 mL (NTP)/min).  
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4.3.7.3.2. Thermal sintering tests in an inert atmosphere  
 

The effects of elevated temperatures on crystallite growth were investigated by 

exposing the catalysts to temperatures ranging from 300 °C to 650 °C. These 

conditions were chosen because temperature at the inlet of the methanation reaction 

is typically in the range of 300 °C. Due to the exothermicity of the methanation 

reaction, temperatures may increase beyond 650 °C. 

The temperature tests were conducted under argon (100 mL (NTP)/min). After 

reduction, the sample under investigation was heated to 250 °C (heating rate: 5 

°C/min) and then to 300 °C (heating rate: 1 °C/min) and held at 300 °C for 1 hour. 

The Curie temperature of nickel is 358 °C and above this temperature nickel 

samples will not display any magnetisation. In order to obtain meaningful magnetic 

data, measurements had to be taken at a temperature well below this temperature. 

Hence, the reactor was cooled down to 150 °C (cooling rate: 10 °C/min). The reactor 

was then heated to 300 °C (heating rate: 5 °C/min) and then to 350 °C (heating rate: 

1 °C/min). It was then held at 350 °C for an hour after which it was cooled to 150 °C 

(cooling rate: 10 °C/min). Temperature tests were conducted in this manner up to 

650 °C increasing the temperature in increments of 50 °C for each subsequent test. 

After the temperature tests, the reactor was allowed to cool to room temperature 

under argon (100 mL (NTP)/min). Carbon dioxide was then flowed through the 

reactor for one hour in order to passivate the catalyst for further characterisation. 

 

4.3.7.3.3. Thermal sintering tests in a steam/hydrogen atmosphere 
 

The effect of water vapour on crystallite growth in the model catalysts was 

investigated by co-feeding water and hydrogen to the reactor at temperatures 

ranging between 250 °C and 650 °C. 

 

After reduction of the catalyst sample and cooling to 150 °C, the system was then 

pressurised to 10 bar using 100 mL (NTP)/min of argon. Thereafter, the reactor was 

bypassed (valves 3WV4 and 3WV5) and the gas was allowed to flow through the 
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vaporiser (valves 3WV2 and 3WV3). The HPLC pump was then used to pump 0.10 

mL/min of water to the water vaporizer (3WV1). The gas was changed from argon to 

hydrogen (25 mL (NTP)/min) allowing for a steam/hydrogen partial pressure ratio of 
𝑃𝐻2𝑂

𝑃𝐻2
⁄ = 5.In the absence of side reactions, this water to hydrogen partial pressure 

corresponds to a conversion of 94 % in the methanation reaction. This condition thus 

simulates the effects of water vapour at the high conversions associated with the 

methanation process. The reactor was then heated to 250 °C (heating rate: 5 

°C/min) and then to 300 °C (heating rate: 1 °C/min). At 300 °C, gas flow was allowed 

back through the reactor (valves 3WV4 and 3WV5). The reactor temperature was 

held for one hour at 300 °C with hydrogen and water vapour flowing through the 

vaporizer and reactor. After an hour the gas was changed from hydrogen back to 

argon (100 mL (NTP)/min) and the reactor cooled to 150 °C (cooling rate: 10 

°C/min). The water vaporizer was bypassed using valves 3WV2 and 3WV3. The 

water from the HPLC pump was diverted away from the water vaporizer to the purge 

(valve 3WV1). The system was then depressurised back to atmospheric pressure. 

 

This process was repeated at 350 °C, 450 °C, 550 °C and 650 °C with the same 

heating procedure as outlined in Section 4.4.3 above. 

After the water co-feeding experiments, the reactor was cooled to room temperature 

under argon. Nickel is pyrophoric which implies that it can ignite spontaneously or 

react violently when exposed to air, resulting in a dramatic change in its physico-

chemical properties.Thus, the spent catalyst samples were passivated by flowing 

carbon dioxide through the reactor for one hour, prior to unloading, in preparation for 

further characterisation. 

 

4.3.8. Magnetic measurement procedure 

4.3.8.1. Reduction 

 

The magnetisation of the catalyst sample was measured at an external applied field 

of 20 kOe and 0 kOe every 5 minutes during the reduction of the sample as well as 
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the subsequent cooling of the reduced catalyst to 150 °C. Readings at 20 kOe give 

an indication of the magnetisation of the sample whilst the reading at 0 kOe gives an 

indication of the fraction of the sample which displays remnant magnetisation. At 150 

°C, a full hysteresis (38 minutes) was run: 65 magnetisation readings taken at and 

between external applied fields of 20 kOe and -20 kOe. Crystallite size data for 

superparamagnetic samples can be extracted from hysteresis measurements by 

making use of the Langevin equation (Equation 8) (Appendix D). The magnetisation 

of the sample was again measured at an external applied field of 20 kOe and 0 kOe 

whilst the sample was first heated to 250 °C (heating rate: 5 °C/min) and then cooled 

to 50 °C (cooling rate: 10 °C/min). 

 

4.3.8.2. Thermal sintering tests in an inert atmosphere 

 

During all temperature tests, the magnetisation of the sample was measured at an 

external field of 20 kOe and 0 kOe every five minutes during the heating stage, 

holding, as well as during the cooling back to 150 °C. At 150 °C a full hysteresis was 

run before conducting the next temperature test. 

 

4.3.8.3. Thermal sintering tests in a steam/hydrogen atmosphere 

 

The magnetisation of the catalyst sample was measured during the heating of the 

reactor as well as when it was cooled to 150 °C every five minutes at external fields 

of 20 kOe and 0 kOe. After each sintering test in the steam/hydrogen atmosphere, 

argon was allowed to flow through the reactor for an additional 30 minutes in order to 

ensure that all hydrogen was removed from the system. Hydrogen may cause 

magnetic decoupling which may diminish the magnetic signal (Chernavskii, et al., 

2009).Thereafter, before conducting the subsequent water test, a full hysteresis was 

run.  
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4.3.9. External reduction and passivation 

 
The model catalysts were also reduced in a fixed bed glass tube reactor (Figure 

4.11). 200 mL (NTP)/min of hydrogen was allowed to flow through the sample whilst 

heating the reactor from room temperature to 250 °C (heating rate: 1 °C/min) and 

holding for 80 minutes. The sample was then cooled to 30 °C (cooling rate: 10 

°C/min) under argon (100 mL (NTP)/min). Carbon dioxide was then allowed to flow 

through the sample in order to passivate it. 

 

Figure 4.11  Schematic of fixed bed reactor configuration used for external 
reduction and passivation of model catalysts   
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Chapter 5 

5. Results and discussion 

5.1. Characterisation of unsupported nanocrystallites 
 

Unsupported nickel nanoparticles were synthesised according to the reverse micelle 

technique as outlined in Section 4.1. These nanoparticles were characterised using 

PXRD and TEM. 

 

5.1.1. PXRD analysis 
 

PXRD analysis was conducted in order to identify the different phases present in the 

nanoparticle samples as well as to determine the composition of the samples and 

the average crystallite size of the nanocrystallites. Figure 5.1 below contains the 

diffractograms obtained for the five samples prepared using the microemulsion 

technique. The figure also contains the standard diffraction peak positions for Ni and 

NiO as recorded in the ICDD database. According to Figure 5.1, all the samples 

contained NiO. The characteristic NiO peaks appeared to increase in peak width with 

a decrease in water/surfactant ratio. Peak broadening is an indication of decreasing 

average crystallite size. This seems to suggest that varying the water/surfactant did 

have an impact on average NiO crystallite size and that as water/surfactant ratio 

decreased, so too did the average crystallite size. From Figure 5.1 it can also be 

noted that samples A, G, D and H also contained metallic Ni. These characteristic Ni 

peaks were sharper than the corresponding NiO peaks, suggesting that the Ni 

crystallites in each sample were much larger than the NiO crystallites. What could 

also be noted was that the relative peak intensities of the Ni increased for each 

subsequent sample indicating an increase in the relative amount of Ni in each 

sample. This in turn suggests that the amount of Ni formed increased with increasing 

water/surfactant ratio. TOPAS was used to determine the average crystallite size of 

the NiO and Ni in the five samples, as well as to quantify the relative amounts of 

each (Appendix C). This data is recorded in Table 5.1. The Rwp value gives an 
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indication as to how well the proposed pattern fits the actual diffractogram. An Rwp 

value below 10 is indicative of a sufficiently good fit. 

 

 

Figure 5.1. PXRD diffractograms unsupported nickel nanocrystallites 

 

Table 5.1 confirms that as the water/surfactant ratio increased, so too did the 

average crystallite size. This then confirms that varying the water/surfactant ratio can 

be used in order to synthesise crystallites of different sizes. What was also noted 

was that the relative amount of Ni in the samples also increases with increasing 

water to surfactant ratio from 0.00 % in Sample C to 41.31 % in Sample H. The 

resultant Ni crystallite size is also much larger than the corresponding NiO.  
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Table 5.1. Average crystallite size and composition unsupported NiO 
nanoparticles as determined from PXRD 

Sample code ωi dNiO (nm) dNi (nm) NiO (wt.%) Ni (wt.%) Rwp 

C 5/58 3.9 - 100.00 0.00 8.4 

A 5/40 5.3 24.1 94.48 5.52 7.7 

G 9/35 7.6 27.1 93.93 6.07 7.8 

D 12/40 8.5 35.5 75.88 24.12 7.4 

H 20/33 12.3 34.6 58.69 41.31 14.6 
i water/surfactant ratio (g/g) 

 

The presence of NiO in the calcined samples was to be expected. What was 

unexpected was the concurrent synthesis of Ni in an oxidising atmosphere. This 

suggests that during calcination of the amorphous samples, a reducing atmosphere 

was created which resulted in the reduction of the NiO. This may have been as a 

result of the thermal decomposition of the surfactant remaining after the washing and 

drying of the samples. The DOW Chemical Company (2013) has reported that 

ethoxylated anionic surfactants, such as the PEDGE used in this study, are prone to 

thermal decomposition when exposed to temperatures beyond 250 °C in the 

presence of air. During this thermal degradation, the ethoxylate chain is shortened 

resulting in the formation of volatile products including acetalaldehyde, 

formaldehyde, miscellaneous glycol ethers, ethylene glycols, 1,4dioxane, acetone, 

ethanol and the starting alcohol of the surfactant. Although the reduction of metal 

oxides by oxygenated hydrocarbons has not been extensively studied, a few authors 

have reported on this phenomenon. Cheng & Dupont (2013), Ayyappan, et al. (1997) 

and Kondrat, et al. (2011) all found that the auto-reduction of metal oxides could 

indeed be achieved with oxygenated hydrocarbons. The relative amount of Ni in 

each sample also seems to increase with increasing water to surfactant ratio. This 

may have as a consequence of the average crystallite size of the NiO in each 

sample or the amount of surfactant available in each sample. As water/surfactant 

ratio increased, less extensive washing was necessary during the nanoparticle 

preparation and thus more surfactant may have been available to facilitate the auto-

reduction process. Furthermore, the size of the Ni in each sample is much larger 
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than the corresponding NiO nanocrystallites indicating that severe sintering occurs 

during this auto-reduction process. 

 

5.1.2. TEM analysis 
 

Figure 5.2 contains the TEM micrographs obtained for the five different unsupported 

samples prepared by varying the water/surfactant ratio. TEM was used in order to 

determine the morphology of the particles as well as to determine average particle 

size as well as size distributions. When considering Figure 5.2, it can be seen that 

the particles for all samples appeared to have a mostly spherical morphology. 

Samples C, A and G appeared to have more uniformity amongst the particles whilst 

D and H displayed some deviation from this spherical morphology. The nanoparticles 

also displayed a strong tendency to aggregate despite extensive sonication prior to 

analysis. 
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Figure 5.2. TEM images unsupported NiO nanoparticles 



55 
 

 

Figure 5.3. Size distributions for unsupported nanoparticles as obtained from 
TEM analysis 

 

Figure 5.3 gives an indication of the number based size distributions obtained for the 

unsupported nickel nanoparticle samples. Table 5.2 contains the average particle 

size and standard deviations of the unsupported nickel samples (volume based) as 

determined from analysing a minimum of 300 particles. This data again seems to 

suggest that varying the water/surfactant ratio does indeed result in particles of 

different sizes. As the water/surfactant ratio increased, so too did the average 

particle size. The particles also displayed a relatively narrow size distribution. 

However, as the water to surfactant ratio increased, and as the average particle size 

increased, so too did the size distribution. Lopez-Quintela & Rivas (1993) and 

(Mabaso, 2005) have confirmed that the size of the microdroplets in the 

microemulsioncontrol the final size of the particles. According to Blanco & Lopez-

Quintela (1997) the size of these microdroplets is proportional to the mole ratio 

[H2O]/[surfactant] and thus the size of these water cores can be adjusted by varying 

the water/surfactant ratio and, in turn, water droplets of different sizes can be used to 
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influence particle growth. Blanco & Lopez-Quintela (1997) also noted that the small 

droplet range, particle size could be tightly controlled. However, in the large droplet 

range, some of this control is lost. They suggest that in large droplets the 

water/surfactant ratio gives way to reagent concentration as the controlling factor in 

controlling particle size. Eastoe, et al. (2006) report that at low water/surfactant 

ratios,there is less intermicellar exchange resulting in a decreased growth rate. As 

this ratio increases, the film surrounding the micelles becomes more fluid, allowing 

for greater intermicellar exchange and an increased growth rate, which may 

contribute to the wider size distribution. 

When considering the size distributions for sample H, two populations in terms of 

size can be identified: small particles below 15 nm and much larger particles beyond 

30 nm in size. From the PXRD data (Section 5.1.1), sample H contained NiO 

crystallites with sizes in the less than 15 nm range, and Ni nanocrystallites with 

average sizes beyond 30 nm. Sample H also contained a significant amount of Ni 

(41.3 %) which would explain why the size distributions for this sample was more 

significantly impacted than samples A, G and D which also contained some Ni but a 

comparatively small amount (5.5 %, 6.1%, and 24.1 % respectively). These different 

populations were thus treated individually, determining an average particle size and 

standard deviation for each. The average particle size data as obtained from the 

TEM analysis is recorded in Table 5.2. 

 

Table 5.2. Average particle size (volume based) and standard deviation of 
unsupported NiO nanoparticles as obtained from TEM analysis 

Sample code ωi dNiO (nm) σNiO (nm) dNi (nm) σNi (nm) 

C 5/58 3.1 0.6 - - 

A 5/40 5.2 1.3 - - 

G 9/35 7.6 1.2 - - 

D 12/40 8.1 1.5 - - 

H 20/33 12.9 3.0 33.9 1.0 
i water/surfactant ratio (g/g) 
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The very large particles which, based on PXRD data, were postulated to be metallic 

Ni, were much larger than the NiO. The severe clustering of the particles may have 

created an environment which promoted the sintering of the metallic Ni which 

formed. 

The size data obtained from PXRD and TEM analysis for the NiO nanoparticles was 

combined in order to construct Figure 5.4 which allows a comparison of the average 

particles sizes obtained using the two methods. 

 

 

Figure 5.4. Comparison of PXRD and TEM size results and dependency on 
water/surfactant ratio for unsupported NiO nanoparticles 

 

There was very good agreement between the results obtained from PXRD and TEM. 

Results obtained from both techniques indicate that average crystallite size of the 

NiO particles is linearly dependent on the water to surfactant ratio. A similar result 

was reported by Mabaso (2005) (iron system) and Robinson, et al. (1991) (cadmium 

system). Robinson, et al. (1990) proposed that this phenomenon may have been as 
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a result of the linear dependency of the corresponding droplets in the microemulsion 

prior to precipitation.  

 

5.1.3. Summary 
 

The reverse micelle technique was successfully employed to synthesise NiO 

nanoparticles with a narrow size distribution, where the size of the particles was 

linearly dependent on the water/surfactant ratio. An additional parameter should be 

investigated for larger particles as increasing the water/surfactant ratio corresponded 

with an increase in the size distribution. Some metallic Ni was formed during the 

calcination of the amorphous material, with the relative amount increasing with 

increasing water/surfactant ratio and average particle size. It was likely that at 300 

°C, the surfactant decomposed, creating a reducing atmosphere. The tendency of 

the particles to aggregate then created an environment which promoted the sintering 

of the resultant Ni. 

 

5.2. Characterisation of supported nanocrystallites 
 

Supported nanocrystallites were synthesised according to the two methods 

described in Section 4.2. Method 1 involved the addition of the support material, γ-

alumina (BET surface area = 146 m2/g, adsorption average pore width = 117 Å), 

during the preparation of the microemulsion. Method 2 included the addition of the 

support to nanoparticles which were synthesised according to the method described 

in Section 4.1. These supported samples were then fully characterised using PXRD, 

TEM, TPR and magnetic measurements. Cat C Meth 1 and Cat H Meth 1 were 

synthesised using Method 1 and Cat C Meth 2 and Cat H Meth 2 were prepared 

according to Method 2. Based on the results obtained with the unsupported particles 

it was anticipated that this would yield supported catalysts with the smallest and 

largest particles obtainable. 
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5.2.1. PXRD analysis of supported nanoparticles 
 

PXRD was used to characterise the supported nickel nanoparticles. It was used to 

determine the phases present in the samples and the average crystallite size of the 

nanocrystallites. The results for this analysis are graphically represented in Figure 

5.5. The diffraction patterns obtained for the samples prepared using Method 1 (Cat 

C Meth 1 and Cat H Meth 1) were dominated by the diffraction pattern for the 

support, γ alumina, with no peaks visible which could be attributed to NiO or Ni. This 

made it difficult to discern any information relating to crystallite size for these 

samples using PXRD. 

The diffraction patterns for the samples prepared using Method 2 showed 

characteristic NiO peaks and also, in the instance of Cat H Meth 2, characteristic Ni 

peaks. These samples could then be analysed using TOPAS in order to determine 

average crystallite size, as recorded in Table 5.3.  

 

 

Figure 5.5. PXRD diffractograms of supported nanoparticles 
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Table 5.3. Average crystallite size of supported nanoparticles prepared using 
two different methods as determined from PXRD 

Sample code dNiO (nm) dNi (nm) Rwp 

Cat C Meth 1 - -  

Cat C Meth 2 3.9 - 6.8 

Cat H Meth 1 - -  

Cat H Meth 2 12.3 34.5 8.6 

 

5.2.2. AAS of supported nanoparticles 
 

The four samples were digested in an acid mixture in preparation for AAS analysis in 

order to determine the Ni content of the samples. The aim during synthesis of these 

supported samples was to obtain a metal loading of 10 wt.% Ni on γ alumina. The 

AAS data is recorded in Table 5.4 below. 

 

Table 5.4. Metallic loading of supported nanoparticles prepared according to 
two different methods 

Sample code Ni loading (wt.%) 

Cat C Meth1 5.3 

Cat C Meth2 9.7 

Cat H Meth 1 5.0 

Cat H Meth 2 10.2 

 

Cat C Meth 1 and Cat H Meth 1 had lower than anticipated loadings of 5.3 wt.% and 

5.0 wt.% respectively. Conversely, Method 2 produced samples with far more 

accurate metal loadings of 9.7 wt.% and 10.2 wt.% for Cat C Meth2 and Cat H Meth 

2 respectively. Method 2 is based on the addition of the support to the already 

synthesised nanoparticles and so an accurate analysis of the amount of support 

necessary for a 10 wt.% metal loading can be done. Unfortunately, Method 1 relies 

on a theoretical determination of the amount of supported to be added based on the 
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reaction going to completion during the microemulsion preparation step. 

Furthermore, losses of nickel incurred during the vigorous washing step may have 

also contributed to the reduced metal content.  

 

5.2.3. TEM analysis of supported nanoparticles 
 

Figure 5.6 contains the TEM micrographs obtained for four samples of supported 

NiO nanoparticles. TEM was again used in order to determine the morphology of the 

supported particles as well as to determine average particle size and size 

distributions of the nanoparticles on the support as well as to qualitatively determine 

how well dispersed the particles were on the support. When considering Figure 5.6a 

and c, the TEM micrographs for the supported samples prepared according to 

Method 1, it can be noted that there was very poor contrast between the γ-alumina 

support and the particles. Size determination using TEM analysis was thus not a 

viable option. Furthermore, no qualitative information could be gained on the 

dispersion of the particles. This poor contrast between the support and the particles 

may have been as a result of the incorporation of nickel into the support matrix. 

According to Figure 5.6b and d, however, the samples prepared using Method 2 did 

show sufficient contrast between the particles and the support. From these 

micrographs it could be observed that the nanoparticles retained their spherical 

morphology on addition of the support material. Unfortunately, this preparation 

method also resulted in very poor dispersion of the particles, as evidenced by the 

clustering of the particles on the support. This may have been as a direct 

consequence of the tendency of the unsupported particles to aggregate, as 

discussed in Section 5.1.2.  

Figure 5.7 gives an indication of the size distributions obtained for the supported 

nickel nanoparticles. Table 5.3 contains the average volume based particle size and 

standard deviation for the supported nanoparticles. The nanoparticles again 

exhibited a narrow size distribution despite the support addition. The smaller 

particles had a far narrower distribution than the larger particles. This phenomenon 

was fully discussed in Section 5.1.2.  
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Figure 5.6. TEM micrographs of supported nanoparticles (a) Cat C Meth 1 (b) 
Cat C Meth 2 (c) Cat H Meth 1 (d) Cat H Meth 2 
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Figure 5.7. Size distributions for supported nanoparticles as obtained from 
TEM analysis 

 

Table 5.5. Average particle size (volume based) and standard deviation of 
supported NiO nanoparticles as obtained from TEM analysis 

Sample code ωi dNiO (nm) σNiO (nm) dNi (nm) σNi (nm) 

Cat C Meth 2 5/58 3.1 0.6 - - 

Cat H Meth 2 5/40 12.8 2.8 34.1 0.9 
i water/surfactant ratio (g/g) 

 

5.2.4. TPR of supported nanoparticles 
 

In order to investigate the reduction behaviour of the supported samples, TPR was 

conducted in order to determine the hydrogen consumption as a function of 

temperature for the supported samples. The conversion of NiO to the catalytically 

active Ni is characterised by Equation 10. 

OHNiHNiO 22         Equation 10 

TPR can be used to gain information regarding the reducibility of the samples, as 

well as give an indication of the extent of the interaction between the metal oxide 
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with the support (Holm & Clark, 1968).The reduction of γ alumina supported NiO in 

hydrogen is a well-studied process which should yield, in the absence of any strong 

metal support interactions, which typically inhibit this reduction process, a single 

peak indicative of the conversion of NiO to Ni. The reducibility may also be 

dependent on the preparation method (Li & Chen, 1995, Jasik, et al., 2005, Li, et al., 

2006) as well as on metal loading (Rynkowski, et al., 1993) and particle size.  

Figure 5.8 depicts the TPR profiles obtained for Cat C Meth1 and Cat H Meth1 

prepared using Method 1 (Section 4.2.1) and Cat C Meth2 and Cat H Meth2 

prepared using Method 2 (Section 4.2.2). 

 

Figure 5.8. TPR profiles of supported NiO nanoparticles using two different 
preparation methods 

The TPR profiles of the supported samples prepared using Method 1 were 

characterised by multiple broad peaks. The TPR profile of Cat C Meth 1 showed a 

broad peak with a maximum at 480 °C. There was also a shoulder between 650 °C 

and 820 °C followed by a sharp peak at 880 °C. Sharp peaks at these temperatures 
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are indicative of nickel aluminates. The profile for Cat H Meth 1 displayed multiple 

peaks between 300 °C and 800 °C.  

In contrast, the TPR profiles for Cat C Meth 2 and Cat H Meth 2 showed single 

peaks for the reduction process as expected. This reduction, for both samples, 

started at approximately 220 °C, lower than the 300 °C observed for the catalysts 

prepared using Method 1. This seems to suggest that catalysts prepared by adding 

the support to the already synthesised nanoparticles results in catalysts with 

increased reducibility. Also, the reduction of the samples prepared using Method 2 

was completed at 400 °C and 550 °C for Cat C Meth 2 and Cat H Meth 2 

respectively, suggesting that the sample with smaller nanoparticles was easier to 

reduce than the one with larger particles. 

The reduction behaviour displayed by the samples where the support was added 

during the microemulsion preparation seems to suggest that there may have been 

strong metal support interactions which decreased the reducibility of the samples. 

This may have been as a result of the incorporation of the nickel into the support 

matrix in the aqueous medium of the microemulsion. Addition of the support to 

already synthesised nanoparticles seemed to decrease these interactions, resulting 

in supported samples which were far easier to reduce. Fischer (2011) who also 

investigated the two preparation methods on a cobalt system, had similar findings 

where the supported material prepared according to Method 1 resulted in material 

which was difficult to reduce, indicative of the formation of cobalt aluminates. Fischer 

(2011) proposed that addition of the support during the microemulsion preparation 

stage may result in the incorporation of cobalt ions in the alumina matrix at the 

metal-support interface.  

 

5.2.5. In situ magnetic measurements for supported nanoparticles 
 

Cat C Meth 1 and Cat C Meth 2 was also reduced in the in situ magnetometer in 

order to use magnetic measurements to further investigate the reduction behaviour 

of the same catalyst prepared using two different methods. Based on the reduction 

obtained in Section 5.2.4, a reduction temperature of 550 °C was chosen. The 
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catalysts were both reduced at 550 °C (heating rate: 1 °C/min) in hydrogen and then 

the samples cooled to 50 °C under argon. This process is represented in Figure 5.9. 

Magnetic readings were taken at the maximum field strength obtainable with the 

magnetometer (20 kOe). When heating NiO supported on γ alumina, no magnetic 

signal will be observed because both NiO and γ-alumina are not ferromagnetic. 

Once the NiO is converted to Ni, the magnetic signal should increase because Ni is 

ferromagnetic. No change was observed in the magnetic signal of Cat C Meth 1 

during the heating of the sample in hydrogen up to 550 °C. On cooling in argon 

however, a slight increase in the magnetic signal was observed, indicating that some 

of the NiO was reduced to the ferromagnetic Ni. When Cat C Meth 2 was heated in 

hydrogen, there was no change in magnetic signal up to 220 °C at which point the 

magnetic signal started to increase, indicating that at 220 °C, the transformation of 

NiO to Ni began. The signal increases until 310 °C where the signal starts to 

decrease. At 410 °C, no signal is observed. This is because the sample is now 

beyond the Curie temperature of nickel (358 °C, Serway & Jewett, Jr., 2014), beyond 

which no magnetic signal will be observed. On cooling in argon to 50 °C, there is a 

very sharp increase in the magnetic signal of the sample, much greater than that 

observed for Cat C Meth 1, indicating that more of the NiO was converted to 

ferromagnetic Ni.  
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Figure 5.9. In situ reduction of Cat C prepared using two different preparation 
methods 

 

The magnetic data thus seems to support the notion that the sample prepared using 

Method 2 was far easier to reduce than the one synthesised according to Method 2: 

when both samples were exposed to the same reduction conditions, there was a far 

greater relative increase in the magnetic signal indicating the conversion of a greater 

fraction of NiO to Ni in the sample prepared using Method 2.  

Figure 5.10 is the hysteresis data obtained for Cat C Meth 1 and Cat C Meth 2. 

According to this figure, Cat C Meth 2 reached saturation after reduction, displaying 

hysteresis behaviour consistent with superparamagnetic material. Cat C Meth 1 

failed to reach saturation. This further corroborates the magnetisation data in Figure 

5.9 in that Cat C prepared according to Method 2 was reduced to a far greater extent 

than Cat C Meth 1. 
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Figure 5.10. Hysteresis data obtained at 150 °C for Cat C prepared according to 
two different methods 

 

5.2.6. Summary 
 

Supported nanoparticles of different sizes were prepared using two different 

preparation methods. The samples prepared by support addition during the 

microemulsion preparation step could not be fully characterised using PXRD or TEM 

analysis: the diffraction patterns for these samples were dominated by the pattern for 

the support and there were no discernible NiO peaks. There was also very poor 

contrast between the support and particles. The required metal loading could also 

not be achieved using this method. These samples also displayed poor reducibility, 

making it difficult to use magnetic methods to characterise the samples. 

The supported nanoparticles prepared by support addition to already synthesised 

and calcined nickel nanoparticles resulted in material which could be effectively 

characterised. PXRD was used to determine average size, which correlated well with 
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the average particle size and size distribution obtained from TEM analysis. The 

particles retained their narrow size distribution and spherical morphology on support 

addition. These samples also showed markedly improved reducibility, making them 

highly suitable for a magnetic investigation. 

 

5.3. Model catalysts for sintering study 
 

Model catalysts were synthesised using preparation Method 2 on nanoparticles 

which exhibited uniformity in morphology and a relatively narrow size distribution. 

According to the data obtained and analysed in Section 5.2, Method 2 resulted in 

catalysts where the loading could be targeted with great accuracy and which 

displayed increased reducibility and gave significantly more meaningful magnetic 

results, making this preparation method more suitable for the preparation of material 

required for an in situ magnetic study. However, Method 2 also resulted in poor 

dispersion with severe clustering of the nanoparticles on the support. When there is 

clustering it becomes difficult to discern whether the behaviour observed can be 

attributed to individual particles or the cluster. Furthermore it can be anticipated that 

sintering with such catalysts may be relatively facile. Thus, in an attempt to minimise 

clustering of nickel nanoparticles and in order to improve dispersion, the metal 

loading for the model catalysts was decreased from 10 wt.% to 4.0 wt.%. 

 

5.3.1. Synthesis of model nickel catalysts 

5.3.1.1. PXRD of synthesised model catalysts 

 

The PXRD diffractograms obtained for the model catalysts ModCatC and ModCatH, 

recorded in Figure 5.11, allow for the determination of the phases present in the 

samples, as well as the average crystallite size of nickel. These diffraction patterns 

are again dominated by the diffraction pattern of the γ-alumina. However, 

characteristic nickel oxide peaks were observed for both model catalysts, indicating 

the presence of nickel oxide in the samples. There was also metallic nickel present 
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in ModCatH. This was a direct consequence of the metallic nickel particles which 

form during the synthesis of unsupported NiO nanoparticles (Section 5.1). The 

diffraction patterns, in conjunction with TOPAS, were used in order to extract 

average crystallite size data (Table 5.6). Two sizes were thus obtained for the 

sintering study: 5.3 nm and 12.3 nm.  

 

 

Figure 5.11. PXRD diffractograms of model catalysts 

 

Table 5.6. Average crystallite size of model catalysts as determined from PXRD 

Sample code dNiO (nm) dNi (nm) Rwp 

ModCatC 5.3 - 8.7 

ModCatH 12.3 34.5 8.6 
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5.3.1.2. TEM analysis of synthesised model catalysts 

 

The TEM micrographs obtained for the model catalysts are depicted in Figure 5.12. 

From these micrographs it can be noted that the nanoparticles deposited on the 

support had a spherical morphology. The nanoparticles were also relatively well 

dispersed on the carrier as opposed to the severe clustering observed in Section 5.2. 

This suggests that decreasing the metal loading of the catalyst sample results in 

improved dispersion.  

There was sufficient contrast between the metal nanoparticles and the support to 

allow for the determination of size distributions for the model catalysts (Figure 5.13) 

and the associated average particle sizes (Table 5.7). 

 

 

Figure 5.12. TEM micrographs of model catalysts 
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Figure 5.13. Size distributions for model catalysts as obtained from TEM 
analysis 

 

Table 5.7. Average particle size (volume based) and standard deviation of 
model catalysts as obtained from TEM analysis 

Sample code ωi dNiO (nm) σNiO (nm) dNi (nm) σNi (nm) 

ModCatC 5/58 6.1 1.4 - - 

ModCatH 5/40 12.4 2.88 35.4 0.8 
i water/surfactant ratio (g/g) 

Both catalysts displayed a sufficiently narrow size distribution. The smaller particles 

had a far narrower distribution than the larger particles. This phenomenon was fully 

discussed in Section 5.1.2. ModCatH comprised of two different populations in terms 

of size. When considering the PXRD data described above, it could be hypothesised 

that the larger population is Ni. 

Hence, model catalysts with sufficiently narrow size distributions were successfully 

synthesised. Two different sizes, required for the subsequent thermal sintering in situ 

investigations, were obtained. 
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5.3.2. AAS of model catalysts 
 

The model catalysts were first digested in a mixture of acids. This was followed by 

AAS analysis in order to determine the metal content of the catalysts.  

A metal content of 4.0 wt.% was required for the in situ magnetic study. In order to 

extract meaningful crystallite size data from magnetic measurements, it is important 

that crystallites are well distributed on the support in order to ensure that the 

crystallites behave as single domains. In an effort to improve dispersion on the 

model catalysts prepared according to Method 2, the metal loading was targeted at 

the relatively low amount of 4.0 wt.%. 

 

Table 5.8. Metal loading of model catalyst samples 

Sample code Ni loading (wt.%) 

ModCatC 4.29 

ModCatH 4.32 

 

The data in Table 5.8 again seems to indicate that preparation Method 2 (Section 

4.2.2) allows for the achievement of accurate metal weight loadings. 

 

5.3.3. In situ PXRD TPR 
 

Prior to conducting a sintering study on the model catalysts, the supported NiO 

samples would have to be reduced to the catalytically active form of metallic Ni. 

However, in order to determine the conditions under which the catalysts were to be 

reduced, the precise reduction behaviour of the catalysts would have to be 

determined, and, as monitoring crystallite size changes is the cornerstone of the 

study, any size changes which may occur as a result of this reduction treatment 

would also have to be identified. 
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In order to determine the precise reduction behaviour of the model catalysts under 

investigation under the reduction conditions to be applied in the in situ magnetometer 

prior to sintering experiments, in situ PXRD TPR was conducted. The data obtained 

for the in situ PXRD TPR, in conjunction with TOPAS, allowed for the determination 

of any phase changes as well as any crystallite size changes, which then also 

allowed for the determination of the extent of any crystallite size growth during the 

reduction. The diffraction patterns obtained at each temperature during the reduction 

in hydrogen for both model catalysts are recorded in Figure 5.14, as well as the 

position of the characteristic peaks for nickel, nickel oxide and γ-alumina as given by 

ICDD database. The average crystallite size for the NiO and Ni during the activation 

of the model catalysts are recorded in Figure 5.15. ModCatH contained some nickel 

prior to reduction because the precursor nanoparticles contained a metallic nickel 

fraction. In order to deconvolute the size contribution of this nickel with the nickel 

formed as a result of the reduction of the NiO nanoparticles in the determination of 

average Ni crystallite size, a magnet was used to separate the two fractions of the 

supported material in order to obtain a small sample which was relatively free of 

metallic nickel. This then allowed for the investigation of any size changes induced 

as a result of the reduction conditions. 

 

 

Figure 5.14. In situ PXRD TPR of model Ni catalysts (a) ModCatC (b) ModCatH 
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Figure 5.15. Average crystallite size (a) ModCatC (b) ModCatH during reduction 
using in situ PXRD 

 

When considering Figure 5.14a, the first scan at 50 °C indicates a diffraction pattern 

which is dominated by the characteristic peaks of γ alumina. However, it is also 

possible to discern the characteristic nickel oxide peak. According to this scan, there 

was no Ni present in ModCatC at the start of the reduction. The scans recorded at 

100 °C and 140 °C appeared to suggest that there was very little change in the 

relative intensity of the NiO peak. At 180 °C, there is a decrease in the relative 

intensity of the characteristic nickel oxide peak, as well as the emergence of a peak 

corresponding with the position of the characteristic nickel peak. At 220 °C, the 

nickel oxide peak was almost indiscernible whilst the intensity of the nickel peak had 

slightly increased. The scan at 260 °C shows no peak at the characteristic nickel 

oxide peak position. The nickel peak increased significantly in intensity. A further 

increase in the intensity of the Ni peak was observed at 300 °C and 340 °C.  

Figure 5.14b is a collection of the scans obtained during the reduction of model 

catalyst ModCatH. At 50 °C, a strong characteristic NiO peak is observed, despite 

the dominance of the γ alumina. There is also some Ni present in the sample. 

However, the characteristic Ni peak has a very slight intensity. The relative 

intensities of the nickel oxide peaks remain fairly constant from 100 °C to 180 °C. At 

220 °C, there is a slight decrease in the relative intensity of the characteristic nickel 

oxide peak. 260 °C sees the emergence of a characteristic nickel peak whilst the 

characteristic nickel oxide peak is now almost indiscernible.  At 300 °C there is no 
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nickel oxide peak and the nickel peak has increased in relative intensity. There was 

then a slight increase in the relative intensity of the Ni peak at 340 °C and 380 °C. 

The data from Figure 5.14a seems to indicate that the conversion of nickel oxide to 

nickel started between 140 °C and 180 °C and was fully reduced by 260 °. Figure 

5.14b in turn indicate that the reduction of ModCatH commenced between 220 °C 

and 260 °C and was fully reduced at 300 °C. This seems to suggest that the catalyst 

sample consisting of smaller particles was easier to reduce than the model catalyst 

containing larger particles.  

According to the size data recorded in Figure 5.15, the size of the resultant nickel 

crystallites which first appear at 180 °C were larger than the precursor nickel oxide 

nanocrystallites suggesting that there was some growth of the particles during the 

reduction step. Further growth was observed at 300 °C. Figure 5.15b indicates that 

the nickel which first appears is smaller than the NiO nanocrystallites, as to be 

expected upon the conversion of nickel oxide to nickel. Some growth was then 

observed for each subsequent scan as the reduction proceeded to 380 °C. In order 

to expose the model catalysts to the same pre-treatment conditions, 250 °C was 

chosen as the most appropriate reduction temperature. This temperature was both 

high enough to reduce the larger crystallites, whilst also being low enough to prevent 

extensive growth of the smaller crystallites.  

 

5.3.4. In situ magnetic measurements for model catalysts 

5.3.4.1. Reduction 

 

Prior to sintering tests, ModCatC and ModCatH were reduced in the in situ 

magnetometer. The model catalysts were reduced at 250 °C in hydrogen, with a hold 

time of 80 minutes. After reduction the samples were cooled to room temperature 

under argon. This reduction and subsequent cooling is represented in Figure 5.16. 

Fresh ModCatC (Figure 5.16a) did not have any metallic Ni present. Hence, when 

heating ModCatC in hydrogen, no magnetic signal was observed initially. At 215 °C, 

the signal starts to increase, indicating the commencement of the conversion of 

nickel oxide to nickel. This signal continues to increase until it stabilises at the end of 
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the reduction. When ModCatC was cooled to room temperature after reduction, the 

signal had increased significantly. The paramagnetic nickel was reduced to 

ferromagnetic nickel. 

ModCatH (Figure 5.16b) contained a fraction of nickel nanoparticles thus, at the 

beginning of the reduction, the signal was already significantly higher than that 

observed at the beginning of the reduction of ModCatC. At 220 °C, the signal starts 

to steadily increase, indicating the conversion of NiO to metallic Ni. The signal 

continues to increase until 250 °C. On cooling, the signal is higher than at the 

beginning of the reduction, confirming the conversion of nickel oxide to nickel. 

This extent of the reduction as depicted in Figure 5.16 is quantified in Table 5.9 as 

degree of reduction (DOR). DOR was determined by making use of the calibration 

data recorded in Appendix A where a known mass of bulk nickel oxide was reduced. 

The DOR for ModCatH was determined by first considering the fraction of the 

sample which was present as metallic nickel prior to reduction. This ensured that the 

DOR was based only on the nickel oxide converted to nickel during the reduction 

process, allowing for a more accurate comparison between the DOR of the two 

model catalysts. According to the data in Table 5.9, the DOR for ModCatC was 77 % 

and 93 % for ModCatH. This suggests that ModCatH, under the same conditions, 

reduced to a greater extent than ModCatC. From the in situ PXRD TPR data 

(Section 5.3.3), it originally appeared as though ModCatC was easier to reduce than 

ModCatH.  

 

Table 5.9. DOR for model catalysts after reduction at 250 °C 

Sample code DOR (%) 

ModCatC 77 

ModCatH 93 
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Figure 5.16. In situ reduction of model catalysts (a) ModCatC (b) ModCatH 
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Figure 5.17. Weight percentage of nickel displaying remnant magnetisation 
during 80 minute holding time at 250 °C during reduction in H2 for model 
catalysts (a) ModCatC and (b) ModCatH 

 

Figure 5.17 is a representation of the percentage of ferromagnetic material, which 

can be used as semi-quantitative indicator of the amount of material in the 

ferromagnetic size regime. For both catalysts, this percentage remained fairly 

constant throughout this reduction, indicating that there was no extensive crystallite 

size change during this process. 



80 
 

5.3.4.2. Thermal sintering tests in an inert atmosphere 

 

In order to investigate the effects of elevated temperature on particle sintering, the 

model catalysts were exposed to different temperatures for one hour, under argon. 

During these thermal sintering tests, magnetic readings were taken at 20 kOe and 0 

kOe every 5 minutes. The magnetic data obtained during each test are recorded in 

Figure 5.18, as well as the Curie temperature for bulk Ni as given by Serway & 

Jewett, Jr. (2014). Hysteresis measurements were also recorded after each 

temperature test. This hysteresis data is recorded in Appendix B. The hysteresis 

data, when used in conjunction with the Langevin equation (Equation 8), was used in 

order to extract crystallite size distribution data (Appendix D). The crystallite size 

distribution data obtained after each subsequent temperature test for both model 

catalysts are recorded in Figure 5.19. 

What Figure 5.18 seems to indicate is that the magnetisation of both samples was 

dependent on temperature:  as temperature increased, the magnetisation 

decreased. This confirmed the work conducted by Amekura, et al. (2005) who 

suggested that the saturation magnetisation of nanoparticles decreases with 

temperature (Amekura, et al., 2005). This  

The data recorded in Figure 5.18 also allows for a determination of the Curie 

temperature of the model catalyst samples, which is the point at which the material is 

no longer magnetic. For both samples, no signal was observed at temperatures 

greater than 420 °C. This temperature is much higher than the Curie temperature of 

bulk nickel.  However, Amekura, et al. (2005) have suggested that 

superparamagnetic nickel nanoparticles, such as those under investigation in this 

study, will retain some magnetisation even above the Curie temperature of the bulk 

material. 
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Figure 5.18. Magnetisation data at 20 kOe for model catalysts (a) ModCatC (b) 
ModCatH during thermal sintering investigation in an inert atmosphere 
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Figure 5.19. Size distribution data from in situ magnetometer for model 
catalysts after thermal sintering tests in an inert atmosphere 

 

Figure 5.19 contains the size distribution data obtained during the thermally induced 

sintering tests for model catalysts ModCatC and ModCatH, as determined using the 

Langevin equation (Appendix D). After reduction, both catalysts displayed similar 

distributions with crystallites below 15 nm. This indicates that ModCatC, which had a 
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distribution for nickel oxide nanoparticles centred at 5 nm prior to reduction, sintered 

to a fairly large extent. Conversely, ModCatH was far more stable. There was only a 

slight shift in the size distribution during reduction. Despite the fact that both 

catalysts had similar size distributions after reduction, they exhibited different 

sintering behaviour with ModCatC showing a greater tendency for crystallite growth 

than ModCatH. During the thermal sintering, ModCatH again displayed superior 

stability. There was a minor widening in the size distribution to larger sizes during 

sintering tests and a very large fraction of crystallites remained less than 30 nm and 

centred at 15 nm. The size distribution for ModCatC, however, widened to larger 

crystallite sizes from 300 °C to 500 °C, indicating crystallite size growth. However, 

after 550 °C, the size distribution seems to indicate that all the particles in the 

catalyst sample are centred at 10 nm, suggesting that there was a significant 

decrease in crystallite size after exposure to 500 °C. However, when considering 

TEM (Figure 5.28b) and STEM (Figure 5.29a) images, it can be noted that ModCatC 

experienced particle size growth with a number of particles larger than the critical 

size of nickel (55 nm). There also appeared to be severe clustering of the particles 

on the carrier. The Langevin equation, used in the determination of crystallite size 

distributions, only applies for superparamagnetic particles below this critical size. 

Hence, the size distribution observed is for the fraction of superparamagnetic 

material remaining in the sample and is no longer a true representation of the entire 

sample. Furthermore, the clustering of the particles means that the particles no 

longer behave as single domains and may start to assume the behaviour of bulk 

nickel.  

By considering the data from both Figure 5.18 and Figure 5.19, some tentative 

conclusions could be drawn on whether the Curie temperature is affected by 

crystallite size. According to this work, changes in crystallite size did not have an 

effect on the observed Curie temperature. There is some ambiguity as to the effect 

of crystallite size on the Curie temperature. Derouane, et al. (1978) found that the 

Curie point of dispersed Ni particles was not dependent on crystallite size for 

particles larger than 2.5 nm. Particles smaller than this may exhibit a slightly higher 

Curie temperature. In contrast, Nepijko & Wiesendanger (1995) and He & Shi (2012) 

reported a strong dependence of the Curie temperature on the crystallite size where 

the Curie temperature of the nickel nanoparticles decreases with crystallite size. 
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The hysteresis data was used to give a qualitative indication of crystallite growth. An 

increase in hysteresis behaviour is an indication of an increase in the amount of 

ferromagnetic material. The area between – 1 kOe and 1 kOe was considered in 

order to adequately compare the hysteresis behaviour of the catalysts after being 

exposed to different conditions. Figure 5.20 contains the hysteresis data recorded for 

the model catalysts. For both catalysts, the hysteresis behaviour remained fairly 

constant from after reduction to after the thermal sintering tests in an inert 

atmosphere. This indicates that there was not a significant increase in the amount of 

ferromagnetic material. 

The magnetisation data, recorded at the maximum field strength of 20 kOe at various 

temperatures after reduction and after the thermal sintering tests conducted in an 

inert atmosphere is recorded in Figure 5.21. According to Figure 5.21 the 

magnetisation of ModCatC and ModCatH increased from after reduction to after the 

sintering tests. The DOR also increases for both catalysts from 77 and 93 % (Table 

5.9) to 82 and 100 % (Table 5.10) for ModCatC and ModCatH, respectively. This 

indicates that some of the nickel oxide which remained unreduced after reduction 

was converted to metallic nickel during the sintering tests. This is unexpected as the 

thermal sintering tests were conducted in argon, a non-reducing atmosphere. 

 

Table 5.10. DOR for model catalysts after thermal sintering tests in an inert 
atmosphere 

Sample code DOR (%) 

ModCatC 82 

ModCatH 100 
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Figure 5.20. Hysteresis data recorded at 150 °C in Ar after reduction and 
thermal sintering tests in an inert atmosphere for (a) ModCatC and (b) 
ModCatH 
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Figure 5.21. Magnetisation data at 20 kOe for model catalysts (a) ModCatC (b) 
ModCatH after reduction and after thermal sintering tests in an inert 
atmosphere 
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5.3.4.3. Thermal sintering tests in a steam/hydrogen atmosphere 

 

The additional effect of water vapour on thermally induced particle growth was also 

investigated by exposing the model catalysts to water vapour. The reactor was 

operated at 10 bar and a condition of  
𝑃𝐻2𝑂

𝑃𝐻2
⁄ = 5 was maintained for the sintering 

tests at each temperature. During each water co-feed sintering test, magnetic 

measurements of the samples were taken at 20 kOe and 0 kOe.  

Figure 5.22 contains the magnetisation data recorded at 20 KOe for the model 

catalysts during the thermal sintering in a steam and hydrogen atmosphere. The 

magnetisation of both samples was dependent on temperature:  as temperature 

increased, the magnetisation decreased. The samples again retained some 

magnetisation beyond the Curie temperature of bulk nickel. The magnetisation of 

ModCatC (Figure 5.22a) decreased between sintering tests for 350 °C and 450 °C. A 

decrease in the magnetisation is indicative of the conversion of the metallic Ni into a 

non-metallic form. Reoxidation of the metal to NiO may have taken place. Nickel 

aluminates may also have formed. 
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Figure 5.22. Magnetisation data at 20 kOe for model catalysts (a) ModCatC (b) 
ModCatH during thermal sintering investigation in a steam/hydrogen 
atmosphere 
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In order to again use the Langevin equation for size determination (Appendix D), 

hysteresis data was collected after each water co-feed test (Appendix B). This size 

data is summarised in Figure 5.23.  

 

 

Figure 5.23. Size distribution data from in situ magnetometer for model 
catalysts after thermal sintering in a steam/hydrogen atmosphere 

 

From Figure 5.23 it can be seen that there was a slight widening of the size 

distribution for ModCatH as sintering tests proceeded. The extent of this widening of 

the size distribution is greater than that observed during the sintering tests in an inert 

atmosphere, suggesting that water vapour exacerbated the sintering process at 

elevated temperatures. ModCatH is, however, still fairly stable with a large fraction of 

crystallites remaining below 20 nm. 
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The crystallite size increases observed in ModCatH were not as marked as those 

observed for ModCatC. When considering the data for ModCatC, size distribution 

data was obtained only at 250 °C, beyond which it is postulated that extensive 

sintering took place resulting in a skewed size distribution which did not reflect the 

true crystallite size. This is again because the crystallites no longer displayed 

superparamagnetic behaviour and the Langevin equation could not be used 

successfully to determine crystallite size.  

The hysteresis data can be used as a qualitative indication of sintering. An increase 

in hysteresis behaviour is an indication of an increase in the amount of ferromagnetic 

material. Figure 5.24 contains the hysteresis data recorded for the model catalysts. 

ModCatC (Figure 5.24a) showed a decrease in the magnetisation, indicating that 

some of the metallic nickel was converted to a non-magnetic form during the thermal 

sintering tests in steam and hydrogen atmosphere. There was also a slight increase 

in hysteresis behaviour, suggesting that the amount of ferromagnetic material in the 

sample increased. ModCatH (Figure 5.24b) showed fairly constant magnetisation 

after being exposed to different conditions. There was however a discernible 

increase in the hysteresis behaviour after exposure of the catalyst to a steam and 

hydrogen atmosphere. The amount of ferromagnetic material increased, indicating 

crystallite growth. 
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Figure 5.24. Hysteresis data recorded at 150 °C in Ar after reduction and 
thermal sintering tests in a steam/hydrogen atmosphere for (a) ModCatC and 
(b) ModCatH 
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Figure 5.25 contains the magnetisation as a function of temperature curves for the 

model catalysts after reduction and after thermal sintering tests in a steam and 

hydrogen atmosphere. This data can be used to determine the extent to which the 

catalysts may have reoxidised during thermal sintering tests in water vapour and 

hydrogen atmosphere. 

According to Figure 5.25a, the magnetisation after the thermal sintering tests 

conducted in a steam and hydrogen atmosphere for ModCatC was lower than after 

reduction and the DOR also decreased from 77 % after reduction to 59 % after 

exposure to steam and hydrogen (Table 5.11). This confirms that some of the nickel 

was converted to a form which was not magnetic i.e. nickel oxide or nickel aluminate. 

ModCatH (Figure 5.25b) showed no changes in the magnetisation between 

reduction and after the sintering tests in a steam and hydrogen atmosphere. There 

was, in fact, a slight increase in the DOR (Table 5.11). This again confirms that 

ModCatH displayed greater stability than ModCatC. 

 

Table 5.11. DOR for model catalysts after thermal sintering tests in a steam 
and hydrogen atmosphere 

Sample code DOR (%) 

ModCatC 59 

ModCatH 95 
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Figure 5.25. Magnetisation data at 20 kOe for model catalysts (a) ModCatC (b) 
ModCatH after reduction and after thermal sintering tests in a steam/hydrogen 
atmosphere 

According to the size distribution data obtained for ModCatC and ModCatH, it 

appears that ModCatH, which was prepared using larger nickel oxide nanoparticles, 

was the more thermally stable catalyst. This correlates with the work conducted by, 

Munnik, et al. (2014), who found that small particles grew to a excessively large 

extent whilst larger particles displayed superior stability. Munnik, et al. (2014) 

propose that this may be because slightly larger particles remain confined by the 

pores of the support. 
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5.3.5. PXRD analysis of model catalysts 
 

The model catalysts, the externally reduced and passivated catalyst samples as well 

as the spent catalyst samples after sintering tests were characterised using PXRD. 

The average crystallite size was determined as well as the phases present in the 

samples. The diffraction patterns from each model catalyst after exposure to different 

conditions are displayed in Figure 5.26 and Figure 5.27 for ModCatC and ModCatH 

respectively. 

 

Figure 5.26. PXRD diffractograms of model Ni catalyst ModCatC 

 

The diffractograms for the samples after reduction and thermal sintering tests in an 

inert and water and hydrogen atmosphere show characteristic nickel peaks. From 

the magnetic results, it was suspected that there may have been a phase 

transformation of the reduced metallic nickel to non-magnetic nickel oxide or nickel 

aluminate. However, from the diffraction pattern of ModCatC, there was no indication 

of these phases. Perhaps the relative amounts were too small to be observed in the 
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pattern which was significantly dominated by the diffraction pattern of the carrier, γ-

alumina. 

The average crystallite sizes obtained from these diffraction patterns using TOPAS 

are recorded in Table 5.12. After reduction, ModCatC had an average crystallite size 

of 14.5 nm. After sintering tests in an inert atmosphere and steam and hydrogen 

atmosphere, this average crystallite size increased to 18.6 nm and 21.8 nm 

respectively. These crystallite sizes were, however, not indicative of the extreme 

crystallite size growth observed in ModCatC. There may have been some 

unidentified phases in the catalyst samples which were not accounted for during 

Rietveld refinement in TOPAS, leading to inaccurate results. 

    

 

Figure 5.27. PXRD diffractograms of model Ni catalyst ModCatH 

 

Figure 5.27 indicates that the diffraction pattern of the γ-alumina was again 

particularly dominant. However, very distinctive nickel peaks were observed for all 

samples. For this model catalyst, PXRD was not particularly useful. An average 
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crystallite size of the nickel is obtained for the spent catalyst sample. However, this 

average includes the very large nickel particles which were already present before 

sintering tests. No conclusions could be drawn from this data. 

 

Table 5.12. Average crystallite sizes of model catalysts after exposure to 
different conditions as determined from PXRD 

Sample code dNi (nm) 

Reduced Sintering inert 

atmosphere 

Sintering H2O/H2 

atmosphere 

ModCatC 14.5 18.6 21.8 

ModCatH 34.9 32.1 34.6 

 

5.3.6. TEM analysis of model catalysts 
 

The model catalysts which were reduced and exposed to different conditions in the 

sintering study were characterised using TEM analysis. This allowed for the 

determination of the average particle size of nickel as well as the size distribution. 

The morphology of the particles after being exposed to different conditions could 

also be considered.  

Figure 5.28 and Figure 5.30 contain the TEM micrographs obtained for the model 

catalysts ModCatC and ModCatH, respectively, after reduction and after sintering 

tests. Depicted in Figure 5.29 and Figure 5.31 are the STEM images obtained for the 

model catalysts after sintering tests. ModCatC and ModCatH had particles which 

were spherical in shape. From the aforementioned figures, it can be seen that after 

reduction, the particles were still spherical in nature. There were, however, areas of 

good dispersion and areas where the particles were poorly distributed. After 

temperature tests, no extensive growth of particles was observed. However, after 

exposure to water vapour, both catalysts sintered extensively, particularly ModCatC. 
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Figure 5.28. TEM micrographs model Ni catalyst ModCatC (a) post reduction 
(b) post sintering tests in an inert atmosphere (c) post sintering tests in a 
steam/hydrogen atmosphere 

 

Figure 5.29. STEM micrographs model Ni catalyst ModCatC (a) post sintering 
tests in an inert atmosphere (b) post sintering tests in a steam/hydrogen 
atmosphere 
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Figure 5.30. TEM micrographs model Ni catalyst ModCatH (a) post reduction 
(b) post sintering tests in an inert atmosphere (c) post sintering tests in a 
steam/hydrogen atmosphere 

 

Figure 5.31. STEM micrographs model Ni catalyst ModCatH (a) post sintering 
tests in an inert atmosphere (b) post sintering tests in a steam/hydrogen 
atmosphere 
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Figure 5.32 and Figure 5.33 give an indication of the size distributions of the 

nanoparticles in the model catalysts after reduction, temperature tests, and water co-

feed tests. When considering the size distribution data of ModCatC (Figure 5.32), it 

can be noted that during temperature tests, there was a shift in the size distribution 

to larger sizes. After exposure to water vapour, there was a significant shift in the 

distribution to larger sizes, with the formation of a large number of very big particles 

greater than 55 nm. A similar trend was observed for ModCatH (Figure 5.33). 

However, this shift in size distribution was less pronounced, suggesting that 

ModCatH was more stable than ModCatC under these conditions. 

 

Figure 5.32. Size distributions for ModCatC after exposure to different 
conditions as obtained from TEM analysis 

 

Figure 5.33. Size distributions for ModCatH after exposure to different 
conditions as obtained from TEM analysis 
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Figure 5.34. Comparison in situ magnetometer and TEM size for ModCatC after 
exposure to different conditions 

 

 

Figure 5.35. Comparison in situ magnetometer and TEM size for ModCatH after 
exposure to different conditions 

 

Figure 5.34 and Figure 5.35 represent a comparison between the data obtained from 

TEM analysis and the in situ magnetometer. There was relatively good correlation 

between the data obtained from TEM data and the magnetometer for ModCatH. The 

Langevin equation can only be applied to superparamagnetic samples. ModCatH 
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sintered less extensively than ModCatC, retaining areas of good dispersion were 

particles behaved as single domains, thus allowing for the determination of size 

distributions over the whole range of reaction conditions. With ModCatC, due to 

severe particle growth, the particles no longer behaved as single domains and may 

have instead started to assume the magnetic behaviour of bulk nickel (ferromagnetic 

behaviour). This made any size distribution determinations using the Langevin 

equation difficult for this catalyst. 

 

5.3.7. Summary 

 

Model catalysts with a narrow size distribution were successfully synthesised by 

mechanically depositing nickel nanoparticles prepared using the reverse micelle 

technique onto the γ-alumina support. Decreasing the metal loading to 4.0 wt.% 

resulted in an improved dispersion of the nanoparticles on the support. From the in 

situ PXRD reduction of the model catalysts it was noted that the catalyst with smaller 

particles began its reduction at a lower temperature than the catalyst sample with 

larger particles. The model catalysts displayed sufficient reducibility to conduct a 

magnetic study. Both catalysts had similar size distributions after reduction. They, 

however, did not display similar behaviour during the sintering studies. The catalyst 

synthesised using smaller nanoparticles showed a far greater propensity to sinter, 

both in an inert and oxidising atmosphere. Due to the significant particle growth in 

this catalyst, the particles no longer behaved as single domains, making it difficult to 

extract size distribution data using magnetic measurements. 
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Chapter 6 

6. Conclusions 
 

The reverse micelle technique was successfully employed to synthesise spherical 

NiO nanoparticles with a narrow size distribution, where the size of the particles was 

linearly dependent on the water/surfactant ratio. During calcination of the 

nanoparticles, large metallic nickel particles were formed. This was postulated to be 

as a result of the decomposition of the surfactant which created a reducing 

atmosphere. The tendency of the particles to aggregate then created an environment 

which promoted the sintering of the resultant nickel. 

γ-alumina supported nanoparticles of two different sizes (approximately 5 nm and 12 

nm) were prepared using two different preparation methods. The samples prepared 

by support addition during the microemulsion preparation step could not be fully 

characterised using PXRD or TEM analysis. The targeted metal loading could also 

not be achieved using this method. These samples also displayed poor reducibility 

which may have been as a result of the incorporation of the nickel into the support 

matrix, forming nickel aluminates. 

The supported nanoparticles prepared by support addition to already synthesised 

and calcined nickel nanoparticles resulted in material which could be effectively 

characterised using PXRD and TEM. PXRD was used to determine average size, 

which correlated well with the average particle size and size distribution obtained 

from TEM analysis. The particles retained their narrow size distribution and spherical 

morphology on support addition. These samples also showed markedly improved 

reducibility, making them highly suitable for a magnetic investigation. 

This method was then used in the synthesis of model catalysts which had a narrow 

size distribution. Decreasing the metal loading resulted in an improved dispersion of 

the nanoparticles on the support. Reduction in the in situ magnetometer showed that 

the catalyst prepared using larger particles achieved a higher DOR. Although both 

model catalysts had similar size distributions after reduction, they did not display 

similar behaviour during the sintering studies. The catalyst synthesised using smaller 
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nanoparticles sintered extensively in both an inert and oxidising atmosphere whilst 

the catalyst prepared using larger nanoparticles remained relatively stable. 
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Chapter 7 

7. Recommendations 
 

One of the challenges encountered in this investigation was maintaining a very 

narrow size distribution for larger nanoparticles. Perhaps an additional factor could 

be investigated. Hada, et al. (2013) proposed the use of a blend of anionic and non-

ionic surfactants in order to achieve improved size control. 

The sintering study should be extended to include CO. This will allow for a complete 

comparison of how atmosphere affects the sintering process for supported 

crystallites of different sizes at elevated temperatures.  

The model catalysts employed in this study sintered after reduction, with a 

broadening in the size distribution. In order to conduct a meaningful crystallite size 

study, a narrow size distribution was required. The reverse micelle technique could 

perhaps be extended to synthesise metallic nickel in the 2 – 15 nm size with a 

sufficiently narrow size distribution which could then be used in the sintering study. 
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Appendix A: Calibration of magnetometer 
 

100 mg of bulk nickel oxide was placed into the in situ magnetometer. The sample 

was then heated to 700 °C (heating rate: 4 °C/min) in 100 mL (NTP)/min of 

hydrogen. Thereafter, the gas was changed from hydrogen to argon (100 mL 

(NTP)/min) and held for 2 hours. The sample was then cooled to 25 °C (cooling rate: 

1 °C/min) and held at 25 °C for 3 hours. 

A calibration factor was obtained for the in situ magnetometer by comparing the 

mass specific saturation magnetisation of Ni at 27 °C, reported as 43.8 emu/g 

(Gong, et al., 1991), with the signal obtained in the in situ magnetometer for a known 

mass of Ni at the same temperature (3.13 a.u./g). Multiplying the two together results 

in a calibration factor for the in situ magnetometer – 14 emu/a.u. This converts the 

signal to magnetic units. 

 

  

Figure A.1. Reduction of bulk nickel oxide in in situ magnetometer  
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Appendix B: Hysteresis measurements 
 

 

Figure B.1. Hysteresis data recorded at 150 °C after thermal sintering tests in 
an inert atmosphere for ModCatC 

 

Figure B.2. Hysteresis data recorded at 150 °C after thermal sintering tests in a 
steam/hydrogen atmosphere for ModCatC 
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Figure B.3. Hysteresis data recorded at 150 °C after thermal sintering tests in 
an inert atmosphere for ModCatH 

 

Figure B.4. Hysteresis data recorded at 150 °C after thermal sintering tests in a 
steam/hydrogen atmosphere for ModCatH 
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Appendix C: Analysis of a diffractogram using TOPAS 
 

Rietveld refinement using TOPAS was used in order to extract average crystallite 

size data from PXRD diffractograms. Prior to refinement, an attempt was made to 

identify all phases present in the sample to be investigated. The corresponding 

structure files were then obtained for each component. In this study the phases of 

interest were NiO, metallic Ni and γ-alumina. 

Firstly, a program file with the specifications of the PXRD instrument was loaded. 

This was followed by replacing the scan data with the scan to be analysed (1). The 

most appropriate order of magnitude for the background was then selected (2) and 

the zero correction (3) refined then fixed for all subsequent calculations. The 

structure files of the components present in the scan to be investigated were then 

loaded (4). 

 

 

The model parameters associated with each component (5) were continuously 

refined (6) until there was a sufficiently good fit (Rwp < 10) between the actual and 

the calculated diffraction pattern. 



120 
 

 

Once an acceptable Rwp value has been obtained (7), the crystallite size (8) as well 

as the relative phase compositions (9) corresponding with the calculated diffraction 

pattern can be found. 
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Appendix D: Analysis of hysteresis data using Langevin equation 
 

Hysteresis data is recorded between -20 kOe and 20 kOe. When applying the 

Langevin equation in order to determine crystallite size, only the data collected 

between 20 kOe and 0 kOe is considered.  

The magnetisation (M) as a function of the reciprocal of the applied field (1/H) is then 

plotted (Figure D.1). By considering the region of the graph where the data points 

become linear, a straight line could be drawn and extrapolated to 1/H = 0. At this 

point, the applied field approaches infinity and the corresponding magnetisation is 

the saturation magnetisation (MS). 

 

Figure D.1. Magnetisation as a function of the reciprocal of the applied field 

 

M/MS can then be determined for the experimental data points. 

The Langevin equation is then used to estimate crystallite size. Multiple functions are 

plotted by varying the crystallite size. The contribution from each fit is then used to 

determine crystallite size distribution. 
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Figure D.2. Langevin functions for various crystallite sizes 
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