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Abstract 

Fischer-Tropsch synthesis (FTS), involves the hydrogenation of CO under 

high pressure and is an alternative process to refining to produce fuels and 

fine chemicals. Industrially it is carried out using oxide-supported cobalt 

nanoparticles (CoNPs). The interaction between the CoNPs and the support 

can have a big influence on catalyst performance, affecting the availability of 

active surfaces, the stability of the nanoparticles and/or their electronic state. 

Here I use spatially resolved spectroscopy/microscopy to better understand 

the metal support interactions in Co/Rutile model systems possessing a 

range of Co nanoparticle sizes (6~24 nm). In chapter 3 I observe that CoNPs 

spread on the surface of rutile adopting a fried-egg-like shape after reduction 

in H2, which increases not only the amount of surface cobalt, but also the 

interaction between metal and support leading to the formation of non-

reducible cobalt titanate (inactive for FTS). In chapter 4 I find that the initial 

Co3O4 nanoparticles can be directly reduced to CoO/Co0 as a result of 

plasma treatment generating oxygen vacancies (Ovac) on the rutile surface. 

In chapter 5 I observe that dissociation of CO occurs on nanoparticles (≥ 15 

nm) and that the Ovac surrounding these particles is consumed. 

Nanoparticles smaller than this are unaffected, except in the presence of 

both CO and H2 when small NPs (≤ 12 nm) (re)oxidise. In chapter 6, reduced 

TiO2-x is observed to appear at the periphery of CoNPs after H2 reduction. 

Surfactant coverings can inhibit TiO2 reduction and stop CoNPs aggregation, 

with FTS reactivity enhanced in this catalyst. In summary, this nano-

spectroscopic study of these samples allowed us to better understand the 

influence of the cobalt-rutile interface on the evolving properties of the cobalt 

nanoparticles under various gas atmospheres. It is hoped that this can 

enable a better understanding of their influence on FTS performance.   
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Impact Statement  

Environmental concerns in conjunction with the finite nature of traditional 

fossil fuels (coal, oil) are major obstacles for energy supply in today’s society. 

As such, the development of routes to produce clean and renewable energy 

is of vital importance in both academia and industry. Comparing with 

intermittent (e.g. wind, solar power) or geographically restricted (e.g. 

hydroelectricity) energy sources, the Fischer-Tropsch synthesis (FTS) 

process is a promising alternative that can convert various carbon-containing 

materials (e.g. coal, heavy oil, nature gas, biomass and CO2) to clean liquid 

fuels and chemicals. The technology requires a heterogeneous catalyst 

comprising oxide (SiO2, Al2O3, TiO2) supported iron or cobalt nanoparticles 

which are considered the catalysts of choice commercially.   

However, the presence of so-called “metal-support interaction (MSI)” in those 

oxide supported catalysts can strongly affect the properties of catalysts such 

as active surfaces and electronic state, altering their activity, selectivity and 

stability accordingly. Hence understanding and modulating the MSI is more 

and more attractive to develop an optimal catalyst for FTS. In fact, for a 

specific catalyst such as powdered Co/TiO2, detailed insight into the MSI is 

difficult to glean due to the averaging of information over a large number of 

nanoparticles.  

In this thesis a spatially resolved technique, namely X-ray Absorption 

Spectroscopy/Photoemission Electron Microscopy or Scanning Transmission 

Electron Microscope/Electron Energy Loss Spectroscopy has been applied 

to study model catalysts, which allow us to investigate the local structure of 

cobalt-titania interfaces and less affected centres of individual nanoparticles 

(6~24 nm) under various gas and heat treatments. I successfully observe the 

changes in morphology as well as electronic state in individual nanoparticles, 

with these findings allowing greater insight into what makes an active and 

selective FTS catalyst.  
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Nomenclature 

 

FTS                     Fischer-Tropsch Synthesis 

MSI                      Metal-Support Interaction(s) 

NP(s)                   Nanoparticle(s) 

CoNP(s)              Cobalt Nanoparticle(s) 

Ovac                      Oxygen vacancy / vacancies 

UHV                    Ultra-High Vacuum  

EELS                   Electron Energy Loss Spectroscopy 

WGS                   Water-Gas Shift 

GTL                     Gas to Liquids 

CTL                     Coal to Liquids 

BTL                     Biomass to Liquids 

PTL                     Power to Liquids 

ASF distribution                    Anderson-Schulz-Flory distribution 

α                          Chain growth probability 

n                          Carbon number of a hydrocarbon  

Mn                        Molar fraction of a hydrocarbon with carbon number of n  

Rp                        Rate of chain propagation 

Rt                         Rate of chain termination 

fcc                       Face-centred cubic 

hcp                      Hexagonal close packing 

TOF                     Turnover Frequency 

SSITKA               Steady-State Isotopic Transient Kinetic Analysis 

GHSV                 Gas Hourly Space Velocity 

CHx                     Carbon monomers for chain propagation in FTS, x = 0, 1, 2 
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Cx                        Hydrocarbons with x carbon atoms,  x = 1, 2, 3, 4, 5…n 

Cx+                       Hydrocarbons with more than x carbon atoms, x = 1, 2, 3, 4, 

5…n 

CNT                    Carbon Nanotube 

AC                       Activated Carbon 

ZSM / SBA-15 / INT-MM1 / MCM-41 / Y               ZSM / SBA-15 / INT-MM1 / 

MCM-41 / Y type zeolite 

XPS                    X-ray Photoelectron Spectroscopy 

PGM                   Platinum Group Metals 

XAS                    X-ray Absorption Spectroscopy 

EXAFS               Extended X-ray Absorption Fine Structure 

Wt.                      Weight 

RME                   Reverse Micelle Encapsulation 

CVD                   Chemical-Vapour Deposition 

TD                       Thermal Decomposition 

γNP / γS / γinterface              Surface tension of nanoparticle / support / interface 

θc                        Contact angle 

6c- / 5c-Ti           6 or 5-fold coordinated Ti atom 

3c- / 2c-O           3 or 2-fold coordinated O atom 

P25                     Mixture of rutile and anatase, with average particle size of 

25 nm  

STEM                 Scanning Transmission Electron Microscopy 

ROR                   Reduction-Oxidation-Reduction treatment 

M                        Metal 

2D / 3D               Two- / Three- dimensional 

PS-b-P2VP         PolyStyrene block Poly 2-VinylPyridine copolymers 

PTFE                  PolyTetraFluoroEthylene 
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X-PEEM             X-ray PhotoEmission Electron Microscopy 

C12E4                  Tetraethylene glycol monododecyl 

DI water              DeIonized water 

RT                      Room Temperature 

EDS                    Energy-Dispersive X-ray Spectroscopy 

IR / UV-vis          Infrared / Ultraviolet / Visible (Spectroscopy) 

AFM                    Atomic Force Microscopy  

SEM                   Scanning Electron Microscope  

TEM                    Transmission Electron Microscopy 

SHIM                  Scanning Helium Ion Microscope 

ETH                    Electron High Tension 

GFIS                   Gas Field Ionization Source 

Td                        Tetrahedral 

Oh                       Octahedral  

NAP-XPS            Near Ambient Pressure XPS  

Δ                         Difference(s) 

XANES                X-ray Absorption Near Edge Spectroscopy 

TEY                     Total Electron Yield 

DLS                     Diamond Light Source 

SLS                     Swiss Light Source 

XR(P)D               X-Ray (Powder) Diffraction 

GIXD                   Grazing Incidence X-ray Diffraction 

(GI)SAXS            (Grazing Incidence) Small Angle X-ray Scattering 

TGA                    ThermoGravimetric Analysis 

TPR                    Temperature Programmed Reduction 

TCD                    Thermal Conductivity Detector 
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DR                      Degree of Reduction 

FTIR                    Transmission Fourier Transform Infrared Spectroscopy 

MS                      Mass Spectrometer 

GIXS                   Grazing Incidence X-ray Scattering 

Calc.                   Calcination 

BE                       Binding Energy  in XPS 

NI                        Normalized Intensity 

ΔNI                      Differences of Normalized Intensity 

TT                        Tamman Temperature 

TH                        Hüttig Temperature 

EPR                    Electron Paramagnetic Resonance 

DFT                     Density Functional Theory 

t2g / eg                  Orbitals in Crystal Field Theory 

10Dq                   Energy gap between t2g and eg  in Crystal Field Theory 

Ieg / It2g              Intensity ratio of peak eg upon peak t2g in XAS spectra of O 

K-edge 

F1 / F2 / F3 / F4 / F5            F1 / F2 / F3 / F4 / F5 feature in XAS spectra of 

Co L3-edge 

Red.                    Reduced 

Ann.                    Annealed 

Dos.                    Dosing 

Re-red.               Re-reduced 

STM                    Scanning Tunneling Microscope 

HAADF                High-Angle Annular Dark-Field 

FFT                     Fast Fourier Transform  
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Chapter 1 Literature review 

  

1.1. Introduction to Fischer-Tropsch synthesis (FTS) 

Technologies for renewable energy (e.g. wind, solar power) are still very 

much in development, therefore fossil-fuel energy sources still play a crucial 

role in  the world energy consumption.[1],[2] The development of new 

technologies for clean and sustainable energy production has become a 

main global challenge and has attracted considerable efforts in both industry 

and academia.[3],[4] Fischer-Tropsch synthesis converting syngas (CO and H2) 

to hydrocarbons, named after the pioneering chemists Franz Fischer and 

Hans Tropsch, has been of great interest in this regard since the 1920s.[5] 

FTS is a strongly exothermic (∆H = -40 kcal/molCO) process, proceeding via a 

CO hydrogenation reaction under high pressure and temperature.[5]  

nCO + (2n+1)H2 → CnH2n+2 + nH2O                                (1.1) 

nCO + 2nH2 → CnH2n + nH2O                                    (1.2) 

nCO + 2nH2 → CnH2n+2 O+ (n-1)H2O                               (1.3) 

The resultant products in the reaction comprises a mixture of water, alkanes, 

alkenes and a small amount of oxygenates according to equation 1.1~1.3. 

Besides, undesired side reactions such as the water-gas shift (WGS) 

reaction (equation 1.4) and Boudouard Reaction (equation 1.5) are observed 

in FTS, which results in reagent loss (mainly CO) and undesired by-product 

formation (e.g. CO2).[5] 

CO + H2O → CO2+ H2                                            (1.4) 

CO + CO → CO2+ C                                             (1.5) 

FTS is not dependent on a particular source for syngas, and therefore, is 

highly adaptable, with sources comprising traditional conversion of (natural) 

gas to liquids (GTL) and coal to liquids (CTL); including renewable biomass 

to liquids (BTL) and power to liquids (PTL) processes.[6] The first commercial 

FTS plant launched in the 1930s in Germany using cobalt-based catalysts to 



UCL PhD thesis                                      Chapter 1  

22 
 

convert coal-derived syngas to liquid fuels (i.e. CTL).[7],[8] Nowadays, the 

scalable FTS plants mainly focus on the processes of GTL and CTL,  

including Sasol (i.e. Sasol I/II/III, Oryx and Chevron-Sasol, CTL/GTL, iron or 

cobalt catalysts, ~230 000 barrels per day), Shell (i.e. Ras Laffan (Pear)/ 

Bintulu, GTL, cobalt catalysts, ~150 000 barrels per day), PetroSA 

(Mosselbay, GTL, iron catalysts, 22 000 barrels per day).[7],[8] However, in all 

the XTL (X referring to G, C, B and P) indirect processes before performing 

FTS, the raw materials (including natural gas, coal, biomass and CO2) are 

firstly transformed to the intermediate compounds, CO and H2, using a series 

of processes such as gasification and purification.[6],[9] As the used syngas is 

highly purified, the hydrocarbons produced by FTS are ultra-clean, i.e. 

without environmental pollutants containing sulphur and nitrogen.[10],[11],[12] 

Thus, the liquid fuels produced by FTS are more environment-friendly in 

comparison with conventional liquid fuels refined from petroleum.  

 

Figure 1.1. Anderson-Schulz-Flory distribution of FTS products as a function of the 

chain growth probability (α), where a shaded box shows the possible regimes of α in 

industrial production, i.e. red: 0.70 < α < 0.75, and blue: 0.85 < α < 0.95. 

Reproduced from reference [7].  

 

However, the FTS products, typically, are not able to be directly used as 

fuels in transportation. The products, in fact, contain a series of alkane, 
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alkene and oxygenate molecules with carbon atoms numbering from 1 up to 

more than 100 in a molecule.[13] So the FTS products must be refined and 

upgraded (e.g. hydrocracked) before use.[12] In the conventional FTS process 

using oxides as catalyst supports, the hydrocarbon (n-paraffins, main 

products) selectivity follows a statistical rule called Anderson-Schulz-Flory 

distribution (ASF distribution).[2],[7],[11] 

The chain growth probability α in Figure 1.1,[11],[14] independent of chain 

length (or carbon number, n) and molar fraction (Mn) of a hydrocarbon, is 

determined by the rate of chain propagation (Rp) and termination (Rt), with 

the equation: 

α = Rp/(Rp+Rt)                                                   (1.6) 

Then the Mn of a hydrocarbon can be formulated to: 

Mn = (1-α)αn-1                                                    (1.7) 

In practice, the value of α is dependent on the FTS conditions and nature of 

the catalyst.[14] More specifically, a high reaction temperature and a high ratio 

of H2/CO at lower pressures will lead to a low α value; whereas for real 

industrial FTS catalysts, it is hard to predict the values as supports and 

promoters in the catalysts strongly affect the chain propagation and 

termination.[7],[14] Statistically, the α value in catalysts follows a trend of Ru > 

Co > Fe under typical operating conditions.[2],[14] However, the real FTS 

products distribution cannot be simply described with the above ASF 

equations since the products contain not only paraffins but also olefins and 

oxygenates.[14] Also, secondary hydrogenation of α-olefins as well as 

physisorption and solubility of a product also play a decisive role in the 

deviations of ASF distribution. Even though the comprehensive product 

distribution models are proposed, unfortunately, they cannot perfectly predict 

the distribution of FTS products either.[14] 

The product distribution is determined intrinsically by the mechanism of the 

FTS reaction, and despite many years of research, this remains nevertheless 

a matter of debate. Proposed reaction mechanisms are typically based 

around the importance of particular intermediates in the reaction and 

perhaps the best known of these include: carbide (alkyl and alkenyl) 
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mechanism, enol mechanism, CO insertion and formyl mechanism. 

[15],[16],[17],[18] Among these mechanisms, the most widely accepted are either 

the carbide or the CO insertion mechanism.[15],[17],[18] These mechanisms 

focus mainly on the propagation step; however, the initial step of FTS 

(particularly for the carbide mechanism) is CO dissociation involving the 

transformation of CO to monomer hydrocarbon species, CHx- (x = 0, 1, 2), 

which can be divided into CO direct dissociation and H-assisted CO 

dissociation. The dissociation step favoured in FTS depends on the catalysts 

and their exposed metal facets.[15],[19],[20]     

  

Figure 1.2. Proposed mechanisms of FTS reaction. The main difference between 

those mechanisms is the chain growth in FTS via the different intermediates, i.e. 

CHx (alkyls or alkenes), enols, molecular CO and formyls, respectively.  

 

Activity, selectivity and stability are always in the interests of FTS research in 

academia.[21],[22] But currently in industry the main challenges concern heat-

/mass-transfer, deactivation of the catalyst and narrower product 

distributions.[23] Here, I mainly focus on the latter two issues as the topic of 

heat-/mass-transfer is not tackled in this thesis. Deactivation is very 

complicated and is difficult to predict in a catalyst. Taking the cobalt-based 

catalysts as an example, their deactivation mechanisms include but are not 

limited to sintering, oxidation, carbonaceous materials formation, attrition, 

surface reconstruction, cobalt leaching and metal-support compounds 
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formation.[24],[25] Although some methods have been developed to regenerate 

the deactivated catalysts such as reduction-oxidation-reduction treatment 

(ROR), the regenerated catalysts are never comparable to the fresh ones.[26] 

Alternatively, more and more new catalysts have been prepared to resist 

deactivation.[27] For example, sintering of metal nanoparticles is often 

observed in a catalyst, thus adding promoters and enhancing the metal-

support interaction (MSI) to suppress the mobility of nanoparticles is widely 

applied in catalyst development.[28],[29]  

FTS product selectivity with a narrower distribution to directly produce high 

valued products such as gasoline (mixture of C5~C11 hydrocarbons) or diesel 

(C9~C22 mixture) is a desirable feature.[11],[30],[31],[32],[33] But it is difficult for 

conventional catalysts due to the restriction by the ASF distribution. From 

Figure 1.1, the typical FTS products are an extremely complicated mixture 

and often contain a great amount of wax. Hence to produce gasoline or 

diesel, refining including hydrocracking or hydroisomerisation is the essential 

process,[12],[30],[34] which increases the cost of the final products. To overcome 

this issue, promoter addition is helpful,[35],[36] but a more idealized way has 

been the development of bifunctional catalysts by the usage of advanced 

materials (e.g. zeolite)[11],[30],[31],[32],[33]. The unique properties of mesoporous 

materials including pore structure and acidity can be combined with FTS and 

the refining process.[31],[32] These catalysts can be comprised of a mechanical 

mixture of conventional FTS catalyst and zeolite or the advanced catalysts 

using a zeolite as the support, in which the latter one possesses better 

reactivity.[10] In addition to hydrocarbons, the production of oxygenates such 

as alcohols is also a hot topic in this field, where promoter addition such as 

cerium or alkali metals attracts many interests to enhance the yields of 

alcohols.[37],[38] However, these new catalysts have not been applied in 

industry due to, for example, the high cost of mesoporous materials.[10] In 

summary, the improvement of stability/deactivation or selectivity mainly rely 

on modulating and optimizing the properties of catalysts. Thus, the following 

review focuses on FTS catalysts. 
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1.2. FTS catalysts 

FTS can be performed on a homogeneous or else heterogeneous catalyst. 

Generally, the latter is preferred as it is scalable and so can be employed on 

a small-to-industrial scale. Currently, there are three typical heterogeneous 

catalysts for FTS which have been successfully commercialised delineated 

by the active ingredient: iron, cobalt and ruthenium.[7],[39],[40],[41] Iron is the 

most affordable catalyst which can work at conditions as low as 1.3/1 of 

H2/CO (suited for coal-based syngas) with two operations: high temperature 

(593~623 K) FTS and low temperature (493~523 K) FTS.[7] At high 

temperature the products mainly contain liquid-based hydrocarbons with 

short carbon chains suitable for use as gasoline and diesel; while at low 

temperature the main products are diesel and wax. The active phases for 

FTS in iron based catalysts are not confirmed due to the complexity of iron 

components and crystal phases, but increasing research shows that the iron 

carbides (e.g. Fe2C, Fe5C2) are the active phases which can be activated by 

syngas.[41],[42] However, iron-based FTS catalysts often lead to lower CO 

conversion and lower hydrocarbon selectivity due to their high activity for the 

water-gas shift reaction. To overcome those issues, various promoters[7],[42] 

such as potassium or copper are added to the catalysts to improve the 

activity, selectivity and stability. Ruthenium always produces a high 

selectivity to long-chain hydrocarbons (wax) with an active phase of metallic 

ruthenium.[40] But due to its limited presence in the earth’s crust and very 

high price (Ru $10000/kg, Co $50/kg and Fe < $1/kg), it is generally not 

applied to industrial production on a large scale. As such, supported metallic 

CoNPs are the most economically viable system due to a combination of 

price and high selectivity/reactivity.[43] The catalyst operates well for natural 

based syngas with a higher H2/CO ratio (2/1), and its main product is high-

quality waxes in a low temperature FTS process (~493 K). The active phase 

is thought to be metallic Co0 with two crystal phases (hexagonal close 

packing, hcp or face centred cubic, fcc) resulting from the activation of 

oxidised precursors i.e. Co3O4 by reducing reagents (e.g. H2). FTS catalysts 

usually consist of Fe/Ru/Co NPs (generally less than 100 nm in diameter) 

dispersed on an oxide support with microporous/mesoporous structure, such 
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as SiO2, TiO2, Al2O3 and diatomite,[7] to stabilize the active phases and 

improve the mechanical strength. But those supports will form some inactive 

species via reaction with the supported metal (e.g. FeMxOy or CoMxOy, M = 

Si, Al, Ti, etc.) as well.[22] 

1.3. Cobalt based FTS catalysts 

 

Table 1.1. Summary of the factors in cobalt catalysts that affect the FTS reactivity. 

Factor Reactivity Ref. 

Nanoeffects 

Size 

TOF and C5+ selectivity proportional to the size when NPs < 

10 nm, while maintain constant for NPs > 10 nm, 

incoordination or oxidation theory response to size effects 

[21,22,47, 

52-60] 

Phase 
TOF and C5+ selectivity on hcp Co higher than on fcc phase, 

could be due to the unique B5 sites for CO dissociation 

[21,40,53, 

61-64] 

Shape 

Shape affects the amount of exposed facets for FTS, more 

facets such as hcp<10-11> promote high activity and C5+ 

selectivity 

[65-67] 

    

Supports 

Oxides 

Support’s surface area, pore 

size, crystal phase, acidity, 

surface groups and defects 

affect Co dispersion, 

reducibility and MSI, leading to 

various reactivity of FTS 

Strong MSI, worse 

reducibility 
[33,37,44, 

45,68-84] 

Non-oxides 
Weak MSI, 

better reducibility 

    

Promoters 

Noble 

metals 

Mainly promote cobalt oxide reduction and also change FTS 

activity and selectivity via a synergic effect but would promote 

deactivation 

[52,89-96] 

Transition 

metals 

Acting as structural promoters to improve selectivity and 

stability but sometimes worsen reducibility 

[35,85,86, 

97-104] 

Alkali & 

alkaline-

earth metals 

Electron donors, promote formation of heavier products but 

significantly lower FTS activity 

[35,38,105-

108] 

Other 

elements 

Boron strongly improves stability without affecting activity and 

selectivity 
[109] 

    

Others 

Cobalt 

precursor 

Could affect basicity and NP size to change reactivity, where 

cobalt nitrate is the most commonly used 

[110,111, 

114,115] 

Preparation 
Strongly change size, phase, shape of NPs and MSI, leading 

to unexpected results of FTS 

[13,58,67, 

116-121] 

Pre-/post-

treatment 

Could change NP size, MSI, to affect FTS reactivity and 

stability 

[13,29, 122-

124] 

 



UCL PhD thesis                                      Chapter 1  

28 
 

Even though cobalt catalysts display good properties, one has to carefully 

select a suitable support, promoter and preparation method.[44] Many factors 

can change the FTS performance of a cobalt catalyst,  including NP size and 

its crystal phases (fcc/hcp), additives, supports, preparation methods, and 

pre-/post-treatment.[13],[20],[35],[45],[46],[47] Changing any of these parameters will 

dramatically alter the activity, selectivity and stability of the catalyst. The 

details of this are summarised in Table 1.1. Also, the phenomena mentioned 

in section 1.1 during FTS, i.e. surface reconstruction, sintering, carbon 

accumulation, re-oxidation, can influence FTS performances and lead to 

catalyst deactivation. [22],[25],[48],[49],[50],[51]  

1.3.1. Nanoeffects (i.e. size, crystal phase and shape) on FTS reactivity 

1.3.1.1. The effects of CoNPs size 

 

Figure 1.3. Co size-dependent TOFCO (a) and C5+ selectivity (b) for oxide supported 

cobalt catalysts. There is a linear relationship between NP size and CO TOF values 

or C5+ selectivity for CoNP below 10 nm; once the size larger than 10 nm, those 

TOF or products selectivity are irrelevant to the NP size. Reproduced from 

reference [47]. 

 

The significance of FTS reactivity is strongly dependent on CoNP size, once 

CoNPs become small (i.e. a few nm), the active sites are different from those 
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of the bigger particles.[52],[53] Experimental data show TOF (turnover 

frequency) values of CO and C5+ selectivity are proportional to the CoNP 

size when the NPs are smaller than ~10 nm; while above this critical size, 

those values stay relatively constant (Figure 1.3).[47],[54]  

Some researchers believe that the low reactivity of smaller CoNPs comes 

from the higher proportion of uncoordinated atoms in the nanoparticles, 

particularly at the surface, which causes the adsorbed or dissociated CO or 

H2 hard to remove and can even block the uncoordinated atoms.[55],[56],[57] 

den Breejen et al.[57] reported that surface residence times and coverage 

ratios of reaction intermediates have a relationship with CoNP size (in the 

range of 2.6~16 nm), which were measured by steady-state isotopic transient 

kinetic analysis (SSITKA). Specifically, the surface residence times of formed 

CHx and OHx intermediates during the activation process increased at higher 

H2/CO ratio and lower temperature, while the residence time of CO 

decreased for small CoNPs (< 6 nm). The results indicate that the high 

proportion of unoccupied coordinated atoms on smaller CoNPs makes the 

bonding of metal with O, C or with other atoms easier. Based on theoretical 

calculations, the so-called size effect has been related to the number of the 

most active B5 sites for FTS. It has been shown that the B5 sites on small 

CoNPs (< 6 nm, both hcp and fcc phase) are fewer in number than on larger 

NPs (Figure 1.4).[53],[54] However, the mechanisms of a reaction and the 

impacts of the CoNP size on performance are still debated, with some 

researchers even proposing that there is no intrinsic nanoparticle size 

effect.[58]   

In addition, it has also been shown that there is a size-effect on CoNPs’ 

stability with smaller CoNPs being easier to deactivate during FTS than 

larger ones.[59],[60] X-ray diffraction computed tomography (XRD-CT) data for 

Co/Al2O3 systems, for example, shows that NPs with a size below 7 nm are 

unstable and oxidise in the early stages of FTS.[22]  Wolf et al.[59] showed that 

the critical CoNP size for re-oxidation is below 4 nm for Co/SiO2 catalyst. The 

reasons for the catalyst deactivation strongly depend on the NP size and 

support type and are also not well understood.[21],[22]  
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Figure 1.4. Correlations between B5 sites and CoNP size/metal phase (a); and 

types of B5 sites in a 10 nm hcp and fcc metal CoNP (b). The number of B5 sites 

has a linear relationship with CoNP size only when NP < 6 nm. Either fcc or hcp 

metallic cobalt has several types of B5 sites while some unique sites with high 

activity for FTS can only be present in hcp cobalt. Reproduced from reference [53]. 

 

1.3.1.2. Influence of cobalt metal types 

 

Figure 1.5. (a) schematic showing the effect of fcc and hcp cobalt phases on FTS 

activity; (b-c) FTS synthesis activity (star) and selectivity (column) on hcp (b) and fcc 

(c) Co catalysts changing with reaction temperature. Conditions: H2/CO = 2 

(mol/mol), GHSV = 2 L·(gcat·h)−1, P = 1 MPa. Reproduced from reference [61]. 

 

The cobalt metal phase is another factor that has been implicated in 

influencing FTS performance, with the hcp cobalt polymorph deemed to be 

more active than the fcc counterpart. This has been proposed based on both 
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theoretical calculations and experimental testing.[61],[62],[63] On the hcp 

polymorph, CO dissociation is much easier than on the fcc phase with ca. 40 

kJ/mol lower activation energy observed (Figure 1.5a).[61] This is due to the 

different exposed facets of those two phases, and the different types of B5 

sites for CO conversion. It was reported that hcp cobalt could form unique 

types of B5 site with less hinderance for CO adsorption.[53] However, the 

effect of crystal polymorph on FT product selectivity appears insignificant 

although hcp cobalt was reported to promote more long-chain hydrocarbon 

formation (~5 %, Figure 1.5b & c).[61],[63] The NP size is an important 

consideration to produce hcp or fcc cobalt from cobalt oxides. Generally, 

CoNPs adopt the fcc phase or a mixture when the size is smaller than 20 nm, 

while in big NPs (> 40 nm) hcp phase cobalt is dominant.[40] Fortunately, both 

phases can be maintained under FTS conditions without significant ratio 

changes.[61],[63] Recently, intergrowth structures of hcp and fcc cobalt have 

been reported in X-ray diffraction patterns [21],[64], whose role in FTS is still 

unclear, but these structures appear to more active in FTS than hcp or fcc 

polymorphs alone[21]. 

1.3.1.3. Effect of shape on CoNPs properties and performance 

The presence of exposed facets of CoNPs is not only affected by NP size or 

metal phase but also by their shape or morphology. In most cases, the 

generated CoNPs are spherical, however, other shapes of CoNPs and their 

FTS performance have also been reported in the literature. Nie, et al.[65] 

synthesised hcp pyramids, hcp rods and fcc octahedrons (supported on 

carbon spheres) with exposing different facets and tested their FTS 

performance. It was found that the hcp pyramids with a <10-11> facet are the 

best configuration with the highest FTS activity and C5+ selectivity. This was 

attributed to their possession of the lowest activation energy requirement for 

CO dissociation and higher activation energy for CHx hydrogenation. 

Similarly, Qin, et al.[66] compared the FTS reactivity on reduced Co3O4 

nanoplates, nanosheets and nanocubes and found on Co3O4 the <112> facet 

exhibits the best activity and C5+ selectivity. This Co3O4 <112> facet is mainly 

distributed on the nanoplates and will transform to a hcp Co <10-11> facet 

during reduction with more B5 sites. Thus synthesising CoNPs with a specific 
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shape (e.g. nanoplatelets) is a promising way to improve FTS reactivity. 

However, van Deelen, et al.[67] more recently reported that disk-shaped hcp 

CoNPs possess lower FTS reactivity when compared to spherical  ε-CoNPs 

due to the presence of a high number of <0001> facets on disk-shaped NPs. 

As such, the significance of controlling the shape of CoNPs to expose more 

active cobalt facets with high FTS activity and hydrocarbon selectivity needs 

further investigation to determine their importance. Interestingly, the facets of 

the above NP have been shown to be largely maintained during FTS.  

1.3.2. Effects of supports on FTS reactivity 

The most commonly used supports for cobalt catalysts always have high 

surface areas (e.g. 100 m2/g) including oxide supports (TiO2, Al2O3, SiO2, 

CeO2), carbon supports (carbon nanotube, CNT or activated carbon, AC) 

and zeolites (ZSM-5, SBA-15). In this scenario, the nature of supports and 

their interactions with cobalt will significantly affect the FTS activity, product 

selectivity and also the catalyst stability.[45]  

CO conversion is mainly correlated to the reducibility of Co when oxide 

supports are used and when equivalent dispersion of cobalt is achieved. 

When supported on silica (SiO2) and carbon nanotubes, Co is much easier to 

reduce than when supported on titania (TiO2), alumina (Al2O3), ceria (CeO2) 

and zeolites where a lower degree of reduction is observed.[68],[69],[70],[71],[72] 

However, hydrocarbon synthesis rates and site-time yields (equivalent to the 

TOF) on the cobalt catalysts are independent of the oxide support (e.g. SiO2, 

Al2O3, TiO2).[73] In terms of selectivity, on traditional oxides supports like silica, 

titania, alumina and carbon nanotubes, long straight-chain hydrocarbons are 

often obtained.[72],[73],[74],[75] While in the bifunctional catalysts (i.e. supported 

on zeolites), the short and branched chain products, e.g. gasoline or diesel, 

can be directly formed.[33],[70],[76] On some supports like CeO2, more 

oxygenates are observed, especially linear alcohols (14.8 %). This promotion 

is thought to involve the Co–CeO2 interface leading to termination of carbon 

chain growth (ceria is partially reduced) and a possible role of bridging -OH 

groups.[37] 
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The reasons why cobalt on different supports shows such distinctive FTS 

performances can be attributed to the pore size, crystal types, metal-support 

interaction, acidity and surface groups.[68],[75],[77],[78],[79] For cobalt catalysts 

supported on mesoporous materials (INT-MM1, MCM-41, SBA-15), FTS 

reaction rates were found to be much higher when their pore diameter 

exceeded 3 nm. Larger pore size also led to significantly higher C5+ 

selectivity (diesel fraction). This was explained as being due to the cobalt 

species size increase with pore diameter and thus the reducibility of the 

catalysts was improved.[77],[80] On oxide supports, CoNP size and reducibility 

also show a similar trend as above. Therefore, the probability of Co3O4 

agglomeration will increase when the pore size reaches a specific value. And 

indeed, on γ-Al2O3 and SiO2 (small pore diameter), Co3O4 presents as 

clusters, while on TiO2 (extremely large pore diameter) it forms as dispersed 

“crystals”.[74] Besides the pore size, the crystalline phase of the support also 

influences the FTS activity of a catalyst. For example, it was observed that 

C5+ selectivity of CoNPs on α-Al2O3 was higher compared with that on γ-

Al2O3 although the surface area of γ-Al2O3 is ~10 times higher than α-

Al2O3.[79] And the authors believed those selectivity differences are due to the 

different (surface) chemical properties of the Al2O3 polymorphs rather than 

the diffusion effects (i.e. surface area). However, FTS activity was 

considered to be largely dependent on the pore structure rather than the 

crystal phase in the Al2O3 support.[75] 

When cobalt is dispersed on a support, it is likely to form a so-called metal-

support interaction. It was observed that significant MSI effects were 

observed on supports in the following order: Al2O3 > TiO2 > SiO2.[69] Lee et al. 

reported for a cobalt cluster containing 27 atoms, long-chain hydrocarbons 

selectivity followed an order of Co/C(Diamond) > Co/Al2O3 > Co/MgO. Here 

the authors correlated FTS performance with the formed cluster-support 

interactions of the system.[81] The origins and impact of the MSI have been 

explored by many researchers. Riva et al. used XPS to apportion the poor 

reducibility of cobalt on titania due to cobalt spreading on the surface.[68] 

However, Melaet et al. concluded the low FTS reaction rate of the Co/TiO2 
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catalyst after high temperature reduction was owing to CoOx encapsulation 

into the reduced TiO2-x compounds.[82]  

Acidity (including Brønsted/Lewis acid) is an important parameter in supports 

such as alumina and zeolites and is known to influence the FTS 

performance.[44],[83] Zeolite-supported cobalt catalysts tend to generate lighter 

and highly branched products (e.g. gasoline) and even aromatics. However, 

an essential factor for isomerisation and aromatisation is that the formed 

typical FTS hydrocarbons must have access to the (internal) zeolitic acid 

sites.[70],[78] The acidity of Y-zeolite based cobalt catalysts could be 

modulated by a method of acid and base leaching. CO conversion and 

C5~C11 selectivity on catalysts of Co/Y-ABx (AB is acid and base leaching, x 

is the leaching times) after acid and base leaching increased significantly 

with comparison to those on the pristine Y supported cobalt catalyst. The iso-

paraffin selectivity on a Co/Y-AB4 catalyst has been reported to reach 

52.3 %.[76] As said in the cobalt-zeolite catalysts, CoNP sizes and mesopores 

are also key factors to determine the selectivity of FTS and of hydrogenolysis 

of long-chain hydrocarbons. For example, in a mesoporous Na-type Y-zeolite 

supported catalyst (8.4 nm of CoNPs size, 15 nm of mesopores), the diesel 

and methane selectivities in FTS could reach as high as 60 and as low as 

5 %, respectively.[33] However, when compared with pore structure, the 

acidity of a support plays a more important role in the production of higher 

hydrocarbons.  

Surface groups of a support change the FTS performances as well.[72],[84] For 

instance, in the Co/SiO2 catalyst pre-treated by acetic acid, higher CO 

conversion and lower methane selectivity was observed.[84] And in the H2O2 

functionalised CNT (comparing with a common CNT) supported Co catalyst, 

the FTS rate and C5+ selectivity increased by 0.14 g HC/gcat./h and 7.4 %, 

respectively, while CH4 selectivity decreased by 44 %.[72] 

1.3.3. Effects of promoters on CoNP reducibility, reactivity and stability  

As mentioned in section 1.1, for FTS catalysts the major concerns are not 

only simply increasing activity, C5+ selectivity and stability but also 

suppressing the formation of paraffins while promoting oxygenates and 
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olefins or directly producing gasoline and/or diesel.[47],[85],[86] To realise those 

ambitions, promoters, as a third agent, are added to alter the properties of 

cobalt catalysts and these include noble metals, transition metal oxides and 

alkali/alkaline-earth metals.[35],[52],[87],[88] Those promoters are used as 

structural, textural and electronic modifiers, stabilizers, and also impart a 

degree of poisoning-resistance to improve the catalytic performance.[35],[88] 

However, the exact function of a promoter is difficult to define owing to the 

overlap with the aforementioned effects.  

1.3.3.1. Noble metals  

For oxide supported cobalt catalysts, reducibility is a big issue as cobalt-

support compounds form readily, decreasing the number of active sites for 

FTS. Many reports note that the addition of platinum group metals (PGM) 

can promote higher CO conversions of the Co catalysts by promoting cobalt 

oxide reduction to metallic cobalt.[52],[89],[90] The higher metal Co dispersions, 

synergistic effects, or the suppression of the formation of cobalt-support 

compounds will result in an improved activity of PGM promoted cobalt 

catalysts.[91]  

Vosoughi et al.[92] found that adding noble metals (Ru, Re, Ir, Pt) can 

extensively improve CoOx reduction with a maximum observed via promotion 

of Pt. CO conversion was increased from 60 (non-promoted) to 86 %, 

followed by 84, 82 and 80 % when adding Ru, Re, Ir and Pt, respectively. In 

addition, noble metals also have a positive impact on the cobalt dispersion 

(e.g. 4.7 to 7.6 % for the Ru addition) with a decreasing order of: Ru > Re > 

Pt > Ir. In contrast, Ma et al.[52] demonstrated that Re-, Ru-, Pt-promoted and 

unpromoted Co catalysts have essentially identical initial Co TOF values 

(0.092~0.105 s−1). Exceptionally, the TOF value for the Pd-Co catalyst was 

approximately 40 % lower. The reasons considered were that palladium 

atoms segregate on the cobalt surface and partially block the active sites.[52]  

Furthermore, the Re and Ru do not affect the selectivity of C2~C4 olefins (the 

most promising products in FTS), but do suppress the re-adsorption and 

secondary reaction of α-C4 olefins; while the Pd and Pt lower olefin selectivity 

but increase β-C4 selectivity.[52] As for Rh, its addition lowers the temperature 

of cobalt oxide reduction but without any impact on dispersion.[93] A small 
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quantity of Rh when added to Co/SiO2 only has the effect of increasing the 

CO conversion (by 9 %), but had no effect on selectivity.[93] The authors 

proposed that the spillover effect of H2 from noble metals such as Rh to Co 

during FTS is responsible for the increased activity on Rh added Co/SiO2 

catalysts. Actually, PGM metals, not limited to Rh, can provide and keep a 

relative higher hydrogen concentration on the surface of the cobalt-

containing catalysts because it is easier to dissociate hydrogen on them; this 

enhances  initial cobalt oxide reduction and prevents the metallic cobalt from 

oxidation in the presence of water.[52],[92],[94]  

The structures and the PGM- cobalt interactions of the promoted catalysts 

have been reported in the literature.[89],[95] An in situ X-ray absorption 

spectroscopy (XAS) analysis found that Ru is present as short chain 

Ru(OH)4 oligomers when deposited on SiO2  and that these form upon 

drying.[89] The Co3O4 formed in the calcination process promotes the 

sublimation of Ru. Reduction of the Ru oxide takes place in two steps, first to 

Ru(III)-containing CoO NPs, then to bimetallic CoNPs containing Ru0, via an 

auto-catalytic process.[89] As low as 0.2 wt.% loadings of Ru are sufficient to 

form the close association to afford reduction of cobalt completely. Pirola et 

al.[95] found two different PGM-cobalt interactions in Co/Pt and Co/Ru 

bimetallic catalysts with the help of the Extended X-ray Absorption Fine 

Structure (EXAFS) technique. Ru1-yCoy solid solutions possessing the hcp 

phase were identified to form with compositions variable in y ranging from 

0.1 to 0.23 for all PGM added solutions. In the Co/Pt bimetallic nanoparticles, 

the structure of the platinum-containing phase is strongly dependent on 

platinum concentration. Cobalt and platinum form the intermetallic Pt-Co 

compound for low platinum concentrations (0.1 %) with an fcc structure.  

The stability after noble metal addition has also been explored.[88],[96] It has 

been reported, from EXAFS data, that cobalt clusters significantly aggregate 

during the early period of deactivation under FTS. Promotion with Ru or Pt 

allowed for the reduction of cobalt species interacting with the support, 

yielding a larger number of active sites. These smaller cobalt clusters which 

were attributed to PGM promoter addition, were different from bulk-like cobalt. 

But they were unstable, and easy to sinter and re-oxidise.[96]  
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1.3.3.2. Transition and rare-earth metals 

Transition metals and their oxides are generally added as structural 

promoters, to ensure the selectivity for heavier hydrocarbons and maintain 

the stability of the cobalt catalyst by adjusting metal-support interactions.[35] 

Elements including Y, Ti, V, Mn, Zn, Zr and Mo were employed as promoters 

by Shimura et al.[97] Although the addition of Mn, V and Mo on Co/Al2O3 

catalysts decreases Co reducibility and dispersion, the intrinsic activity on 

each Co metal site increases. Moreover, metals apart from Mn, V and Mo do 

not change the TOF even though they can affect the Co reducibility and 

dispersion. Mn attracts great interests due to its promotional effects for 

producing olefins and oxygenates.[86],[98],[99] Although Mn addition will inhibit 

cobalt reducibility and dispersion, the formed Co3-xMnxO4 compounds will 

facilitate CO dissociation and increase the intrinsic activity of the catalysts 

but prohibit the activity of hydrogenation from increasing C5+ selectivity.[35]  Zr 

was found to improve cobalt reducibility due to the presence of Zr-rich 

phases, inhibiting the formation of cobalt-alumina compounds as well as to 

increase long-chain hydrocarbons selectivity by modifying the acidic sites on 

alumina.[100] V (≤ 4 wt.%) could improve CO conversion by as much as 

125 %. Small amounts of V are thought to firstly enhance CO dissociation, 

then increase the concentration of surface-active carbon species and lastly 

improve the selectivity of C5+.[101] Addition of Nb also enhanced the C5+ 

hydrocarbons selectivity and reduced methane selectivity.[102]  

The promotion by rare-earth metals (La, Ce) leads to better FTS 

performance when compared to that of unpromoted cobalt catalysts as 

revealed by He et al.[85], where CO conversion and C5+ selectivity are 

strongly increased and the selectivity to C1~C4 hydrocarbons decreased. 

More promisingly, the La and Ce co-promoted catalysts can further increase 

CO conversion and even directly produce C12~C18 diesel rich synthetic oil. In 

addition, CeO2 in Co/ZrO2 catalysts could not only improve cobalt reducibility 

and dispersion and FTS activity but also effectively inhibit re-oxidation of 

cobalt as well as aggregation of CoNPs during the FTS reaction, improving 

the catalyst’s stability.[103] Gd however has been observed to cause carbon 
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deposition at lower temperatures to deactivate the catalyst, although it can 

enhance the C5+ hydrocarbons selectivity and reduce methane selectivity.[104] 

1.3.3.3. Alkali, alkaline-earth elements and others 

Alkali and alkaline-earth elements, having strong basicity, often act as 

electron donors to transfer electrons to cobalt and then suppress H2 

adsorption whilst promoting CO adsorption and dissociation. Alkaline-earth 

metals are more often added to cobalt catalysts to improve heavier 

hydrocarbon selectivity, but adding more than one of them has a negative 

impact on FTS activity.[35],[105]   

A CoRe catalyst impregnated with ppm-levels of Li, Na, K, and Ca was 

studied by Lillebø et al. with an observed lowering of 33~43 % in FTS 

activity.[105] This could be due to the inhibition of H2 and CO adsorption by 

increasing their heat of chemisorption in the Na added samples.[105] Similarly, 

adding 1 wt.% K can decrease CO conversion by ten times at 503 K but 

slightly increase C5+ selectivity on a mesoporous carbon supported cobalt 

FTS catalyst.[106] The authors also proposed that the H2 and CO 

chemisorption changes with adding K by modifying the surface 

acidity/basicity. However, it was reported that small amounts of Ba (≤ 2 wt.%) 

could increase cobalt reducibility and enhance CO conversion as well as C5+ 

selectivity.[107],[108] Furthermore, alkali metals can significantly promote the 

selectivity of higher alcohols at high CO conversions, particularly Na.[38] 

Other promoters such as B have also been suggested to significantly 

improve cobalt catalyst’s stability (six-fold) without affecting its FTS activity 

and selectivity. Furthermore, it has been proposed that this improvement is 

due to boron’s ability to selectively block the formation of resilient carbon 

species on the surface of the catalyst.[109]  

1.3.4. Other factors affecting Co FTS performance 

Other influences affecting the performance of a Co FTS catalyst includes 

cobalt precursor type, preparation method and pre-/post-treatment. 

[13],[110],[111],[112],[113],[114],[115] Firstly, the cobalt precursors refer to the cobalt 

salts used for catalyst preparation, e.g. cobalt nitrate, cobalt chloride, cobalt 

acetate, cobalt acetylacetonate and cobalt octacarbonyl. But the most 
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commonly used is cobalt nitrate based on literature.[110],[111],[114],[115] It has 

been observed for example, that a decrease in basicity and CoNP size in SiC 

supported catalysts observed the following trend for activity and C5+ 

selectivity: Co(NO3)2 > CoCl2 > Co(CH3COO)2 > Co3(C6H5O7)2.[114] Similarly, 

a recent study reported that CO conversion is much higher for cobalt nitrate 

prepared catalysts albeit with a lower C25+ selectivity in comparison to cobalt 

acetate prepared ones.[115]  

Catalyst preparation methods include traditional impregnation, precipitation 

and sol-gel,[13] and advanced methods, such as microemulsion or reverse 

micelle encapsulation (RME)[116],[117],[118], chemical-vapour deposition 

(CVD)[58] and thermal decomposition (TD)[67],[119],[120]. Traditional preparation 

methods such as incipient wetness impregnation are the most scalable, 

enabling the possibility to produce large quantities of powdered catalyst. But 

due to the non-uniform CoNP size and poor reducibility (strong MSI), the 

FTS activities are often undesired (with low CO conversions or C5+ 

selectivity). However, small improvements in those methods can lead to 

unexpected results. Gong, et al.,[121] recently reported CoMn spinel oxide 

was only obtained by precipitation starting from the cobalt nitrate and then 

Co2C nanoprisms were generated with high FTS activity and olefins 

selectivity due to the presence of <101> and <020> facets. Other 

preparations targeting the formation of Co2C resulted in the formation of 

nanospheres with low FTS activity. In contrast, RME, CVD or TD methods 

lend themselves more readily to the obtaining of CoNPs with high uniformity, 

and are particularly suited for the preparation of two-dimensional (2D) 

catalysts (i.e. NPs supported on single crystals, see Figure 2.2). Even though 

the study of 2D systems is non-ideal for catalysis research i.e. comparatively 

high cost of preparation and perhaps more importantly, it is difficult to obtain 

useful performance data, those methods are widely used in academic 

research due to the possibility to control NP size, shape or facet exposure.    

Lastly, pre-/post-treatments include drying, calcination, reduction or 

reduction-oxidation (RO) cycles,[13],[29] or physical treatments such as plasma 

etching[122] and ultrasonication[123], can also remarkably change the FTS 

performance of the catalyst. Furthermore, anyone of the physical post-
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treatment procedures adapted in the above i.e. temperature, gas, ramping 

rate and such, can dramatically alter the properties of the cobalt catalysts. 

For example, Munnik, et al.[124] compared the effect of drying temperature on 

the nature of Co/SiO2. It was found high temperature (448 K) drying in N2 will 

lead to strong aggregation of CoNPs before and after FTS whilst a lower 

temperature (373 K) treatment will maintain high cobalt dispersion. Those 

parameters are vast and complex, hence optimizing the catalyst design is 

very difficult.[29]    

1.4. Metal-support interactions  

1.4.1. Overview of metal-support interactions in FTS cobalt catalysts 

 

Figure 1.6. Schematic of metal-support interactions phenomena. Where the blue 

shape represents a metallic CoNP and the rectangle underneath is the oxide 

support. Particularly, weak interaction in (a) leads to NPs sintering; the twill in (b) 

describes the cobalt-support compound formation affecting components of the NP 

and its vicinal support; the hat-shape in (c) displays the spreading of the NP; the 

dotted semicircle in (d) means the migrated oxide layer from support to surface of 

the NP; and lastly (e) shows the electron transfer between the NP and the support.  

 

For a heterogenous cobalt-based FTS catalyst, CoNPs must be dispersed on 

a support with high specific surface area, resulting in MSI forming between 

the cobalt and support (Figure 1.6), particularly for the oxide supports. The 

interactions, either weak or strong, do change the nature of CoNPs and can 

lead to desired or undesired results for a reaction.[125],[126] Generally, the 

metal-support interactions involve ‘atom and/or electron’ migration and 

transfer, which affect NP morphology, composition, mobility, surface 
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exposure and electronic states.[125],[126],[127] Those interactions can be 

produced and enhanced during the whole life of a catalyst such as when 

drying, calcination, reduction and FTS reaction. Preparation, activation and 

FTS reaction of a catalyst will promote the formation of metal-support 

compounds, NP aggregation or electron transfer. Additionally, reduction or 

FTS reaction can also produce (support) encapsulation of NPs and/or atom 

migration on support. Mild operation (e.g. low temperature)[124],[128],[129] can 

effectively inhibit the formation of those interactions. Besides, support type 

will also affect the interactions, which means CoNPs can form some unique 

interactions on a certain type of support. For example, when using carbon 

materials as supports so-called metal-support compounds do not form, but 

often as a consequence, this leads to sintering or electron transfer.[43],[47] In 

contrast, reducible supports such as TiO2, CeO2 or Nb2O5, often encapsulate 

CoNPs with the reduced amorphous parts of these support materials. 

Surface modification of supports is widely used to change the interactions 

between cobalt and support, then to improve the FTS reactivity,[45],[130] which 

are realised by the application of organics or carbon materials 

coverage/deposition to alter the surface chemical groups, acidity/basicity and 

surface facets exposure of a support. Promoter addition is also used to 

modulate the MSI, as previously discussed in section 1.3.3. 

1.4.2. Metal-support interactions in Co/TiO2 catalysts 

 

Figure 1.7. The crystal unit-cells for anatase (a), rutile (b) and brookite (c). 

Reproduced from reference [131]. 
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TiO2 is widely used in painting, (photo-)catalysis, semiconductor, solar cells 

and medicine.[132],[133],[134] There are three distinct crystallographic TiO2 forms 

in nature, i.e. anatase, rutile and brookite (Figure 1.7), where rutile is the 

most thermodynamically stable phase, adopting a P42/mnm tetragonal space 

group.[135] Each Ti in rutile is octahedrally coordinated with six O atoms with 

Ti-O bond length of 0.195 or 0.198 nm. Anatase (I41/amd) and brookite 

(Pbca) are metastable with respect to rutile with the relatively loose crystal 

structure (but similar Ti-O bond lengths) and can irreversibly transform into 

rutile at elevated temperatures (to > 823 K).[136] This could be due to the 

difference in configuration of octahedral molecules. For example, the 

octahedral units are edge-shared in rutile, which is more compact than the 

zigzag chains in the anatase phase.[137] The commercially available TiO2 

powder (e.g. Evonik-Degussa P25, with average particle size of 25 nm), 

often used as a catalyst’ support, is a mixture of rutile and anatase.[138]  

As a support, metal NPs will form somewhat interaction with TiO2 when they 

contact each other. Furthermore, the surface properties of TiO2 will directly 

affect the interactions between them. For a clean and defect-free TiO2 (e.g. 

<110> orientation) the surface comprises both a polar component and a non-

polar component by dint of termination with fully-/under-coordinated Ti (i.e. 6-

/5-fold coordinated Ti, 6c-/5c-Ti) and O (i.e. 3-/2-fold coordinated O, 3c-/2c-O) 

respectively, although the stable surface is the non-polar one. The bonding 

via terminal O (M-O-Ti, e.g. alkali metals whose Pauling electronegativity < 

1.9) will enable a charge transfer from metal to TiO2 while those bonding via 

terminated Ti (M-Ti, e.g. noble metals with Pauling electronegativity > 1.9) 

can facilitate the charge transfer from TiO2 to metal.[139] However, in reality 

the surface of TiO2 commonly contains defects such as -OH and oxygen 

vacancies (Ovac).[137],[139],[140] Those defects are particularly important for the 

interaction between metal and TiO2 and their catalyst performance.[140]  

Apart from the surface properties, the bulk defects also play a role in metal-

TiO2 interactions. The bulk defects mainly come from the Ovac and interstitial 

Ti ions, which can diffuse in the solid and then lead to oxidation or 

encapsulation of the supported metal.[139] The bulk defects can be generated 

by high temperature heating, doping, ion sputtering and light irradiation.[139], 
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[141],[142] Those above metal-TiO2 interactions will become more complex and 

significant when exposed to gases, particularly for the Co-TiO2 system.[139] 

Previous studies have attested a number of ‘interactions’ between cobalt and 

TiO2 including a weak interaction (leading to sintering), TiO2-x decoration 

(comprising of encapsulation), oxidation of cobalt, interdiffusion to form 

cobalt titanate, cobalt atoms migration on TiO2 and charge transfer.[125],[126] 

As mentioned, those interactions are not only driven by cobalt and TiO2 

themselves but also affected by the subsequent reaction conditions (e.g. 

feedstocks or products).[126] This is expanded upon further below. 

1.4.2.1. Weak interaction  

The weak interaction in this instance refers to how CoNPs do not form 

chemical bonds with the TiO2 surface, largely maintaining their nature as free 

CoNPs. These CoNPs are easy to reduce but also will move around to sinter 

or agglomerate into bigger NPs via the mechanisms of Ostwald ripening or 

coalescence.[28] This sintering is not only driven by operational conditions 

(e.g. temperature, gas composition) but is more specifically affected by the 

nature of the interaction between cobalt and support (including surface 

energy, contact angle, adhesion energy, chemical potentials).[28] CoNP size 

is an important consideration for sintering. It is already known that this 

nanoeffect will lower the NP melting point,[143] thus the Hüttig temperature of 

CoNPs would be lower than 530 K (bulk cobalt).[128] Thus the smaller CoNPs 

with higher surface energy, adhesion energy and chemical potential despite 

low contact angle will lead to significant sintering of the NPs during the 

operational conditions, i.e. H2 reduction at 623 K or higher and FTS reaction 

at 493 K.[28] TiO2 itself can also affect the sintering behaviour of CoNPs. It 

has been reported that sintering of CoNPs on TiO2 anatase occurs more 

readily in comparison to rutile or their mixture P25 and while the effect of 

surface area of TiO2 on sintering is unnoticeable.[138] Often sintering is 

considered problematic, leading to a decrease in the number of exposed 

cobalt atoms for FTS and a retarding of the FTS activity.[120] Sintering of 

CoNPs is therefore an important challenge in the development of a cobalt 

catalyst for FTS. Fortunately, due to the strong cobalt-titania interaction in 

prepared Co/TiO2 catalysts, sintering is less of an issue when comparing 
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with silica or carbon supported cobalt catalysts.[29] To prevent sintering of 

CoNPs, measures such as preparation optimization (in drying, calcination or 

reduction) and TiO2 modification by enhancing the anchorage of CoNPs are 

typically applied according to the literature. [28],[29] 

1.4.2.2. Decoration 

 

Figure 1.8. Electron microscope (EM) images showing TiO2-x encapsulation layer on 

a CoNP in Co/TiO2 after reduction. Reproduced with permission of reference [144] (a) 

and [145] (b).  

 

Decoration refers to the phenomenon where CoNPs become decorated by 

the TiO2 support modifying the morphology and affecting the facet exposure 

of the CoNPs (see Figure 1.6 & 1.8). The most commonly observed 

decoration is the encapsulation of NPs by reduced TiO2-x due to the 

reducible nature of TiO2 (see EM images in Figure 1.8). [82],[144],[145],[146],[147], 

[148],[149],[150],[151],[152],[153] This effect is also called strong metal-support 

interaction or SMSI in many TiO2 supported metal NPs and was firstly 

reported by Tauster in 1978.[154],[155] The reduced Ti3+ or even Ti2+ 

compounds migrate onto the surface in order to minimize the high surface 

energy of the CoNPs, but as a consequence will decrease and block the 

exposed cobalt active sites for FTS and even form an inactive cobalt titanate 

shell with surface cobalt.[146],[156] Thus syngas adsorption on cobalt will be 

hindered and weakened, leading to a decrease in FTS activity and selectivity. 

TiO2-x layers can comprise permeable and impermeable sublayers, where the 

permeable TiO2-x layer not only allows molecules to pass through and 

maintains the reactivity but also improves the stability of NPs, while the 
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impermeable layer is a robust structure and stops the interaction with 

syngas.[157] The impermeable layer is often created by the H2 reduction 

process while the permeable layer formation is attributed to reaction i.e. 

CO2/H2
[157] or melamine/N2/air treatment[158]. The classic and reversable 

impermeable layer can be removed or broken in an oxidising atmosphere[147] 

while the permeable layer is maintained.[158] What the real difference is 

between both ‘layers’ is still a matter for debate, but Matsubu, et al. proposed 

that the permeable layer is amorphous whilst the impermeable one is 

crystalline.[157] Nevertheless, the FTS activity was strongly inhibited by the 

amorphous TiO2-x layer.[144] The crystal phase of TiO2 is another concern that 

affects the TiO2-x layer. As mentioned above, rutile is more stable than 

anatase and brookite thus the weak encapsulation is expected to occur in the 

rutile supported CoNPs.[159],[160]  

1.4.2.3. Cobalt-titania compounds 

 

Figure 1.9. The computed CoO-TiO2 (rutile) phase diagram in air. CoTiO3 and 

Co2TiO4 can stably exist in the cobalt-titania FTS catalysts under FTS conditions 

(493 K); note that spinel ss refers to a spinel solid solution of Co2TiO4-Co3O4. 

Reproduced from reference [161]. 

 

The formation of cobalt-titania compounds has been widely reported in the 

literature.[68],[162],[163],[164],[165],[166],[167],[168],[169] These compounds strongly inhibit 

cobalt oxide reduction to metallic cobalt and decrease the number of active 

sites for FTS. The type of cobalt-titania compounds previously identified in 
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cobalt-titania catalysts for FTS mainly refers to CoTiO3 (ilmenite) or Co2TiO4 

(spinel) based on the CoO-TiO2 phase diagram in Figure 1.9.[161],[164],[170] The 

exact structure of cobalt titanate in fact is difficult to determine, possibly even 

being present as a non-stoichiometric material from Raman spectroscopy.[171] 

Electron spin resonance spectroscopy has suggested a possible formula of 

Co0(HxTiOy), which is facilitated by surface Ti4+ and H2.[163] Since the 

reduction of Co3O4 to CoO supported cobalt catalysts is facile, the formation 

of cobalt titanates is thought to be caused by interaction between CoO and 

TiO2.[164] In addition, water vapour formed during reduction and the FTS has 

been suggested to promote the formation of such compounds even starting 

from metallic cobalt with evidence gleaned from characterisation techniques 

such as XAS and STEM (Scanning Transmission Electron microscopy) 

images.[164] In the same paper, the XAS fitting results show that rutile TiO2 

seems to promote more cobalt-titania compound formation than the anatase 

phase, although the cobalt possesses a higher apparent degree of reduction.  

1.4.2.4. Spreading 

Many publications have observed the phenomenon that is cobalt spreading 

on a support.[51],[68],[128],[165],[172],[173],[174] The spreading of cobalt can occur in 

the form of metal cobalt[128],[172],[173] or cobalt oxide[26],[51] and involves atom 

migration onto the support to form layers of a few of nanometres in 

thickness.[173] A key factor concerning cobalt spreading is the treatment of 

the catalyst at a temperature higher than Hüttig temperature of metal cobalt 

or cobalt oxide,[128] while the reaction (products) can also strongly promote 

spreading by forming mobile complex compounds between cobalt and gas 

components based on Raman spectra.[173],[175] The spreading of cobalt 

increases the opportunity of contact between cobalt and support, inducing 

stronger metal-support interaction. The enhanced interaction will promote the 

formation of more metal-support compounds and decrease the active sites 

(metal cobalt) for FTS. On the other hand, controlling the mild spreading of 

cobalt could provide a possible way to stop CoNPs sintering. It is also 

reported that spreading of cobalt oxide is an essential process to re-disperse 

large CoNPs into smaller ones during the ROR treatment.[26]  
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1.4.2.5. Charge transfer 

Charge transfer describes the effect when cobalt contacts a support by 

forming Co-O-M or Co-M bonds.[170],[176],[177] As stated before, there are many 

under coordinated Ti and O on the surface of TiO2, thus the interaction 

between Co and TiO2 are very easy to rationalise. The charge transfer can 

be due to cobalt replacing surface titanium (i) or cobalt chemisorbed to 

surface oxygen (ii).[176] The cobalt adopting the first process (i) acts as an 

electron acceptor (O 2p → Co 3d) while in the second process (ii) cobalt is 

the donor (Co 3d → Ti 3d). Cobalt acting as the electron acceptor would 

accumulate the electron (negative charge) on the surface of the catalyst 

while the holes (positive charge) are dispersed in the bulk, or vice versa for 

the electron donor model.[176] However, in reality, cobalt replacing titanium is 

difficult to occur, despite the presence of Ti defects in TiO2, thus the charge 

transfer typically adopts the chemisorption model. In FTS cobalt catalysts, 

electrons in reduced metal cobalt (with low work function) will directly transfer 

to TiO2 support (with high electron affinity), causing TiO2 reduction.[141] The 

low electron density of cobalt will result in less electron back-donation to 

adsorbed CO and vinylic intermediates and then decreasing activity of FTS 

and selectivity towards long-chain linear hydrocarbons accordingly.[6]  

1.4.2.6. Oxidation 

Oxidation of CoNPs by TiO2 is intrinsically unlikely,[139] but in practice the 

oxidation of CoNPs in cobalt-based FTS is widely reported, typically by the 

promotion of the support and the formation of water as a by-product.[25],[48],[49] 

Thus oxidation of CoNPs on TiO2 does not belong to the metal-support 

interaction that is discussed here.  

1.4.3. Co-TiO2 interaction modification, pre-/post-treatment 

The cobalt-titania interactions aforementioned, can often lead to undesired 

FTS properties. So the modification of such interactions is required, which 

typically comprises of pre-treatment and post-treatment modifications. The 

pre-treatment aims to prevent the formation of interactions while post-

treatment is to remove or diminish the interactions that have already risen. 

The cobalt-titania interactions mainly come from the unique nature of TiO2 
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but cobalt also plays a complementary role in the interactions. Therefore, the 

modification of TiO2, aiming to pre-modify the surface properties, is a 

promising effort to improve the interactions between cobalt and titania.[45]  

1.4.3.1. Pre-treatment 

Many chemical and physical methods have been applied to modify the TiO2, 

including deposition, plasma and irradiation treatment and these are 

discussed briefly below. 

Carbon materials are important media to change the interactions between 

cobalt and titania. Hong and co-authors[148] reported that carbon nitride 

deposited TiO2 can effectively stabilize CoNPs by preventing them from 

sintering and encapsulation, significantly improving the stability of the 

catalysts and maintaining the FTS performance. In this case, the carbon 

nitride could form a layer covering the surface of TiO2 and surrounding the 

CoNPs thus reduction of TiO2 was hindered and sintering of CoNPs was 

inhibited. As a consequence, the reducibility of cobalt was decreased by ~30 % 

(TPR, 773 K). Similarly, CoNPs on (hydrothermal) carbon coated TiO2 also 

showed improved resistance to sintering due to presence of surface groups 

on the carbon layer.[178],[179] The size of CoNPs and FTS reactivity show a 

strong dependence with the thickness of the carbon layer and post thermal 

annealing treatment.[178] The catalyst with 8 nm thickness of carbon layer 

showed the best C5+ selectivity due to the proper size of CoNPs and synergic 

effect of carbon coating layer and TiO2 core. Furthermore, the presence of 

the carbon layer can improve the reducibility of the catalyst effectively.[178],[179] 

Apart from carbonaceous components, promoters as mentioned above are 

another way to modify the interactions. Here noble metals (e.g. Pt, Ru, Rh) 

are mainly used to inhibit the formation of cobalt-titania compounds or 

facilitate their reduction.[35],[91] Other metals such as Mn are reported to 

protect cobalt spreading on TiO2 due to the segregation of Mn on the surface 

of CoNPs[180] while Zn[165] or alkali metals (K, Cs)[149] will increase the 

formation of cobalt titanate. Non-metal oxide mesoporous silica as a 

structural shell deposited on TiO2 was prepared to support CoNPs with 

strong sintering resistance observed during reduction and FTS.[181] This was 
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due to CoNPs being encapsulated in the mesoporous silica, forming strong 

interactions to stop the NPs from moving. However, this interaction also 

leads to poor reducibility of the catalyst, but fortunately this can be promoted 

by adding Ru promoter as discussed in section of 1.3.3. 

Surface groups/defects modification is also important, where surface groups 

include surface -OH, -O and Ovac. Introduction of Ovac or Ti3+ can improve the 

reducibility of cobalt-titania catalysts to some extent.[163],[182] The presence of 

Ovac can accept the oxygen-containing species and then promote the 

reduction of supported cobalt oxide. Ovac generation can be obtained by 

thermal annealing, plasma, irradiation and ions sputtering.[141],[142] Lastly, 

changing the preparation procedure or gas treatment can affect the MSI as 

well. It has reported that using CO to replace H2 to reduce Co/TiO2 could 

lead to a high degree of reduction, CO conversion and C5+ selectivity.[169] 

This was due to the weak cobalt-titania interaction induced by CO activation. 

1.4.3.2. Post-treatment 

Post-treatment modification allows for the cobalt-titania interactions already 

presenting in the catalysts to be subsequently diminished. Mejía, et al.[147] 

observed that a simple ROR treatment could modify the TiO2-x layer which 

was broken during the oxidation stage and not regenerated in the second 

mild reduction process. Thus, the molecules (CO, H2) can access the surface 

of cobalt leading to increase in FTS activity, but without affecting the 

selectivity. Coincidentally, a more advanced Ar+ sputtering approach can 

also remove the TiO2-x encapsulation layer increasing the exposure of metal 

NPs.[183] However, this ion sputtering method is more suitable for planar two-

dimensional catalysts. ROR treatment can also be used to re-disperse 

sintered CoNPs.[26] The formation of a hollow-sphere shell on the sintered 

CoNPs during oxidation is a key step to redisperse the cobalt and high 

pressure oxidation can lead to smaller CoNP size. However this may lead to 

a drop in the FTS intrinsic activity due to the size of CoNPs being too small. 

Furthermore, the ROR treatment has been shown only to redisperse CoNPs 

larger than 11 nm[184] whilst ROR can worsen the dispersion in similar 

cobalt/alumina catalysts.[185]  
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The aforementioned cobalt-titania interactions are summarised as Table 1.2. 

  

Table 1.2. Summary of the metal (Co)-support (TiO2) interactions and their effects 

on reactivity. The TiO2 can be anatase (A), rutile (R), their mixture (e.g. P25) or 

other types. 

# TiO2 support Reaction Interaction Reactivity Ref. 

1 
P25/ 

P25@C3N4 
FTS 

C3N4 stops NP’s 

sintering and TiO2-x 

encapsulation 

With C3N4 layer: CH4 ↓ 

C5+ ↑ 
[148] 

2 P25 ROR, FTS 
ROR breaks TiO2-x 

encapsulation 
FTS activity ↑ after ROR [147] 

3 A/ P25 FTS TiO2-x encapsulation CH4↑, C5+ ↓, activity ↓ [144,150]  

4 

A  
CO2 

hydrogenation 
TiO2-x encapsulation 

Activity ↓, CH4 ↑  

[149]  

R Activity ↑, CH4 ↓ 

5 A/R 
CH4/CO2 

reforming 
TiO2-x encapsulation 

Suppress coke 

formation, low activity on 

rutile 

[151,152]  

6 A 
Acetone 

hydrogenation 
TiO2-x encapsulation 

Methyl isobutyl ketone ↑, 

isopropanol ↓ 
[153]  

7 P25 
Hydrogenation of 

furfuryl alcohol 
TiO2-x encapsulation 

TiO2-x layer: stability ↑, 

1,5-pentanediol ↑, 

cyclopentanol and 

cyclopentanone ↓ 

[145]  

8 

R 

FTS 

Weaker TiO2-x 

encapsulation 

TOF(0.065 s-1), CH4 ↓, 

C5+ ↑ 

[159] 

A 
Stronger TiO2-x 

encapsulation 

TOF(0.063 s-1), CH4 ↑, 

C5+ ↓ 

9 TiO2(110) CO oxidation 
Ar+ sputtering to remove 

TiO2-x layer on PtNPs 
Activity ↑  [183]  

10 A 

Oxidation, 

reduction 

methanol 

reforming  

CoOx/TiO2 or CoxTiyOz 

encapsulating on Pt NPs 
- [146]  

11 TiO2 (R+A) 

FTS, 

CO2 

hydrogenation 

Reduction: CoOx wetting 

TiO2 (523 K); TiO2-x 

encapsulating Co (723 

K) 

523 K reduction: activity 

↑;  CH4 ↑ for CO2 

hydrogenation; 

olefins ↑ for FTS.   

[82]  

12 P25 FTS 

Co spreading during 

reduction and NPs 

sintering in FTS 

Activity ↓, CH4 ↑, C5+ ↓ [120]  
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13 
P25 FTS Co spreading  Activity ↓, CH4 ↑, C5+ ↓ [173] 

14 Calcined P25 H2 reduction 
Co spreading and cobalt 

titanate 

May high reactivity for 

FTS 
[68] 

15 P25 FTS 
Mn protects Co from 

spreading on TiO2 
- [180] 

16 P25 FTS Co-Ti compound CH4 ↓, C5+ ↑ [167] 

17 SiC@TiO2  
 

FTS 
Cobalt titanates 

Unchanged selectivity 

(C5+) but activity ↑ 
[168] 

18 TiO2(A+R) FTS Co-Ti compound 
CO reduction: activity ↑, 

C5+ ↑,  CH4 ↓  
[169] 

19 A 
CO 

hydrogenation 

Non-stoichiometric Co-

Ti compound 

CH4 selectivity 

unchanged, activity ↓ 
[171] 

20 A 
CO 

hydrogenation 
Co-Ti compound 

High Ti3+: activity ↑, CH4 

selectivity unchanged 
[182] 

21 P25 
CO2 

hydrogenation 
Cobalt titanates CH4 ↑ [162] 

22 A 
CO 

hydrogenation 
Co0(HxTiOy) compound Activity ↓ [163] 

23 A/R/P25 FTS 
Co spreading, Co-Ti 

compound 
Activity ↓ [164] 

24 TiO2 gel(A) FTS 
Co spreading, cobalt 

titanate 
C5-C15↑, C16+ ↓, activity ↓ [165] 

25 
TiO2(A/R/high 

surface area) 

Cinnamaldehyde 

hydrogenation  

TiO2-x encapsulation and 

Cobalt titanate 

Activity ↑, cinnamyl 

alcohol ↑ 
[166] 

26 R/A/P25 H2 reduction 
Strongest NPs sintering 

for A 
- [138] 

27 P25@C FTS 
Sintering and 

agglomeration 

Carbon layer: activity ↑, 

CH4 ↓, C5+ ↑  
[178] 

28 

P25@C/  

P25@SiO2 / 

P25@Al2O3 

FTS 
Carbon stops sintering 

and Co-Ti compound  
Activity ↑, C5+ ↑ [179] 

29 TiO2@SiO2 FTS 
SiO2 layer stop CoNPs 

sintering  

Activity ↑, 

selectivity unchanged 
[181] 

30 A DFT calculation 

Ti in TiO2 charge 

transfer to Co or Co  to 

O in TiO2  

- [176] 

31 TiO2(DT51) 
Ethane oxidative 

dehydrogenation 

Co to TiO2 charge 

transfer 
Activity ↓, C2H4 ↓, COx ↑ [170] 



UCL PhD thesis                                      Chapter 1  

52 
 

1.5. Summary and aims 

Summarising the literature concerning cobalt-based FTS catalysts, metal-

support interactions can be weak (leading to NPs sintering) or strong 

(support decoration, metal-support compound formation, cobalt spreading on 

the support and charge transfer). The interactions between cobalt and TiO2 

are particularly complex and significant, including all above mentioned types. 

Those interactions often lead to changes in FTS activity, product selectivity 

and catalyst stability, thus controlling the interactions and making them of 

benefit for FTS comprise the principle effort of researchers when designing a 

cobalt catalyst with desired performance. Nevertheless, how those 

interactions evolve are still unclear and are known to be strongly influenced 

by the catalyst preparation, gaseous/thermal treatment, promoter addition as 

well as pre-and/or post-treatment. Before that, insight and understanding of 

the cobalt-titania interactions formed during preparation, activation (H2 

reduction) and FTS have to be confirmed and (better) understood.  

Previous work, mainly concerning powdered catalysts as model samples and 

characterisation techniques that yield information on the sample as a whole, 

have been used regularly to determine the nature and extent of metal-

support interactions. Thus the information is averaged all CoNPs and TiO2 

and encompasses variety of non-uniform sizes, crystal phases, shapes and 

surface groups (section 1.4). In regards to the effects these have on catalytic 

performance, it is difficult to disentangle these effects from each other from 

bulk-averaged data. For example, the spreading of cobalt will result in more 

cobalt titanate formation, and also increase the bonding effect (with charge 

transfer) between cobalt and titania to stop NPs sintering (section 1.4.2.4). 

Furthermore, the influences by the different CoNPs and TiO2 NPs (i.e. size, 

polymorph, surface groups, see section 1.3.1 & 1.4.2) in a powder catalyst 

make the deconvolution of these effects even more challenging. In order to 

unravel the significance of these effects, a simplified picture of the catalyst is 

necessary. In this regard, the study of  2D samples comprising a planar 

single crystal substrate supporting well-defined CoNPs offers an opportunity, 

to remove the influence of some of the parameters highlighted above i.e. 

support variety such as the size and phase of TiO2 NPs.[186],[187] There are 
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disadvantages associated with this method, in the form of an expensive and 

complex preparation process and the system can be considered an 

overidealized (hard to determine catalytic performance).[186] Therefore, this 

will limit its application in catalysis. However, 2D samples (not limited to NPs 

on a planar substrate) are still widely used to investigate elementary reaction 

(e.g. CO dissociation) and surface changes (morphology, component, phase 

and surface group) on a sample.[186],[188],[189] They also lend themselves 

readily to interrogation using surface-sensitive techniques including Atomic 

Force Microscopy (AFM), Scanning Tunnelling Microscope (STM), InfraRed 

Spectroscopy (IR), X-ray Photoelectron Spectroscopy (XPS), Photoemission 

Electron Microscopy (PEEM), Small Angle X-ray Scattering 

(SAXS).[186],[188],[190],[191] More advanced combined techniques such as 

AFM/IR, soft XAS/X-PEEM can even provide spatially resolved imaging and 

spectroscopic information.[188],[190],[191]  Therefore, in situ minoring the surface 

changes under reaction conditions in a defined region of a 2D catalyst is 

possible. It is exciting to apply methods that can detect the morphology and 

component changes of an individual CoNPs and its interfaces with titania by 

using 2D sample and spatially resolved techniques such as XAS/X-PEEM in 

situ. 

The primary aim of this thesis is the experimental investigation of cobalt-

titania interactions (or interfaces) in individual CoNPs on 2D Co/TiO2 

catalysts under various gases (air, O2, H2, CO or syngas) and heat 

treatments (room temperature to 773 K) with a spatially resolved 

characterisation technique (XAS/X-PEEM) supported by other 

characterisation methods such as XPS, SHIM (Scanning Helium Ion 

Microscope)/HRSEM (High-resolution Scanning Electron Microscope). This 

aim is to be achieved through the following objectives and resultant work 

shown in Chapters 3 - 5. 

1) The design and preparation of model cobalt-titania catalysts with uniform 

CoNP size and shape; 

2) The application of using spatially resolved techniques (i.e. XAS/X-PEEM) 

to view and characterise the cobalt-titania interface in the CoNPs; 
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3) The in situ and ex situ characterisation of these samples to determine the 

composition and morphology changes during reaction in various gas 

atmospheres (air, O2, H2, CO or syngas);  

4) The effect and role of surface defects/groups on titania on CoNP evolution 

during air, O2, H2, CO or syngas treatments.   

Additionally, this thesis also aims to probe the cobalt-titania interactions 

(including component distribution) of an individual CoNP in a 3D Co/TiO2 

catalyst (Chapter 6) and their effects on FTS activity and selectivity. In this 

regard, the XAS/X-PEEM cannot be applied (see section 2.2.5). But it can be 

realised by using an alternative technique STEM/EELS (Electron Energy 

Loss Spectroscopy) and ex situ FTS reaction tests.  
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Chapter 2 Methodology and characterisation 

 

2.1. Methodology  

Catalyst preparation must satisfy the needs for academic research or 

industrial production. Various methods, as mentioned in section 1.3.4, are 

applied to prepare target catalysts including impregnation, precipitation, 

physical/chemical deposition, thermal decomposition, reverse micelle 

encapsulation. Those methods are mainly used for 3D powder catalysts 

preparation, whereas for fabricating 2D catalysts physical/chemical 

deposition or reverse micelle encapsulation (or self-assembly) is the desired 

approach. Further considerations before preparing a catalyst include the 

support (e.g. chemical composition, polymorphs, surface area), metal loading, 

NPs (size, shape), and additives. The preparation of the model catalysts 

used during this PhD project is specified in the following sections.  

2.1.1. 2D catalysts preparation 

2.1.1.1. Method 1 using PS-b-P2VP polymer 

A tried and trusted method for preparing 2D model cobalt catalysts is via 

deposition on the substrate by chemical self-assembly.[116],[192],[193] The 

chemical self-assembly method, which uses polymer-encapsulated reverse 

micelle synthesis, introduced by Spatz et al.,[193] can be used to prepare, in a 

quick and reproducible way, uniform monodisperse metal NPs which can be 

easily loaded onto a variety of supports, e.g. silicon wafer. This advanced 

synthesis method mimics water-in-oil systems by employing precursor-filled 

micelles formed by polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) 

diblock copolymers in an organic solvent, that allows for full encapsulation of 

all metal ions and inhibits the formation of sub-species. The size of the 

deposited NPs and their density (i.e. interparticle distance) can be 

conveniently controlled by altering the length of PS or P2VP copolymer 

blocks and the precursor loadings. Additionally, micelles concentration, dip-

coating velocity and dip-coating temperature can also be used to modify the 

density of supported NPs. 
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The polymer used for CoNPs synthesis was PS[3140]-b-P2VP[666] (Polymer 

Source Inc.), where the suffixed numbers correspond to the number of 

monomers  per corresponding block. Firstly, 50 mg polymer was added into 

10 mL toluene (C7H8) and stirred at 293 K to form a polymer micelle solution 

(24 h). The Co(NO3)2·6H2O (≥ 98 %, Sigma Aldrich; empirically up to 

precursor concentration of 0.5 precursor units per P2VP monomer unit) was 

added to the solution, which was adsorbed and coordinated to the nitrogen of 

the pyridine groups in the micellar cores and stirred for at least another three 

days (1 atm, 293 K, 500 rpm). On completion of stirring, the solution was 

filtered by a 0.2 µm PTFE (Polytetrafluoroethylene) syringe filter. A 

transparent pink solution was transferred into a glass vial.  

The cobalt-loaded micelles were coated onto a flat single crystal substrates 

of SiOx/Si(100) (SILTRONIX Silicon Technologies) with size ~10 x 10 x 0.3 

mm or rutile TiO2 (110) (Crystal GmbH) with size 10 x 5 x 1 mm, by dipping 

into the micellar solution, followed by removing the substrate at a constant 

emersion velocity (e.g. 5, 20, 50 mm/min) and at a constant temperature, in 

most cases at 293 K.[116],[194] The dip-coating procedure resulted in mono-

micellar films on the substrate surface with a high degree of hexagonal order.  

The polymer outer shell around the cobalt salt was removed by air plasma 

treatment (power 100 W, P(air) < 0.5 mbar, 15~60 min). After plasma 

treatment, the prepared samples were heated to 773 K[195] for 6 h in the air to 

enhance the stability of nanoparticles on the substrates. Due to spatial 

resolution restraints of X-PEEM microscope, the samples for X-PEEM 

measurement were diluted with an average interparticle distance of > 100 nm 

to avoid the overlapping of different particle signals (see Figure 2.2).[191] 

2.1.1.2. Method 2 using C12E4 surfactant 

The size of CoNPs is limited to < 10 nm due to the P2VP block length of PS-

b-P2VP copolymer. To synthesise CoNPs with larger and uniform size, a 

similar approach to reverse micelle encapsulation was employed where a 

surfactant tetraethylene glycol monododecyl (C12E4, Brij® L4, Sigma-Aldrich) 

was used instead of PS-b-P2VP. 5.0 g of C12E4 surfactant was added into 

26.7 g of n-hexane (Sigma-Aldrich, 303 K water bath) and then stirred at 500 
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rpm for 2 h. After forming transparent colourless solution (reverse micelles 

formed), 960 mg of Co(NO3)2·6H2O (≥ 98 %, Sigma-Aldrich, in 0.6 mL DI 

water) was added and kept stirring for another 2 h at the same conditions, 

the solution turned red immediately. Then 0.9 g of 25 wt.% NH3(aq) (Sigma-

Aldrich) was added, changing the colour of the solution from red to cyan and 

eventually to dark green. In order to break the micelles and induce Co(OH)2 

nanoparticles precipitation, > 60 mL of acetone was added to the micellar 

solution. Then the precipitates were washed thoroughly with acetone for 3~5 

times to fully remove C12E4 and left to dry at 373 K for 12 h and after were 

calcined at 473 K for 5 h.[117] The resulting Co3O4 nanoparticles were ~18 nm 

in size. By decreasing the amount of cobalt nitrate hexahydrate to 380 mg or 

240 mg, ~11/ ~6 nm Co3O4 nanoparticles could be obtained.  

Co3O4 nanoparticles (mixtures of 6, 11 and 18 nm NPs) were dispersed into 

ethanol using an ultrasonic bath (20 min), resulting in an opaque black 

solution. After removing the undesired large nanoparticles (because of 

agglomeration) by using centrifugation (8000 rpm, 5 min), the black solution 

became yellow. Before deposition, the rutile TiO2(110) substrate (10 x 5 x 1 

mm, Crystal GmbH) was calcined at 773 K for 6 h in a muffle furnace and 

then was cleaned in an ultrasonic bath by using acetone and isopropanol. 

Then the yellow nanoparticles solution was deposited on the substrate using 

a dip-coater at room temperature and the speed of 5 mm/min. After drying at 

473 K for 5 h, the prepared sample was treated in air plasma (0.3 mbar, 100 

W for 1 h to create oxygen vacancies. The nanoparticles distribution on the 

substrate’s surface lost the honeycomb arrangement with comparison to 

method 1. 

2.1.2. 3D catalysts preparation  

2.1.2.1. Method 3 using C12E4 surfactant 

The 3D powder catalysts were prepared by analogy to method 2 and rutile 

powder was used to replace the flat single crystal rutile substrate. 5.0 g of 

C12E4 surfactant (Sigma-Aldrich) was mixed with 26.7 g n-hexane (Sigma-

Aldrich) and then the mixture was heated to 303 K using a water bath stirred 

at 500 rpm for 2 h to form a reverse micelle solution. Then 960 mg of cobalt 
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nitrate hexahydrate (≥ 98 %, Sigma-Aldrich) was added, after that 440 mg of 

DI water was added and kept stirring for another 1 h under the same 

conditions. Later, 3.7 g of rutile TiO2 (50 m2/g, Sigma-Aldrich, 6 h 773 K air 

calcination before use) was added to the above solution and continued 

stirring for another 1 h. Then 0.4 g of 28 wt.% NH3(aq) (Sigma-Aldrich) was 

added to generate Co(OH)2 NPs and the solution was kept stirring for an 

additional 1 h. In order to break the micelles and induce Co(OH)2 

nanoparticles precipitation, > 60 mL of acetone was added to the micellar 

solution. In the end, the sample was washed 3~5 times by acetone to fully 

remove C12E4 before drying at 373 K for 12 h and calcining at 473 K for > 5 

h.[117] The synthesised catalyst was denoted as 5Co/TiOx (x ≤ 2). Another 

catalyst was prepared without breaking micelles but evaporating hexane at 

323 K and was referred to 5SCo/TiOx. Both catalysts have cobalt loading of 5 

wt.%, and by decreasing the amount of powdered support, the catalysts with 

15 wt.% cobalt loading were prepared and denoted as 15Co/TiOx and 

15SCo/TiOx, respectively.  

 

Table 2.1. Summary of the samples and their characterisation methods in this thesis. 

Sample Surfactant Support Method Characterisation Comment 

CoNPs/SiOxSi 

(100) 

PS[3140]-

b-

P2VP[666] 

SiOxSi(100) 1 AFM 2D Sample for Chapter 2 

      

Co/SiOxSi(100) PS[3140]-

b-

P2VP[666] 

SiOxSi(100) 
1 

AFM, SHIM, 

XPS, XAS/X-

PEEM, 

GISAXS/GIXD  

2D Samples for Chapter 3 

Co/TiO2(110) TiO2(110) 

      

Co/Ti-1A/1B; 

Co/Ti-2A/2B C12E4, Brij 

L4 
TiO2(110) 2 

AFM, SEM, XPS, 

XAS/X-PEEM 

2D sample for Chapter 4;  

Co/Ti (-1A) 2D sample for Chapter 5;  

      

5SCo/TiOx 

C12E4, Brij 

L4 

Rutile 

powder 
3 

UV-vis, FTIR, 

TGA, TEM, TPR, 

XRD 

STEM/EELS, 

XPS, FTS test 

3D samples for Chapter 6 
5Co/TiOx 

15SCo/TiOx 

15Co/TiOx 

      

Co/Anatase 
C12E4, Brij 

L4 

Rutile/ 

Anatase 

powder 

3 
TPR, DRIFTS, 

FTS test 
3D samples for Chapter 7 Co/Rutile 

CoPt/Rutile 
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2.2. Characterisation 

To understand the origins of catalyst’s evolution on well-defined cobalt-based 

FTS catalysts, various techniques including scattering, spectroscopy and 

imaging have to be employed, which then can investigate both bulk and 

surface properties, e.g. the nature of active species (phase, component) and 

other properties (morphology, coordination, local geometry) of the 

heterogeneous catalysts. Scattering methods can be used to investigate the 

structure of FTS cobalt catalysts and their structural changes during the 

catalyst activation and FTS. There are many X-ray based scattering 

techniques available that can detect a wide range of NPs length scales. 

Spectroscopic techniques are very suited for coordination and oxidation 

states of cobalt-based catalysts as they are element specific and directly 

interrogate the co-ordination, local geometry and oxidation state, particularly 

the X-ray absorption spectroscopy (including soft X-ray based XAS) and X-

ray photoelectron spectroscopy techniques. Imaging employing electrostatic 

force, photons, electrons or ions can directly view the surface topography 

and determine roughness (e.g. NP’s size), and then combining with 

spectroscopic techniques such as EDS or EELS can help to identify 

distribution of the elements on the sample surface. More advanced in situ 

characterisation can detect changes in catalysts in real-time and their 

adsorption or reaction behaviours to identify the nature of active species, 

which are widely used in heterogeneous catalysis comprising X-ray 

spectroscopy/scattering/imaging, infrared spectroscopy or electron 

microscopy techniques.  

2.2.1. AFM  

Atomic force microscopy is a type of scanning probe microscopy, which 

gathers surface information by "feeling" or “touching” the surface.[188,196,197] 

The AFM technique can be operated at ambient conditions and provides 

three-dimensional topography of sample surface with nano-resolution by 

three different operational modes, i.e. contact mode, non-contact mode and 

tapping mode.[188] In contact mode, the tip is used as a probe to scan the 

relief of a sample surface, while in non-contact or tapping mode, the 
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cantilever vibrates at a constant resonance frequency with low (non-contact 

mode) or high amplitude (tapping mode) at the fixed height above the 

surface (see working principle of AFM microscope in Figure 2.1). The tip is 

influenced by the attractive and repulsive forces from the surface and the 

constant distance between the tip and the surface is maintained by changing 

the amplitude of vibrations (Figure 2.1).[188] The technique can be widely 

applied without special pre-treatments (e.g. coating). However, if the features 

on the sample surface smaller than the radius of curvature of an AFM tip, the 

detected lateral information will result in a significant deviation.[198] Also, it will 

require quite a long time (several minutes) to take an image, much longer 

than the technique such as SEM. But AFM still is a low-cost, easily 

operational (e.g. working at ambient pressure) and informative technique for 

my 2D samples.  

 

Figure 2.1. The working principle of AFM microscope (a), imaging modes (b) and an 

exemplar AFM image of a 2D catalyst (c).  

 

Therefore, the SiOxSi(100) and TiO2(110) supported CoNPs before and after 

air plasma etching/ after calcination/ after reaction test were measured in the 

air using a Bruker Veeco MultiMode V atomic force microscope at the 

Diamond Light Source (DLS) in tapping mode and a scan rate of 2 Hz (293 K, 

cantilever: Bruker RTESPA-300) and analysed by Gwyddion 2.49 

software[199],[200] and ImageJ 1.52e[201],[202]. From the processed AFM images, 

the CoNPs size (height) and distribution could be acquired in Gwyddion after 
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removing a polynomial background, error correction and alignment, while the 

average interparticle distance (> 100 nm) was measured in ImageJ.  

 

Figure 2.2. AFM images of CoNPs on SiOxSi(100) with controllable interparticle 

distances. Plasma treatment time: 15 min; scan size: (a-e), 1x1 µm; (f), 5 x 5 µm. 

VxDy: dip-coating velocity of x (50/20/5 mm/min) and dilution by y-fold (0/5/9/60-

fold). Increasing dip-coating velocity (from 5 to 50 mm/min) will decrease the CoNPs’ 

interparticle distance while dilution of the solution (as high as 60-fold) will increase 

the interparticle distance. Hexagonal arrays of CoNPs only can maintain under 

lower dip-coating velocity and lower dilution ratio.  

 

The dip-coating velocity and micelle solution concentration were altered to 

control the interparticle distance between the nanoparticles on the substrate. 

By decreasing the dip-coating velocity (50 to 5 mm/min) and the solution 

concentration (~10 to ~1 mg/mL), longer interparticle distances with uniform 

hexagonal arrays could be obtained. Taking the sample supported on 

SiOxSi(100) as an example, the interparticle distances are 84, 57 and 40 nm 

when using the dip-coating velocity of 5, 20 and 50 mm/min, respectively 

(Figure 2.2). Obtained interparticle distances are much shorter than 

previously reported results (e.g 150 nm CoNPs on SiOxSi(100) substrate at a 

velocity of 5 mm/min using PS[1779]-b-P2VP[857]);[116] this is unsurprising 

since due to evaporation of toluene during sample preparation, the 

concentration of Co increased. To enlarge the interparticle distance further (> 

100 nm) to allow the sample to be used for X-PEEM imaging, the diluted 
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cobalt polymer micelle solutions were examined. Dilution of the polymer 

micelles solution was made by increasing the volume of toluene by 5 and 9 

times respectively, resulting in an interparticle distance increase to 192 and 

297 nm for the fixed dip-coating velocity of 5 mm/min respectively. This 

approach maintains the hexagonal arrays, an example of which is shown in 

figure 2.2d, e. I observed that with further dilution, the interparticle distances 

can be enlarged up to > 500 nm, but that the nanoparticles hexagonal 

superlattice is compromised (Figure 2.2f).  

2.2.2. TEM/STEM 

Transmission electron microscope (TEM) transmits a beam of electrons 

through an ultrathin (< 100 nm) specimen which forms an image due to the 

interaction of electrons and specimen.[203],[204],[205],206] Due to the higher de 

Broglie wavenumber of electrons and adapt operation parameters (e.g. 

voltage, beam current), the resolution of TEM can reach the atomic 

level.[203],[206] TEM can give sample information including sizes, facets, 

distribution, crystal phases, shapes of NPs. In addition, combining with other 

operation modes diffraction, spectroscopy (e.g. EELS, EDS), a TEM 

instrument can provide enormous information such as components 

(elements), which is an essential tool for nanoscience research. Limitations 

of TEM could be the strict sample preparation (ultrathin layer required), small 

field of view and electron damage, high vacuum operation. Scanning 

transmission electron microscope (STEM) is a more advanced microscope in 

comparison to the conventional TEM.[203],[205],[206] It uses a convergent beam 

to scan the specimen in transmission geometry and then obtain a high-

resolution image of a sample (see Figure 2.3). Thus STEM is more suitable 

for analytical techniques such as EELS or EDS, allowing direct correlation of 

images and spectroscopic data. The main limitation of the TEM/STEM 

microscopes is that the sample has to be thin enough (< 200 nm; depends 

on element number Z) for the electron beam to penetrate through its 

thickness. Only the transmitted electrons are used to obtain images, so these 

techniques cannot be applied to characterise my 2D samples (thickness > 

0.3 mm) but are useful tools to measure my powder samples of Co/rutile 

catalysts. 



UCL PhD thesis                                   Chapter 2  

63 
 

For basic TEM characterisation in my case, co-polymer micelle toluene 

solution, Co3O4 NPs and Co/rutile catalysts were deposited onto 3 mm 

gold/copper TEM grids (mesh size 200) with a carbon film, dried for several 

minutes at room temperature in air and characterised by a JEM2100 TEM 

200 kV instrument. Note the powder Co3O4 NPs and Co/rutile catalysts 

dispersed into ethanol need the treatment of ultrasonication (10 min).  

 

Figure 2.3. The working principle of TEM and STEM. Where HAADF is short for 

high-angle annular dark field, ADF for annular dark field and BF for bright field. 

 

For STEM, before measurement, the samples were reduced at 623 K for 3 h 

in 50 % H2/He flow (20 mL/min) and then cooled down to 303 K to be 

passivated in 1 % O2/He flow (50 mL/min) for 30 min. Reduced catalysts 

were quickly dispersed into ethanol using an ultrasonic bath (10 min) and 

then dropped onto a copper TEM grid (mesh size 200) with a carbon film, 

and lastly dried in air at room temperature. HAADF-STEM and EELS were 

performed to obtain the oxidation states (EELS) for each pixel of the STEM 

image with a JEOL ARM200F microscope (ePSIC, Diamond Light Source) 

operated at 200 kV. The TEM/STEM images were analysed by using the 

ImageJ 1.52e software,[201],[202] where average NP sizes and standard 
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deviations were directly obtained by summarising more than 100 NPs, and d-

space values were acquired by fast Fourier transform (FFT) on a crystal in 

the images. The EELS spectra were read by a GATAN 3.30.2016.0 software 

with background subtraction, and then processed with Origin Pro 2019 

(applied to all the data below with basic process). Specifically, the EELS 

spectra of Ti and Co L-edge were analysed with an Athena 0.9.26 software, 

where the normalized spectra were fitted using a combination of standard 

spectra of titanium oxides, cobalt oxides or cobalt metal.  

2.2.3. SHIM/SEM  

 

Figure 2.4. (a) A photo of the Carl-Zeiss SHIM instrument used in this thesis, and (b) 

the brief working principle of SEM and SHIM.  

 

Unlike the TEM, a scanning electron microscope uses a focused electrons 

beam to scan the surface of a sample and the image is formed by detecting 

the emission of secondary or backscattered electrons (see Figure 

2.4).[207],[208] The resolution of SEM normally are between < 1 and 20 nm, 

which is limited by the size of electron spot (i.e. electron wavelength and 

electron-optical system, typically 0.4 to 5 nm) and the size of the interaction 

volume with material,[208],[209] but the world’s highest resolution for 

conventional SEM is achieved to be 0.4 nm by HITACHI SEM SU9000.  
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A scanning helium ion microscope is another imaging technology using a 

focused helium ion beam.[210],[211],[212] Owing to the high brightness and the 

short De Broglie wavelength of the helium ions, it is possible to obtain 

qualitative data not achievable with microscopes (using photons or electrons 

as the emitting source, e.g. SEM), hence generates sharp images with a 

large depth of field on various materials and a high surface resolution as low 

as 0.24 nm.[210] And secondary electron yield of helium ions in SHIM is 

significantly higher than the low-energy electrons in SEM, making the 

imaging better for insulating material.[210] Lastly, it combines operations of 

milling and cutting of samples with a resolution of sub-nanometer, allowing 

revealing the information underneath the surface.[210] 

To determine the real size of CoNPs in the X-PEEM images (Chapter 4, 5), 

the samples for X-PEEM measurement were imaged by using a Zeiss 

Crossbeam 550 XL equipped with a Gemini II FE-SEM column at Research 

Complex at Harwell. The images were acquired at 2 kV 35 pA with pixel 

dwell time 50 ns, scan speed 0, line averaging 100, and a store resolution of 

3072 x 2304 pixels. To compare the morphology changes of  CoNPs on 

TiO2(110) and SiOxSi(100) as well as NP size and distribution, samples for 

Chapter 3 were measured by Carl Zeiss Orion NanoFab scanning helium ion 

microscope (tilt angle = 45 °, GFIS acceleration V = 25 kV) at London Centre 

for Nanotechnology in University College London. The images (NP sizes and 

interparticle distances) were analysed by using the ImageJ 1.52e, where the 

average size and interparticle distance were also summarised by over 100 

NPs. 

2.2.4. XPS 

X-ray photoelectron spectroscopy is a technique especially pertinent for 

coordination and oxidation states as it is element-specific and directly 

interrogates the local geometry, co-ordination and valence state of a 

compound (see the principle in Figure 2.5). XPS has been used to 

investigate cobalt catalysts for a long time, as cobalt commonly has three 

stable oxidation states of 0, +2 and +3. CoO and CoMxOy with Co2+ are 

present in high-spin octahedral and tetrahedral coordination environments, 

respectively.[213],[214] Co3O4 has a mixed valence state with Co2+ (Td) and 
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Co3+ (Oh) in the same compound.[215] By XPS spectra, the specific elements  

and their valence information and chemical shifts can be clearly recognised. 

XPS is quantitatively surface-sensitive (0~10 nm), which commonly requires 

high vacuum (~10-8 mbar) or ultra-high vacuum (UHV, < 10-9 mbar) 

conditions, although near ambient pressure (NAP-) XPS has already been 

applied to analyse samples at pressures of several tens of millibar.  

 

Figure 2.5. Schematic of the XPS technique (a, b) and an exemplar XPS spectrum 

of a Co/TiO2 catalyst (c).   

 

X-ray photoelectron spectroscopy was performed on a Thermo Fisher 

Scientific NEXSA spectrometer at HarwellXPS. Samples were analysed 

using a micro-focused monochromatic Al X-ray source (72 W) over an area 

of approximately 400 microns.  Data were recorded at pass energies of 200 

eV for survey scans and 50 eV for high-resolution scans with 1 eV and 0.1 

eV step sizes respectively. Charge neutralisation of the sample was 

achieved using a combination of both low energy electrons and argon ions. 

All the samples were measured under a vacuum of 10-9 mbar and room 

temperature. The obtained data were analysed by CasaXPS (version 

2.3.19PR1.0) and fitted with removing a Shirley background.[216] And the 
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binding energy of Co 2p, O 1s, Ti 2p and Si 2p was calibrated by using C 1s 

(284.8 eV).  

2.2.5. X-PEEM and XAS 

2.2.5.1. X-PEEM 

 

Figure 2.6. Diagram showing the working principle of a XAS/X-PEEM setup.  

 

The principle of X-PEEM (X-ray Photoemission Electron Microscopy) is that 

a sample is illuminated by X-rays and the electrons photoemitted from the 

sample surface are used for imaging.[217] X-PEEM is inherently a surface-

sensitive probe (< 5 nm), which is attributed to photoemitted electron 

detection with very low kinetic energy generated from the topmost atomic 

layers of a sample. The opportunity of using a tuneable synchrotron X-ray 

source and an energy analyser for the photoelectrons makes it possible to 

selectively work with electrons having kinetic energies at the minimum value 

of the inelastic mean free path, which means X-PEEM is sensitive to the 

uppermost 0.5 nm of the surface. Another exciting property of synchrotron-

based X-PEEM is the surface element distribution of the sample that can be 

obtained by using core-level photoemission lines which are element-specific, 
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and which result in image contrast being generated by the different 

composition of the sample, instead of differences in work function as in UV 

based PEEM. The diagram of a X-PEEM setup can be seen in Figure 2.6 

and photos of the X-PEEM instrument at SIM beamline of the Swiss Light 

Source (SLS) is shown in Figure 2.7. 

X-PEEM provides the possibility of following chemical and structural changes 

on the surface of a catalyst in situ and under well-defined chemical reaction 

conditions. It is widely known that atoms at under-coordinated sites (e.g. 

steps or kinks) are more reactive than those located at highly coordinated 

terrace sites.[218] Therefore, the local structure is reflected not only in the 

kinetics but also in the product selectivity for surface-sensitive catalytic 

reactions. By combining with other techniques, such as XAS, X-PEEM 

enables to follow of both the structural and compositional evolution during 

different stages of the reaction at the single nanoparticle scale.[191] One clear 

example by using UV-based PEEM is the evolution of differently oriented 

grains on a polycrystalline palladium foil with Si impurities during the 

oxidation of carbon monoxide.[219] The image contrast changed for the 

palladium foil after Ar+ sputtering and annealing, for the same spot on the 

sample surface covered by adsorbed oxygen and after O2 dosing under 973 

K 5×10-6 mbar. The presence of adsorbed oxygen on the palladium surface 

effectively enhanced the silicon segregation at the palladium surface.  

There are also some drawbacks of X-PEEM as an analytical method. The 

general limitation is that X-PEEM operates only under considerably restricted 

high vacuum (< 10-5 mbar) conditions. This is because X-rays used to excite 

a specimen or carry information from its surface have to be in a vacuum with 

an appropriate mean free path.[220] Thus, it not only makes the operation of 

X-PEEM more challenging and requires the sample surface to be flat but also 

limits its application for in situ experiments at higher pressure. Besides, the 

spatial resolution of X-PEEM is about 20~100 nm, because of the low 

brightness of commonly used light sources and thus the interparticle distance 

has to be large enough (> 250 nm) to avoid overlapping of the signals from 

different particles.[191] Lastly, samples normally should be conductive to 

maintain the balance of surface charges during the electron emission. 
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Figure 2.7. Photos of XAS/X-PEEM setup at the SIM beamline, Swiss Light Source. 

 

2.2.5.2. XAS 

In the last decades, X-ray Absorption Spectroscopy (XAS) has been used as 

a powerful technique for the characterisation of dispersed and amorphous 

catalytic systems with local order. It comprises two spectroscopies that are 

EXAFS (Extended X-ray Absorption Fine Structure) and XANES (X-ray 

Absorption Near Edge Spectroscopy). The process of XAS is depicted in 

Figure 2.8, which not only involves the photoelectrons formation but also 

produces low energy photons such as fluorescence (Figure 2.8b).[221] Both 

photoelectrons and fluorescence can be used for obtaining the XAS spectra, 

namely Total-Electron Yield (TEY) and Total-Fluorescence Yield (TFY), 

respectively.[222],[223] In addition, when an element content high enough, the 

XAS signal can be acquired by comparing the difference between incident X-

rays and outlet X-rays, which is also called a transmission mode.[224],[225] XAS 

is element-specific to recognise the oxidation state – particularly for complex 

heterogeneous catalysts which contain more than one component. This 

allows tracking the local oxidation state of a catalyst without any interference 

from the ad/desorption processes of gas probe molecules to/from the 

catalyst during in situ oxidation or reduction.[226] XANES enables 

discrimination between Co0, Co2+, Co3+ and cobalt-support compounds 

(CoMxOy). As there is a distinct edge and intensity shift during the reduction 
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observed for Co K edge in the XANES spectra.[227] CoMxOy is formed due to 

metal-support interaction, which can be identified by an increased tetrahedral 

environment of Co2+ species in the XANES spectra.[228] Thus the oxidation 

state during activation by H2 and re-oxidation by water in the whole process 

of FTS can be studied by this technique. Co2C formation during the FTS 

often affects CO conversion and selectivity. A successful example of the 

application of EXAFS is to identify Co2C in cobalt catalysts.[229] By Fourier 

transform analysis Co-C (at 186.2 and 192.4 pm) and Co-Co (250.5 and 

244.1 pm) located in the first and second nearest neighbour shells were 

recognised, demonstrating Co2C presence in the catalyst. XAS also gives 

indications of the impact of PGMs on maintaining cobalt in a metallic state 

during the FT reaction.[95] 

 

Figure 2.8. Schematic of the process of X-ray absorption (a, b) and an exemplar 

spectrum of cobalt oxide (c).   

 

XAS can also be employed by using synchrotron-based soft X-rays (energies 

in the range of 100~4000 eV). [223],[230] Photons below 1000 eV are prominent 

probes to identify electronic structures of active sites at the catalyst surface. 

Recently, some in situ treatments of the catalysts has been performed at 

pressure ranges of 1~10 mbar,[231] which allows for the provision of useful 

information about the surface property under actual operating conditions.  
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Soft X-ray XAS allows exploring the Co L-edges, which are particularly 

sensitive to cobalt oxidation and coordination states. The Co L-edge spectra 

comprise L3 and L2-edge dominated by electron transition of Co 2p3/2 and 

2p1/2 to Co 3d orbitals.[232] In an example of the Co 2p XAS spectra of CoO, 

Co2SiO4 and Co3O4, the Co L2,3 spectra difference for the CoO and Co2SiO4 

is minor,[232] indicating the similar chemical environment of cobalt (i.e. the 

oxidation state and symmetry). In CoO, the ground state is shown as a single 

configuration of 3d7 character and a high spin 4T1 symmetry. In Co3O4 it 

indicates that this compound is a mixture of Co2+ (Td) and Co3+ (Oh). 

Theoretical numerical simulations for this experiment have considered the 

presence of configurations of Co2+ (Td, Oh) and Co3+ (Oh).[233],[234]  

X-ray microscopy and spectroscopy were simultaneously carried out at the 

Surface/Interface: Microscopy (SIM) beamline at  SLS and I06 at DLS using 

an X-PEEM instrument equipped with an energy analyser. For Reduction-

Oxidation-Reduction (ROR) experiment, the catalysts employed were 

Co/SiOxSi (100) and Co/TiO2(110) which were prepared using the same 

cobalt-polymer micelles. The beamline provided high brilliance X-ray light in 

the energy range of 130~1500 eV. To obtain elemental contrast the X-PEEM 

images (field of view 20 μm) were recorded sequentially above and below 

the cobalt absorption L3,2-edge by using a TEY mode. The bright spots 

correspond to individual CoNPs, which have been confirmed by X-ray 

absorption spectroscopy. The base pressure in the X-PEEM analysis 

chamber (ACh) was 2×10-8 mbar and thermal annealing of the samples was 

performed at this condition. Dosage of oxygen was conducted at a pressure 

of 5×10-7 mbar, while that of hydrogen was 1×10-6 mbar. Hydrogen reduction 

was accomplished at 623 K (SLS) or 773 K (DLS) for 1 h, while oxidation 

using oxygen was done at 573 K for 1 h, and then hydrogen was introduced 

again under the conditions as the first reduction. Metallic cobalt reference 

was recorded at DLS by using a cobalt foil. One cycle of ROR (i.e. 623 K 

reduction-573 K oxidation-623 K reduction) treatment is denoted as ROR. 

However, cobalt was not fully reduced above the reduction temperature for 

Co/TiO2(110) sample. Thus, after the normal ROR treatment, the sample 

was reduced at 773 K, oxidised at 573 K and reduced again at 773 K, named 
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773 K ROR in the thesis. For comparison, the Co/SiOxSi(100) sample was 

also subjected to 773 K ROR.  

For the other X-PEEM experiments under CO/syngas treatment, the XAS/X-

PEEM data were recorded at the I06 beamline, DLS. This time the X-PEEM 

field of view was 6 μm. Also, the O K edge and Ti L3,2-edge were recorded at 

the same conditions as Co L3,2-edge. The base pressure in the X-PEEM 

analysis chamber was 1×10-9 mbar. The sample was transferred to pre-

chamber (PCh) for gas exposure under 1×10-6 mbar. Hydrogen reduction 

was conducted at 623 K for 3 h, exposure to CO was done at room 

temperature for 30 min while the catalysts were subjected to syngas at 493 K 

for 30 min, respectively. Sample UHV annealing after CO or syngas 

adsorption was conducted in the analysis chamber at 493 K for 30 min. The 

whole process for treating this sample was: fresh sample (ACh) → reduction 

(PCh) → CO dosing (PCh) → UHV annealing (ACh) → re-reduction (PCh) → 

syngas dosing (PCh) → UHV annealing (ACh). The linear combination fitting 

was done by using Athena 0.9.26 software. The background-subtracted and 

normalized spectra of CoNPs were fitted using the standard spectra of 

Co3O4, CoO and Co0 with minimum R-factors and reduced chi-square being 

used to measure the goodness of the fit. Oxygen vacancies present on TiO2 

surface were random, therefore X-PEEM regions with abundant oxygen 

vacancies were denoted as Co/Ti-1A or 1B while the regions with lack of 

oxygen vacancies were Co/Ti-2A or 2B. The alignment of the X-PEEM 

images stack was carried out by using the ImageJ 1.52e with a PEEM plugin 

installed to correct the image drifting during X-PEEM measurement, and XAS 

spectra extraction was then performed by plotting the Z-axis profiles.  

2.2.6. XRPD 

X-ray powder diffraction (XRPD) examines X-rays scattered from the ordered 

powder sample material scattering vector characteristic of the crystal lattices 

present with the help of constructive X-ray interference between the atomic 

planes.[235] The principle of XRPD is based on Bragg’s Law (Figure 2.9a), 

which reads as follows: 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃                                    (2.1) 
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where n is the diffraction order (n = 1,2,3…), λ is the wavelength of X-rays, d 

is the distance between successive layers of atoms and θ is the incident 

angle of X-rays. 

The diffraction peak position as shown in Figure 2.9b is confirmed when the 

energy of the incident X-ray is given. From XRPD data the phase 

composition, crystal unit cell parameters and crystallite sizes can be 

extracted. XRPD is widely used for the characterisation of FTS catalysts, 

including sample preparation, activation and the FTS reaction, particularly for 

the analysis during preparation and activation steps where cobalt oxide or 

metal starts to be formed.[236] 

Commonly, characterisation of FTS cobalt catalysts by XRPD involve the 

reduction of Co3O4 NPs to metallic Co0 via CoO in a gas flow of H2.[213] Both 

fcc and hcp Co0 phases will be present but their proportion depend on the 

preparation method, presence of promoters and CoNP size (the dominant 

phase is fcc when CoNPs are less than 20 nm).[40],[230] Besides, a formation 

of cobalt carbide (Co2C) or support-related phases can also be verified by 

XRPD.[236],[237] However, it is challenging to characterise CoNPs on lab 

instruments particularly with low Co loadings and considering sample 

fluorescence when using a Cu Kα source. 

 

Figure 2.9 (a) Schematic of Bragg’s Law and (b) an exemplar XRPD pattern of rutile 

powder. 

 

A traditional lab X-ray diffractometer (XRD) mainly acquires information on 

the bulk samples, while a surface sensitive technique called grazing 

incidence X-ray diffraction (GIXD) allows for the characterisation of interfaces 

and nanoparticles deposited as a monolayer on the sample surface. In the 
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case of supported NPs GIXD can be very helpful to study phase composition, 

crystal unit cell parameters, crystalline size, epitaxial relationships with the 

support and strain relaxation. In principle, this technique is very similar to 

conventional XRD, except that the incident X-ray beam irradiates the sample 

surface at a very small angle (below the critical angle of the substrate, i.e. ˂ 

1 °) in order to increase effective sample (monolayer) thickness and to 

minimize unwanted scattering signals from the bulk. Also, when below the 

critical angle a standing wave is created which enhances the sensitivity to 

the species at the surface. Until now this advanced technique has been 

applied only a few times to study cobalt catalysts.[238],[239],[240],[241],[242] Often 

the scattering peak position in XRPD and GIXD patterns is depicted by using 

a modulus of the scattering vector q, which is calculated as follows 

𝑞 = 4𝜋 𝑠𝑖𝑛𝜃/𝜆                                     (2.2) 

Where θ is the Bragg’s angle, and λ is the wavelength of the incident X-ray. 

The as-prepared Co3O4 nanoparticles were studied by using a Rigaku 

Smartlab XRD instrument (CuKα1, 45 kV, 2θ range 20~70 °, step 0.01 °, 

speed 0.2 s/°) with fixed divergence slits at the peripheral laboratory of the 

ISIS neutron and muon light source (ISIS). The average nanoparticle size 

was estimated by the Scherrer equation that reads as follows 

𝐷 = 𝐾𝜆/(𝛽𝑐𝑜𝑠𝜃)                                    (2.3) 

where D is mean size (nm) of crystalline particles; K is shape factor, e.g. 

0.89 for sphere; λ is X-ray wavelength (nm); β is line broadening at half the 

maximum intensity, must substrate the instrumental errors, in radians and θ 

is Bragg angle (°). The most intense peak at 38.5 ° was used to calculate the 

Co3O4 NP size. 

A Rigaku Miniflex X-ray diffractometer (XRD) (Cu Kα1, 45 kV, 2θ 20~70 °, 

step 0.01 °, speed 0.2 s/°) with fixed divergence slits at ISIS was used for the 

measurement of powder Co/Rutile catalysts. The samples were reduced at 

623 K for 3 h in 50 % H2/He flow (20 mL/min) and then cooled down to 303 K 

and quickly moved into ethanol. Samples were protected against oxidation 

by the ethanol solvent during the measurement. As diffraction of CoNPs in 

those catalysts were strongly overlapped by the rutile support, the diffraction 
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peaks from CoNPs were so weak that the Scherrer equation here was hard 

to apply.  

2.2.7. Surface X-ray Scattering   

SAXS (small angle X-ray scattering) is used to detect elastic scattering of X-

rays at very low incident angles (2θ < 5 °). SAXS does not specifically apply 

to surfaces, it can be applied to any kind of material to study their structure at 

the nanoscale (1~100 nm).[243] The main application of SAXS in catalysis is 

to determine the morphology of samples, which includes NPs size and shape, 

their size distribution, surface roughness as well as the interparticle 

distance.[244],[245] Synchrotron-based SAXS provides an opportunity to 

explore such variations with extremely short collection times (ms), facilitating 

real-time monitoring of catalysts under operando reaction conditions. By 

tuning the X-ray energy the contrast for the signal pertinent to NPs can be 

enhanced by measuring below and above the absorption edge of metal-

containing NPs. 

 

Figure 2.10. Sketch of surface scattering geometry with an incident angle of αi for 

incoming X-ray beam. The diffuse scattering is recorded using a 2D detector as a 

function of the exit angles αf and ψ.  

 

The Grazing incidence SAXS (GISAXS) technique originates from 

conventional SAXS and it is applied to study surfaces or buried interfaces. 

During GISAXS experiment a monochromatic X-ray beam probes the sample 

surface at a shallow angle (αi ˂ 1 °). This geometry ensures this technique is 

surface sensitive (see Figure 2.10). The surface roughness or the subsurface 

electronic contrast variation can lead to X-ray scattering, particularly, islands, 

dots, buried particles or even aggregates on the sample surface. With 
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respect to SAXS, the main difference in data interpretation is the fact that at 

the incident angles (below the critical angle of the substrate), multiple 

scattering has to be considered using what is known as the distorted wave 

Born approximation. By combining GISAXS with GIXD, one can obtain 

structural information in the range from angstroms to hundreds of 

nanometres.[238],[239],[240],[241],[246] The photos of a GISAXS/GIXD setup at the 

I07 beamline, Diamond Light source is shown in Figure 2.11. 

 

Figure 2.11. Photos of GISAXS/GIXD setup at the I07 beamline, Diamond Light 

source. 

 

Grazing incidence small-angle X-ray scattering (GISAXS) and grazing 

incidence X-ray diffraction (GIXD) experiments were conducted at the SIXS 

beamline, SOLEIL, using a flow reactor.[247] The focused beam of ca. 0.3 × 

0.3 mm2 with a photon energy of 15 keV was directed on the sample at an 

incident angles of 0.2 ° and 0.15 °. For GISAXS the sample to detector 

distance (SD) was calibrated using several diffraction orders of silver 

behenate. For GIXD the SD was calibrated using the shift of the direct beam 

position on the 2D detector mounted on the diffractometer arm moving out-

of-plane. The in-plane and out-of-plane scans for GIXD have been recorded. 

The MAXIPIX detector (1280 x 256 pixels, 55 μm pixel size) was used for 
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GIXD data recording, and EIGER R 1M (1030 x 1065 pixels, 75 μm pixel 

size) was used for GISAXS data.  

Additional GIXD experiments were performed at the I07 beamline, DLS, with 

a configuration similar to that previously used by Martin et al..[248] The photon 

energy was 10 keV. The SD was calibrated using the shift of the direct beam 

position on the 2D detector mounted on the diffractometer arm moving out-

of-plane. GIXD was measured using a small swing arm area detector (Pilatus 

100 K, 172 × 172 μm2 pixel size, 487 × 195 pixels).  

In both experiments the reduction was performed in H2 at a flow rate of 30 

mL/min at 623 K for TiO2 and SiOxSi supported CoNPs.  

The GIXD data reduction was performed using Binoculars software 

package[249] and DAWN Science was used for GISAXS[250]. The 1D profiles 

were analysed in Igor Pro and OriginPro 2019.  

The full 2D GISAXS images were fitted using the BornAgain v1.14 

software.[251] A model consisting of Co truncated spheres supported on the 

flat substrate was used to represent the 2D catalysts that were also 

supported by microscopy data. The scattering cross-section from NPs was 

calculated using the Decoupling Approximation for which the position of the 

particles is independent of their size and the interference function is defined 

by an effective structural factor calculated for the average nanoparticle size. 

The refractive indices of Co, SiO2 and TiO2 were taken from the literature.[252]  

2.2.8. TGA 

Thermogravimetric analysis (TGA) measures the mass changes of a sample 

over time as a function of temperature.[253],[254] This provides both physical 

and chemical information, for example phase transition, physical-/chemical-

adsorption, decomposition, and reaction type (e.g., oxidation or reduction). 

There are three types of TGA, namely isothermal thermogravimetry, 

quasistatic thermogravimetry and dynamic thermogravimetry, allowing 

various TGA analyses. 

Here ~10 mg sample was analysed in a TGA Q50 V20.13 Build 39 

instrument with 50 mL/min N2 flow. The temperature was ramped from room 

temperature to 1273 K (10 K/min). Before measurement, those reduced 



UCL PhD thesis                                   Chapter 2  

78 
 

samples were conducted at 623 K 50 % H2/He (20 mL/min) for 3 h. The 

obtained TGA data were processed and analysed with Origin Pro 2019 

software, where the derivative profiles calculated with the weight loss data. 

2.2.9. H2-TPR 

Temperature programmed reduction (TPR) is a thermal technique used in 

heterogeneous catalysis to examine the reducibility of a sample, in which a 

catalyst is subjected to a programmed temperature rise whilst flushed with a 

reducing gas (e.g. 10 % H2/Ar).[255],[256] The change in the composition of the 

outlet gas is measured and recorded with appropriate detectors (usually 

thermal conductivity detector), which then reflects the reduction behaviour of 

the sample.  

The reducibility of the catalysts was tested by employing an Anton Paar 

ChemBET Pulsar chemisorption analyser. The H2-TPR steps were: pre-

treating catalysts in pure He (50 mL/min) at 393 K for 30 min then cooling 

down to 303 K, and afterwards changing gas to 10 % H2/N2 (50 mL/min) and 

ramping to 1073 K (10 K/min). The outlet gases were analysed by a TCD 

detector. The Degree of Reduction (DR) calculations were conducted at an 

isothermal temperature step of 623 K for 3 h as part of the experiment. DR 

calculations were based on the H2 consumption ratios (integral area ratios in 

reality, calculated by the Origin Pro 2019) at temperatures ≤ 623 K versus 

the total temperature range in the H2-TPR profiles.  

2.2.10. UV-vis 

Ultraviolet–visible spectroscopy  (UV-vis ) refers to using ultraviolet and 

adjacent visible light to quantitatively determine (Beer-Lambert law) 

chemicals, such as transition metal ions, conjugated organic compounds, 

and biological macromolecules with an absorption or reflectance mode. 

[257],[258],[259],[260] Cobalt nitrate-C12E4 micelles in hexane with adding NH4OH 

was characterised using a SHIMADZU UV-1800 UV-vis spectrometer in the 

wavelength range from 300 to 900 nm with a spectral resolution of 2 nm. The 

measurement conditions were at room temperature and atmosphere and 

using a pure hexane solvent as reference. 
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2.2.11. FTIR 

Transmission mode Fourier Transform Infrared Spectroscopy (FTIR) is 

infrared spectroscopy for a solid, liquid or gas sample.[257],[259],[260],[261],[262] The 

bulk properties of a material determine the transmission amounts of the 

infrared light. So the compactness and absorptive capacity of the particles in 

a sample can be analysed. According to Beer-Lambert law, the spectra can 

also be used to determine the concentration but a standard is needed before 

that. Note the sample should be diluted with a non-absorbant (e.g. KBr) 

material if it is too absorbent. And each sample needs to be ground to a fine 

powder to minimize Mie scattering while maximizing the absorbance. 

Organic groups residing on calcined catalysts in Chapter 6 were studied by 

FTIR. Before measurement, all the samples were dried at 373 K for 1 h. After 

cooling down to room temperature, each of the catalysts was diluted with KBr 

powder, and pressed into 1 mm thickness pellet. FTIR measurements 

(recorded between 400~4000 cm-1) were carried out in a Nicolet iS10 FTIR 

spectrometer under transmission mode with spectral resolution of 4 cm-1.  

In situ CO adsorption in Chapter 7 was performed on an Agilent Cary 600 

Series FTIR spectrometer. Before dosing CO (10 % CO/He), Co/Rutile 

catalysts were reduced in 50 % H2/He (30 mL/min) at 623 K for 3 h to 

compare the reduction time on CO adsorption. After reduction, CO was 

flushed at 303 K until saturation, then changed gas to pure He (50 mL/min) 

to desorb CO. DRIFTS spectra were recorded between 400~4000 cm-1 with 

a resolution of 4 cm-1. Note I recorded a background spectrum before 

measurement in both cases and all the adsorbed spectra were subtracted by 

this background. 

2.2.12. FTS test 

The typical pressure of FTS reaction for cobalt-based catalysts is 2 MPa (see 

chapter 1), but the FTS reaction at ambient pressure, as an alternative test, 

was also adopted in publications[22],[106],[263] to evaluate the reactivity of the 

catalysts. Hence Fischer-Tropsch synthesis reactivity of my catalysts was 

tested on a HIDEN CATLAB ambient pressure Microreactor. 150 mg powder 

catalyst was loaded in a quartz tube reactor (using quartz wool to stop 
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catalyst moving) and then reduced in 50 % H2/He (20 mL/min) at 623 K for 

1/3/5 h to compare the reduction time on FTS reactivity. After that, the 

catalyst was cooled down to 423 K and the syngas was switched on (H2 3.3 

mL/min; 10 % CO/He 16.7 mL/min). Lastly, the temperature was ramped to 

493 K and kept for > 1.5 h. The outlet gases before and after FTS reaction 

were analysed by using an on-line mass spectrometer (MS) with m/e equal 

to 2, 4, 15, 18, 26, 27, 28, 29, 41, 43, 44, 46, 57, 58, 71. The CO conversions 

were calculated based on the changes in MS CO signal intensity (m/e = 28). 

Note those CO intensities were calibrated by the inert standard gas He (m/e 

= 4) using the following equation:   

𝐶𝑂 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

𝐼𝐶𝑂
𝐼𝐻𝑒

(𝑖𝑛𝑖𝑡𝑖𝑎𝑙)−
𝐼𝐶𝑂
𝐼𝐻𝑒

(𝐹𝑇𝑆)

𝐼𝐶𝑂
𝐼𝐻𝑒

(𝑖𝑛𝑖𝑡𝑖𝑎𝑙)
× 100%                    (2.4) 
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Chapter 3 Direct observation of the evolving metal-

support interaction at the Co-TiO2/-SiOxSi interface 

  

3.1. Introduction  

The nature and importance of the MSI at the interface between a metal 

nanoparticle and the support has been debated for a long time in the field of 

transition metal based heterogeneous catalysis.[154],[264],[265] The MSI has 

been proposed to manifest itself in a variety of ways including: affecting 

charge transfer between metal nanoparticle and support, providing an 

interfacial perimeter where reactions can take place, allowing for the 

evolution in chemical composition at the perimeter (i.e. formation of solid 

solutions or alloys) and atom mobility (decoration or encapsulation, 

etc.).[126],[127] Indeed, such an interaction has been shown to be important for 

cobalt-based heterogeneous catalysts comprising metallic cobalt (Co0) 

deposited on a high specific surface area oxide support (e.g. TiO2, Al2O3, 

SiO2, etc.).[145],[149],[266] In particular, for cobalt-based Fischer-Tropsch 

synthesis catalysts, previous studies demonstrate that the MSI affects 

reducibility, stability and performance through structural transformation and 

migration of CoNPs.[69],[267],[268] The significance of the MSI in cobalt-based 

catalysts is thought to primarily concern the interaction of oxides such as 

CoO with the support, as it was observed that Co3O4 present initially readily 

reduces to CoO but that the latter transformation from CoO to the Co metal 

polymorphs is difficult.[269] Quite how the MSI effect manifests itself has been 

shown to depend somewhat on the reaction conditions.[174] In the most basic 

sense, when CoNPs interact weakly with the support surface, migration 

occurs, leading to aggregation and a lowering of the cobalt dispersion and 

apparent reaction activity as the number of surface active sites 

decreases.[120],[148]  Alternatively when the interaction between CoNPs and 

the support is intimate or strong they have been observed to become 

encapsulated by a TiO2-x overlayer (~ few atomic layers thick) particularly 

after reduction. [144],[147],[148],[149] The encapsulation by TiO2-x actually was also 
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reported in other TiO2 supported metal NPs such as Au, Pt and 

Rh.[157],[270],[271],[272] Interestingly it has been reported that the amorphous 

TiO2-x suboxide layer around CoNPs can be tuned and broken by sequential 

treatments in reducing/oxidising gases, resulting in significantly improved 

catalytic activity.[147] More recent studies have proposed that cobalt atom 

migration can occur on TiO2, SiO2 or Al2O3, leading to the formation of a Co-

containing thin layer after H2 reduction or FTS reaction.[51],[68],[172],[173] Wolf et 

al. suggested that water plays an important role as far as inducing cobalt 

spreading on oxide supports (AlOx, SiOx and TiOx) as well as the formation of 

non-reducible metal-support compounds during reduction and FTS[164],[228]. In 

many cases encapsulation, spreading or the formation of non-reducible 

metal-support compounds is inimical to catalyst performance as they lead to 

a reduction in the number of surface active sites by either decreasing the 

dispersion or else the extent to which they are reduced; this would likely be 

detrimental to activity if Co0 is the active phase as is generally thought. In 

comparison, as far as selectivity is concerned, it has been shown that the 

effect these changes have are minor and seemingly limited to shifting the 

hydrocarbon product distribution towards light hydrocarbons.[168],[273] To some 

extent, changing the temperature and gas atmosphere under which 

calcination and reduction occurs has been shown to mitigate these effects. 

[169],[182],[273]  

Despite multiple studies, it is clear that the impact of the MSI effect on the 

nature, stability and performance of the CoNPs is not well understood.[126] 

This is in part due to the fact that the majority of studies were performed on 

powders and pellets where the signal is typically averaged over a large 

number of, often, non-uniform CoNPs, meaning that insightful information 

may be difficult to decipher. Furthermore, when studying catalytic systems 

such as those used in FTS, high loadings (often up to 20 wt.% Co) result in a 

number of particles in close proximity that can render the interrogation of the 

MSI signal difficult. Finally, since ex situ characterisation methods (i.e. where 

catalyst structure is interrogated before and/or after the reaction) are used in 

many of the studies, it is not always possible to identify which features of a 

spectrum, pattern or trace are pertinent to the MSI effect. 
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A combination of surface sensitive spectroscopic and microscopic methods 

with the single-particle resolution is required to explore the effect of the MSI 

in Co catalysts. To that end, I prepared two well-defined model 2D cobalt 

samples using flat single crystal SiOxSi(100) and TiO2(110) substrates as 

supports. The 2D samples contain a monolayer of highly monodispersed 

CoNPs with a large interparticle distance (> 100 nm) to eliminate the 

interaction between neighbouring nanoparticles and to overcome the limited 

spatial resolution of microscopy techniques. I used a combination of spectro-

microscopy (particularly quasi in situ XAS/X-PEEM and AFM/SHIM 

microscopy as well as X-ray characterisation techniques including XPS and 

grazing incidence X-ray scattering (GIXS) in order to obtain a consistent 

understanding of the behaviour of a supported CoNPs during reduction-

oxidation-reduction treatment; a common process used industrially to 

regenerate or enhance reaction activity of catalysts by improving metal 

dispersion, reducibility and MSI.[26],[112],[147],[185],[274],[275] My results show in 

particular that CoNPs on Co/TiO2 have a tendency to spread on and embed 

into the TiO2 surface leading to CoNPs forming a fried-egg shape, whereas 

for Co/SiOxSi CoNPs are not stable and tend to agglomerate into bigger 

particles, more embedded into the surface support although possess a more 

‘traditional’ hemispherical presentation at the support surface. 

3.2. Results and discussion 

3.2.1. Size and shape of the nanoparticles 

AFM provides a simple and reliable way to measure a height as well as 

surface roughness of the NPs supported on a flat substrate. However, the 

length of the particle cannot be measured precisely due to the signal 

recorded in a lateral direction being convoluted with the dimension of the 

cantilever tip. SHIM by contrast, is a novel technique that can create a high-

resolution image of sufficient quality to determine the width of a particle. This 

allows for determining the morphology at the surface of the planar sample 

but, by being able to remove surface atomic layers, can also reveal what is 

beneath the surface, something that is not achievable with conventional 

electron microscopy[211],[276]. Thus, the 3D structure of supported 

nanoparticles can be determined by using these two methods in combination.  
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Figure 3.1. AFM images and corresponding histograms of CoNPs supported on 

SiOxSi(100) and TiO2(110) substrate. (a, b) Co/SiOxSi(100), (c, d) Co/TiO2(110), (a, 

c) catalysts without calcination and dilution, (b, d) 60-fold diluted samples before 

ROR treatment. The CoNPs with similar size (around 8.0 nm in height) before 

calcination are dispersed on the substrates both of SiOxSi(100) and TiO2(110) 

uniformly. The CoNPs on the two substrates used for ROR treatment disperse well 

but with different sizes (3.1b & d). CoNPs on SiOxSi(100) substrate (7.4±3.1 nm in 

average, 3.1b) seem agglomerated with some significantly bigger NPs (2~3 fold) 

observed; while that on TiO2(110) show opposite results, CoNPs size become much 

smaller after calcination (5.5±2.2 nm, 3.1d). 

 

Figure 3.1 and Figure 3.3 respectively contain the images acquired on 

freshly calcined samples and those that have undergone ROR and can be 

seen to contain isolated, hemispherical cobalt nanoparticles randomly 

distributed on SiOxSi and TiO2 substrates with an average interparticle 

distance > 100 nm. Specifically, the average height (h) and diameter (d) of 

CoNPs on the SiOxSi substrate in the calcined sample are determined to be 

7.4±3.1 nm and 9.3±1.1 nm, respectively; while the corresponding 

dimensions of CoNP on TiO2 are 5.5±2.2 nm and 7.8±0.8 nm respectively. 

The nanoparticle size for the SiOxSi substrate is bigger than that for TiO2 in 
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the calcined samples even though the same batch of nanoparticles (Figure 

3.2c) was deposited on both substrates. The larger NP diameter with respect 

to its height indicates that the CoNPs on both substrates are semi-ellipsoidal. 

 

Figure 3.2. SHIM (a, b) and corresponding histograms of CoNPs supported on 

SiOxSi(100) and TiO2(110) before ROR treatment. The displayed horizontal CoNP 

size on SiOxSi (9.3±1.1 nm) is bigger that on TiO2 substrate (7.8±0.8 nm), which is 

well in accordance with the AFM vertical size. As the cobalt-PS-b-P2VP polymer 

micelles (19.3±1.8 nm, c) used for samples preparation are same and all the other 

treatment conditions (including dip-coating, plasma and calcination) are also 

consistent. The size differences in the two catalysts are only due to the support 

effects. 

 

After ROR treatment, the average height of CoNPs on SiOxSi increases by 

~16 % to 8.6±2.8 nm (Figure 3.1b and 3.3a) whereas on TiO2 the height 

decreases by ~25 % to 4.4±1.0 nm (Figure 3.1d and 3.3b). On the other 

hand, the diameter of CoNPs on SiOxSi increases by 56 % to 14.5±3.4 nm 

(Figure 3.2a and 3.3c), and on TiO2 the CoNPs diameter increases by 27 % 

to 9.9±1.3 nm (Figure 3.2b and 3.3d). In addition, some particularly large 

CoNPs are observed on the Co/SiOxSi(100) sample, indicating movement 

(Figure 3.4) and agglomeration (Figure 3.3a, 3.3c); this is in contrast to TiO2 

where CoNPs broadly retain the large interparticle distance appearing 

therefore to be more strongly bound to the surface (before ROR: 106.1±39.5 

nm and after ROR: 108.1±33.9 nm according to the SHIM images).[68] 
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Figure 3.3. AFM (a, b) and SHIM (c, d) images and corresponding histograms of 

CoNPs supported on SiOxSi(100) (a, c) and TiO2(110) (b, d) substrates after ROR 

(623 K reduction) treatment. 1D profiles with the NPs height are shown on the insert 

in (a, b). Both height (h) and diameter (d) of CoNPs on SiOxSi(100) are larger than 

those on TiO2(110). For both samples the diameter is larger than the height 

indicating that NPs possess a semi-ellipsoidal shape.  

 

 

Figure 3.4. X-PEEM images with observed movement of CoNPs on SiOxSi(100) 

during ROR (623 K reduction) process. The field of view in the whole ROR process 

maintains as 20 μm (512x512 pixels), thus each pixel in the X-PEEM image 

represents a same distance value (39 nm). As each NP shows as only a bright spot, 

the two-bright-centre system in the X-PEEM images (Co/SiOxSi(100),) means a two-

NP system there. The distance between the two bright spots become longer, 

meaning at least one of the NP moving away from the other one. 
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3.2.2. Chemical state of the nanoparticles 

  

  

Figure 3.5. Co 2p (a), Ti 2p (b) and O 1s (c) XPS spectra of Co/SiOxSi(100) and 

Co/TiO2(110) before and after ROR treatment; (d) Co 2p spectra of the catalysts 

without calcination showing as CoO. Note all the samples were exposed to air 

before testing.  

 

Ex situ XPS Co 2p spectra (Figure 3.5a) contain a 2p3/2 peak (position ~781 

eV), Co 2p3/2-2p1/2 splitting energy (~16 eV) and strong intensity of satellites 

at 787 eV and 803 eV and is consistent with the presence of Co2+ containing 

compounds (i.e. CoO, Co2SiO4 or CoTiO3) before and after ROR treatment in 

both Co/SiOxSi(100) and Co/TiO2(110) samples.[277] A closer look at the 

Co2p3/2 binding energy (BE) revealed slight differences for cobalt on 

TiO2(110)  ~781.0 eV vs. SiOxSi(100) ~781.5 eV. Both BE values are higher 

compared to the reference CoO (780.6 eV) the origin of which has previously 

been proposed as evidence of a MSI effect.[278] The unchanged peak at ~457 

eV (Figure 3.5b) indicates that no new Ti3+ species are detected and that 

rutile TiO2 is not reduced during preparation/ROR treatment. It also implies 
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that the formation of an amorphous suboxide (TiO2-x) overlayer 

encapsulating the supported NPs does not appear to have formed during 

treatment.[183] 

  

  

 

Figure 3.6. Quasi in situ XAS spectra of Co L3-edge (a-d) recorded after each step 

of ROR process and corresponding X-PEEM images (e-g) of circled CoNPs 

supported on SiOxSi(100) and TiO2(110) supports. X-PEEM field of view is equal to 

20 μm. CoNPs on SiOxSi(100) are much easier to reduce and oxidise than those on 

TiO2(110); non-reduced CoNPs on TiO2(110) at reduction temperature as high as 

773 K are observed. 

 

In order to obtain more detailed, spatial and chemical insight into the nature 

of the CoNP species, quasi in situ soft XAS spectra and X-PEEM images for 

an individual CoNP after each step of ROR treatment were obtained and are 

shown in Figure 3.6. The detailed description of the experiment setup used 
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for X-PEEM analysis can be found in Chapter 2 (section 2.2.5). Three 

features are clearly identifiable in all spectra (indicated in Figure 3.6a-d) and 

are assigned to L3
I-L3

III which can be used to distinguish between the 

oxidation and local coordination state of Co-containing compounds. 

[55],[279],[280],-[281] Notably, the presence of two prominent features (L3
I and L3

III) 

in both samples indicates that Co is present primarily as high spin Co2+ 

species with octahedral coordination (i.e. CoO).[282],[283] For the XAS 

spectrum of the Co/SiOxSi(100) sample before the first reduction, shown in 

Figure 3.6a (green line) and Figure 3.7, the presence of a strong main-

feature at 778.4 eV (L3
II) coupled with two weak shoulders at 777.3 eV (L3

I) 

and 779.3 eV (L3
III) suggests the formation of some (~30 % by linear 

combination analysis) tetrahedral Co2+ species (Figure 3.7), due to site 

substitution of Td Si4+ in silica[284]. No evidence for the spinel Co3O4 phase is 

found on either substrate. [234],[281],[282],[285] 

 

Figure 3.7. Comparison of Co L3-edge XAS spectra between initial state of a CoNP 

on TiO2(110) and SiOxSi(110), and standard Td, Oh Co2+ XAS spectra. The mixed 

XAS spectra of Td and Oh Co2+ were calculated by linear combination, with weights 

denoted in the figure legend. The photon energies have been corrected to a same 

value. Obviously, the initial state of the CoNPs on TiO2(110) is only Oh Co2+, while 

that on SiOxSi(110) is a mixture of Td and Oh Co2+. The corresponded electron 

arrangement of the cobalt in crystal field is shown as well.  
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After reduction in H2, the Co/SiOxSi sample data exhibits a decrease in the 

intensities of L3
I and L3

III features, consistent with Co2+ reduction to Co0 metal, 

although the presence of a distinct L3
I feature (dark green trace in Figure 

3.6b) suggests reduction is not complete. For the Co/TiO2 the L3
I and L3

III 

components also decrease however, a comparatively strong (~25 % more 

CoO than in Co/SiOxSi sample) L3
I feature indicates that a significant portion 

of Co2+ remains suggesting that it is more difficult to reduce. Re-oxidation 

sees the original Co2+-containing spectrum largely restored for Co/SiOxSi 

(Figure 3.6c), although in this new spectrum the L3
III feature (a multiplet from 

octahedral Co2+ in CoO) is diminished in comparison to the initial XAS profile 

in Figure 3.6a. In comparison, only a minor re-oxidation occurs in 

Co/TiO2(110) as evidenced by a small increase in normalized intensity (NI) of 

the L3
I feature (ΔNI of L3

I ≈ 0.06) in Figure 3.6c. The L3
III feature is not clearly 

detected either, indicating that the Co2+ is partially distorted,[286] or the 

oxidation (for both samples O2 partial pressure was 5×10-7 mbar at 573 K) is 

weak. 

After the second reduction, the disappearance of L3
I and L3

III features in 

Co/SiOxSi indicates a complete NP reduction (i.e. the spectrum resembles a 

Co0 spectrum, Figure A3.1a). Thus the Co2+ species with Td coordination 

initially present (likely as cobalt silicate Co2SiO4) does not appear to affect 

the reducibility of cobalt in the sample greatly.[26] In comparison, for Co/TiO2, 

the intensities of L3
I and L3

III multiplets again decrease back to the same 

intensity as observed during the first reduction (Figure 3.6d). Increasing the 

reduction temperature from 623 K to 773 K leads to only a minor further 

reduction (shown in Figure 3.6d light blue line, ΔNI of L3
I ≈ 0.14 lower than 

the value obtained at 623 K) consistent with a particularly strong Co-TiO2 

support interaction.  

3.2.3. Spreading of Co on TiO2 

Figure 3.8a contains Co L3-edge soft XAS spectra from the centre and the 

edge of an individual CoNP on Co/TiO2(110). The corresponding X-PEEM 

image is shown in Figure 3.8b2 and can be compared with a typical SHIM 

image after 773 K ROR treatment (Figure 3.8c, d). In the pristine sample, the 

L3
I feature at the edge of NP has a lower intensity than the signal recorded in 
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the centre of the NP, indicating that whilst the spectral features are 

consistent with the presence of Oh Co2+ throughout the particle, the perimeter 

contains an additional component to CoO indicating the cobalt environment 

at the metal-support interface is different to that of the centre of NP.[287] After 

773 K reduction, the position of the L3
I feature at the metal-support interface 

as well as in the centre of NP decreases from 777.3 to 776.8 eV with a 

slightly lower intensity than that seen at the edge (ΔNI of L3
I ≈ 0.09). This 

further demonstrates that cobalt at the NP edge has a stronger interaction 

with the TiO2 support, thereby making it more difficult to reduce. The 

presence of oxidised Co at the edge of the NPs in the X-PEEM images is 

consistent with the spreading of cobalt observed in SHIM images vide infra.  

In order to correlate spatially resolved soft X-ray spectroscopy data with 

higher resolution microscopy SHIM measurements (Figure 3.8c & d, 3.9) 

were performed. The SHIM contrast signal shows white dots corresponding 

to the metal-containing nanoparticles against the grey background (substrate) 

in both samples. Interestingly, there is a loss of the initial semi-ellipsoidal 

shape of the TiO2 supported NPs (Figure 3.9) accompanied by evidence of 

diffuse ‘grey patches‘ with up to ~40 nm diameter around the NPs. I attribute 

this to spreading of Co onto the TiO2 substrate surface. This (grey patch) is 

seen with or without a co-located CoNP (see green and blue circles in Figure 

3.8d). This phenomenon also occurs during ROR at 623 K although the 

spreading observed in SHIM as shown in Figure 3.9b, insert occurs to a 

lesser extent. During systematic He ion beam milling to remove constituent 

atoms a layer at a time, the diameter of CoNPs supported on TiO2 and on 

SiOxSi seems to ‘increase’ (Figure 3.9) confirming the previous assignment 

of the CoNPs’ shape. After milling 3 times, the patches on TiO2 (after ROR at 

773 K) also become bigger and the contrast between the patches and the 

substrate is more noticeable, making the spreading more visible. After milling 

30 times (Figure 3.9), all CoNPs on SiOxSi substrate can still be observed 

(they appear more disc-shaped) but on the TiO2 support many of NPs and 

the surrounding diffuse patches are removed suggesting a limit to the 

penetration of Co below the TiO2 surface. A quick estimation reveals the 

average depth of cobalt ingress is ~3 nm as the diffuse grey patches are 
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typically removed after 12 milling events. Assuming an intimate contact at the 

interface allows proposing a ‘fried-egg like’ shape when understanding the 

effect of the interaction of CoNPs at the TiO2 surface although the Co is 

observed to penetrate quite some way down.  

Figure 3.8. XAS spectra of Co L3-edge in the edge and centre of a TiO2 supported 

CoNP (a), and SHIM images of Co/SiOxSi(100) (c) and Co/TiO2(110) (b1, d1, d2) 

sample after 773 K ROR treatment. M1 and M3 stand for 1 and 3 times that helium 

ion milling was employed to remove a surface layer of the sample (typical depth: 

sub-nm to μm, depending on beam intensity, dwell time and sample 

properties[288],[289]), i.e. CoNPs on SiOxSi ~0.2 nm/mill and on TiO2 ~0.25 nm/mill. 

The feint grey patches (circled) shown in (b1, d1, d2) highlight the spreading of Co 

on TiO2 (up to ~40 nm away from the NPs); the sample cannot be fully reduced as 

shown in the XAS spectra in panel a. PEEM image (b2) was collected at the Co 

edge (778.5 eV).  

 

 

 

  

 

776 778 780 782 784

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
o

rm
a

li
ze

d
 i
n

te
n

s
it

y

Photon energy / eV

773 K red.

 NP centre

 NP edge

Initial state

 NP centre

 NP edge

   XAS 

Co L3 edge L3
III

L3
I

L3
II(a)

 CoO(Td)

 CoO(Oh)

 Co3O4

 Co0

Co/TiO2(110)



UCL PhD thesis                                   Chapter 3  

93 
 

(i) 

 

 

(ii) 

 

Figure 3.9. (I) SHIM images of Co/SiOxSi(100) (a, c) and Co/TiO2(110) (b, d) after 

ROR (a, b) and 773 K ROR (c, d) treatment with helium ion milling for 1, 10, 20 and 

30 times. NPs diameters become larger with ion milling, meaning the embedment is 

happened in both catalysts. (II) SHIM images of Co/TiO2(110) (e, f) and 

Co/SiOxSi(100) (g, h) after 773 K R (e, g) and 773 K RO (f, h) treatment. 
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The effect of the support on the CoNPs structure after reduction is also 

examined by employing surface X-ray scattering that can be effectively used 

to monitor the structural changes of the supported metal nanoparticles.[248] 

The grazing incidence X-ray diffraction data for Co/SiOxSi(100) and 

Co/TiO2(110) samples after reduction are presented in Figure 3.10 showing 

the difference in crystalline structure of the CoNPs on the two supports. The 

surface X-ray diffraction pattern for Co/SiOxSi sample after reduction shows 

the presence of reflections at sz = 0.48 and 0.56 Å-1 that can be indexed as 

the fcc phase of metallic cobalt. In contrast the signal from metallic cobalt is 

barely observable for Co/TiO2.  

 

Figure 3.10. Comparison of 1D GIXD out-of-plane projections of the reduced 

Co/SiOxSi(100) and Co/TiO2(110) catalysts showing a difference in crystalline 

structure of the CoNPs on different supports. In case of silica the presence of 

crystalline (111) and (200) peaks corresponding to fcc phase of metallic cobalt can 

be observed, meanwhile the signal from the crystalline cobalt is almost absent for 

the titania support.  

 

Corresponding grazing incidence small-angle X-ray scattering data however, 

reveal the presence of well-defined nanoparticles (Figure 3.11) in both 

samples. The average diameter of Co particle on the SiOxSi substrate after 

reduction is determined to be ~6.8 nm, whereas the average height only ~4.7 

nm both values of which are comparable to that seen by SHIM and AFM data 

after ROR treatment. Note that GISAXS data on CoNPs were recorded after 

in situ reduction whilst the AFM and SHIM are recorded on samples after 

ROR treatment exposed to the atmosphere and will therefore contain an 

oxide (CoO) overlayer and more agglomeration. In contrast, the average 
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values obtained from fitting the GISAXS data for CoNPs supported on TiO2 

suggests a highly asymmetric structure with a diameter of 16.47 nm and 

height of 4.15 nm (Figure 3.11). Again, notwithstanding the small differences 

in height and width, the GISAXS data captures the same CoNP asymmetry 

that was previously observed with AFM & SHIM. Comparing between 

samples it can be summarised that from the GISAXS data the average 

lateral diameter of the particles on Co/TiO2 are ~ four times larger  than they 

are high and confirm the presence of a comparatively spread CoNP than that 

seen on the SiOxSi substrate where the particles appear more semi-

ellipsoidal (Figure 3.11e). 

 

Figure 3.11. Experimental (a, с) vs. fitted (b, d) 2D GISAXS images of reduced 

Co/SiOxSi(100) (a, b) and Co/TiO2(110) (c, d) catalysts with visible Co nanoparticle 

form factor (FF). Cobalt spreading is corroborated by the larger diameter and 

smaller height for titania support in comparison to silica. (e) Side view of the model 

used for the fit showing the resulted average diameter (d) and height (h) of the NPs. 

According to the fitting the average lateral diameter of particle increases while the 

height decreases for titania in comparison to silica. 

 

3.3. Discussion 

During the ROR treatment CoNPs spread onto and also partially embed into 

TiO2(110) substrate more strongly than into SiOxSi(100). This is confirmed by 

the lower AFM height and smaller SHIM diameter (excluding the spreading 

cobalt, Figure 3.12) of CoNPs on TiO2 as well as by the grey patches 

surrounding CoNPs in electron microscopy images after SHIM (Figure 3.8b, 

3.9b insert). I observe that the Tamman and Hüttig temperatures (at which 
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lattice and surface atoms becomes significantly mobile, respectively) of bulk 

CoO (mp 2068 K) are 1034 K and 620 K, respectively;[110] while for metallic 

cobalt (mp 1768 K) TT = 884 K and TH = 530 K.[290],[291]  Tamman and Hüttig 

temperatures for the CoNPs (mainly CoO initially and after re-oxidation, and 

Co0 during the two reduction steps) will be lower than the above values 

[143],[292] (e.g., ~10 % lower for 5 nm NP[143]), particularly considering the small 

size of CoNPs on TiO2 (Figure 3.3, Figure 3.1 & 3.2). Therefore the ROR 

treatment (Reduction at 623 K or 773 K, Oxidation at 573 K) enables Co 

atoms at the NP surface to be mobile irrespective of whether the NP is 

reduced to metallic cobalt or remains oxidised (CoO phase). Note however, 

that NP mobility is also observed in samples undergoing ROR at lower T 

(623 K) albeit to a lesser extent. 

 

Figure 3.12. Schematic of the Co nanoparticles evolution on TiO2(110) and 

SiOxSi(100) substrates after ROR. The spreading of CoNPs onto the surface of TiO2 

forms a fried-egg shape resulting in strong interaction with the support to form 

CoTiO3, while CoNPs on SiOxSi tend to move and agglomerate into bigger particles. 

 

The higher temperatures encountered in the reduction steps renders this 

process more significant as far as Co migration to the titania substrate is 

concerned while I propose that re-oxidation is probably responsible for the 

‘anchoring’ of the migrated Co by dint of the formation of a Co-TiO2 (CoTiO3) 

support interaction similar to what is reported for Co/SiO2 catalysts.[112] I 
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observe that reported free energy of formation values from oxides of Co2SiO4 

(-12.03 kJ/mol [293])  is higher than that of CoTiO3 (-18.41 kJ/mol [294]) 

suggesting that cobalt titanate (Oh) forms on Co/TiO2 more readily. The 

unreduced Co2+ species determined by the significant L3
I feature in the 

Figure 3.6b,d after first and second reduction (black line) are considered to 

be pertinent to this interface compound. The cobalt spreading might be 

independent of TiO2 polymorph; indeed recent studies have reported that Co 

may be more mobile across more traditional catalysts that comprise both 

anatase (majority) and rutile polymorphs[173]. Whereas promoter (e.g. Mn, Zn) 

addition seemed to protect the TiO2 supported CoNPs and to inhibit the 

spreading of cobalt during reduction via modifying the cobalt-titania metal-

support interaction.[180],[295],[296] I do not clearly observe the formation of an 

amorphous TiO2-x overlayer (no energy shift in Figure 3.13) during reduction 

and which has been reported as a major contributor to the deactivation of 

cobalt catalysts in literature. [144],[145] My results, in conjunction with these past 

studies, suggest that for CoNPs on crystalline TiO2, the formation of this 

overlayer is not a main cause of deactivation. The question then remains as 

to whether this leads to a more or less active catalyst? As indicated in this 

study and alluded in others, in FTS a high degree of re-dispersion of Co 

across a support can render it more difficult to reduce and therefore less 

active and selective and so in this sense it is a process that potentially leads 

to CoNP inactivity; for example it has been reported that CO conversion 

declines although the product selectivity remains largely unaffected.[147] 

However, this spreading could also lead to the formation of CoNPs that 

deactivate more quickly as cobalt spreading leads to a higher surface area 

which has previously been linked to more rapid formation of cobalt carbide 

and/or coke formation as well as surface oxidation.[173] On the other hand, 

previous observations of the presence of a CoOx-titania interfacial-compound 

and in particular the presence of oxidic Co, has been shown to result in a 

more active catalyst (albeit with a higher tendency to produce alkanes) for 

both CO and CO2 hydrogenation than those where TiO2-x has been proposed 

to encapsulate CoNPs.[82] In addition, a recent study by de Jong and co-

workers showed that the ROR treatment of a Co/TiO2 catalyst led to 

improved catalytic activity, which they attributed to a change in the metal 
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support interaction (based on H2 uptake). However, in both of these two 

recent studies, the authors were not able to rationalise fully how the gas 

treatments affect the CoNP’ structure. The various characterisation 

techniques employed here allow illustrating in Figure 3.12, how spreading of 

Co on TiO2 results in the production of a fried-egg-shape on the support 

surface leading to CoNPs with a greater surface area (i.e. for H2 uptake and 

catalytic activity) than a spherical or hemispherical structure seen (postulated) 

in the wider literature for CoNPs. This structure would lead to a greater 

degree of oxidised Co previously observed although the true impact that this 

has on catalytic performance is not possible from these samples due to the 

low quantity of metal present. 

  

Figure 3.13. XAS spectra of Ti L3,2-edge on Co/TiO2(110) before and after ROR 

process. Titanium in the processes is T4+ without Ti3+ detected, as evidenced by the 

lack of absorption energy shift.[297] After reduction the TiO2 crystal structure is 

changed from rutile to a mixture (TiO2(II)) of anatase and rutile,[298] as confirmed by 

the relative height changes of peaks at 459.9 and 460.9 eV. These changes could 

be due to the low pressure and high temperature during ROR experiment or 

promotional effect of cobalt.  

 

In contrast, the shape of the CoNPs on SiOxSi appear more typically semi-

elliptical, due to the weaker MSI and which also results in more significant 

metal aggregation with time/treatment.[124] The aggregation of CoNPs 

supported on SiO2-support samples has previously been seen and seems 

related to the difficulty in forming stable mixed-oxide interfacial compounds 
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(i.e. Co2SiO4 requiring at least more Co to be present than support oxide), 

when compared to Co/TiO2. Severe aggregation has previously been 

reported to adversely affect catalytic performance resulting in low activity and 

poor C5
+ selectivity and stability[178],[299],[300]. I note that the interfacial 

compounds are still present in the CoNPs (i.e. a small L3
I feature in the Co 

L3-edge XAS data shown in Figure A3.2a can be clearly seen in the spectra 

at the edge of the CoNP while it is absent from the spectra recorded in the 

centre of the particle) after ROR treatment. However, the strong correlation 

of FTS performance and the presence of Co0 when supported on SiO2 

suggests that the interfacial compound and oxidised Co2+ should be avoided 

where possible. I note that the substrate is comprised of a surface layer of 

SiO2, below which Si exists in a lower oxidation state (Sin+, n < 4), thus 

potentially leading to weaker interaction when compared to CoNPs located 

on a more conventional SiO2 support. However since there is ~4 nm of SiOx 

(estimated from Si 2p spectra in Figure 3.5),[301] the effect of the subsurface 

Si layer is not expected to be significant. An illustration of the determined 

interaction of the CoNPs with the SiOx layers is shown in both Figure 3.12 

and Figure 3.14a.  

 

Figure 3.14. (a) Schematic SiOx layer on Si(100) substrate and the interaction with 

CoNPs; (b) fitted XPS Si 2p spectra showing the presence of Sin+(1 ≤ n ≤ 4).  

 

3.4. Summary and Conclusion 

The goal of this study is to better understand the effect of a catalyst support 

on the shape and stability of CoNPs during the various stages of ROR. To 

this end a polymer reverse micelle encapsulation method has been used to 
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produce an ordered array of CoNPs on 2D single crystals of silica and titania. 

A combination of AFM, X-PEEM, soft X-ray XAS, SHIM and GIXS have been 

applied, which for the first time directly visualise and interrogate the 

interfaces of individual nanoparticles with the substrate. A stronger metal 

support interaction between CoNPs on TiO2(110) than for CoNPs on SiOxSi 

leads to the retention of large interparticle distances although a significant 

change in morphology eventually leading the CoNPs to adopt a fried-egg-like 

shape. On the one hand, this spreading increases the surface area of the 

CoNPs and their overall electronic state, both of which may prove beneficial 

for reactivity. But on the other hand and particularly if the spreading becomes 

extensive, it manifests in more non-reducible CoTiO3, which is likely to lead 

to a decrease in catalytic activity for reactions like FTS and in other reactions 

where metal cobalt is thought to be the active phase. In contrast, CoNPs 

supported on SiOxSi are not as stable, and undergo significant aggregation. 

The mobility of CoNPs on silica is clearly detrimental to catalyst performance 

and suggests that at least ROR procedures utilizing silica substrates will 

have to be performed at lower temperatures compared to TiO2 supported 

catalysts. Working at lower temperatures will of course have an adverse 

effect on intrinsic Co mobility and may leave only a limited temperature 

window for optimising CoNP nanostructures on silica. My results show that 

there is scope for further optimisation/tuning of the CoNPs/TiO2 interface to 

achieve better performance; particularly the application of heat and the 

nature of the reactive gas atmosphere and possibly in combination with a 

targeted initial particle size. They also indicate that there is a definitive place 

for the study of 2D catalysts, particularly where the probing of the 

fundamentals of catalysis is concerned. Beyond what I have shown here 

regarding the NP-support interface, 2D catalysts also allow for studying 

phenomena such as shape/size evolution under reaction conditions and in 

particular, when combined with preparation methods for controlling particle 

size and in situ nano/micro-spectroscopies it is possible even to interrogate 

the behaviour of individual particles under reaction conditions. This last 

aspect could prove very powerful in unravelling the effect of particle size on 

catalytic activity.   
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Chapter 4 Oxygen vacancies in TiO2 influencing the 

redox properties of CoNPs determined by soft XAS/X-

PEEM 

 

4.1. Introduction 

Oxide-supported metal-containing nanoparticles are the most common type 

of industrially applied heterogeneous catalyst.[302],[303],[304],[305] A critical 

challenge when making them concerns the nature and properties of the 

nanoparticles be they metal, metal oxide or as is often the case, a mixture of 

both. For reduction reactions, such as hydrogenation of CO2
[306], CO[42],[307] 

and unsaturated organics[308],[309], etc.  metal nanoparticles are often required. 

In contrast for oxidation, the nanoparticles are often found in their oxide 

form.[310],[311] For the majority of preparation methods used, the nanoparticles 

in the fresh catalysts are present in the oxide form.[307],[312] This necessitates 

a post-treatment activation step before reaction in order to obtain metallic 

nanoparticles, typically using reducing agents like H2 employed under 

specific conditions (temperature, time and pressure, etc.) to achieve this.[313] 

The intimacy and nature of the nanoparticles’ interaction with the catalyst 

support, which is useful to ensure that the nanoparticles are well distributed 

and stabilised, is well known to affect the rate and extent of reduction and is 

more generally considered to be affected by the extent of the metal-support 

interaction [25],[127],[155],[166],[174]. This has been reported in many studies and it 

has been shown that metal oxide nanoparticles are difficult to fully reduce to 

the metallic phase in comparison with unsupported metal oxide 

NPs.[118],[167],[314],[315] For reactions that require the presence of metal NPs as 

the active component, this can be problematic in that either there is an 

underutilisation of the metal leading to lower activity per unit 

catalyst/nanoparticle or else their selectivity to the desired reaction product is 

adversely affected by the presence of an additional phase(s). To some 

extent the post activation treatment can be made more forcing (i.e. using 

higher reduction temperatures) although this increases the likelihood of 
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nanoparticle sintering or else solid-state reaction between the nanoparticles 

and support. Alternative strategies to facilitate reducibility of metal oxide NPs 

include limiting the extent of the MSI and the addition of noble metals (Pt, Re, 

Ru, etc.) that are easier to reduce, splitting H2 more readily to promote 

further metal reduction [118],[316],[317],[318]. A consequence of weakening the MSI 

however, is an enhanced mobility of the supported metal nanoparticles which 

leads to increased risk of aggregation [43],[68],[319], whereas the presence of 

noble metals has been shown to affect activity and selectivity and also to 

accelerate catalyst deactivation[52],[91],[96]. Modifying the MSI effect is an 

imprecise art, mainly effected via trial and error. Therefore, developing 

insight into how it is possible to support or to realise alternative synthetic 

methods to create supported, readily-reducible metal oxide NPs, is desired 

and perhaps necessary for producing more efficient heterogeneous catalysts.  

Supported cobalt NPs, are an exemplary heterogeneous catalyst where the 

above-discussed phenomena particularly apply. They are perhaps best 

known as catalysts for CO hydrogenation at high pressure (Fisher-Tropsch 

Synthesis, FTS) and it has generally been shown that metallic Co 

nanoparticles are the active phase on common supports such as TiO2, SiO2 

and Al2O3.[25],[213] Cobalt oxide is typically present initially as Co3O4
[213], which 

is then reduced to CoO and eventually Co metal before being used in 

reaction. [269],[315] The first step of Co3O4 to CoO is comparatively easy to 

effect while the second step of CoO to Co0 is more difficult owing to the 

interaction between metal and support. [269],[315] This is further complicated by 

the tendency of NPs to agglomerate, or else, as has been widely reported, to 

become encapsulated by reduced TiO2-x 
[82],[144],[148]. More recently, CoNPs 

have been shown to spread on TiO2 surfaces[128],[173]. Ultimately, all of the 

above will alter the catalytic performance (both the activity and selectivity of a 

reaction). What is needed then is a method in which to either prepare or treat 

a prepared catalyst in a way so as to enable facile CoNP reduction avoiding 

the well documented downsides of this approach.  

Interestingly, it has previously been reported that oxygen vacancies (Ovac) or 

the presence of Ti3+ on TiO2 surfaces has been suggested to improve metal 

oxide reducibility in TiO2 supported catalysts during reduction[141],[182],[320]. The 
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Ovac were created in various ways including thermal annealing in the 

absence of O2, illumination (e.g. UV), doping and plasma treatment, etc. 

[142],[182],[321]. The presence of such vacancies and their role in a reaction (e.g. 

water-gas shift or CO oxidation) have been confirmed by techniques such as 

TPR, IR, TEM, EPR, XPS, etc. or DFT calculations. From these studies it 

has been proposed that Ovac on the supports promote reducibility of metal 

oxide NPs by capturing oxygen-containing species via oxygen spillover 

although exactly how it does this is not clear.[299] These past studies 

examining Ovac and their role have focused exclusively on using powder 

catalysts and ex situ characterisation techniques where the information 

obtained is averaged over a large number of CoNPs. Hence, they are unable 

to obtain intricate insight regarding the role and mechanisms by which Ovac 

promote metal oxide reduction. Recent research has indicated that 

parameters such as support particle size and support morphology can affect 

Ovac formation and reducibility/reactivity of CoNPs, which provides some 

context into understanding the promotional effects of Ovac.[299],[322] To date 

however no publications exist that have examined in intricate detail, the 

promotional effect of Ovac as a function of the supported metal (oxide) NPs 

size. This is known to be particularly important for cobalt-based catalysts 

used for Fischer-Tropsch Synthesis, since there is a strong size dependency 

on catalyst performance and stability: for sizes larger than the critical size (5-

10 nm) the FTS intrinsic activity and selectivity show no dependency with 

CoNP size while below this range the activity/selectivity is proportional to 

it.[41],[57],[323]  Consequently, it is well established that the strategic targeting of 

a particular CoNP size and with a high cobalt dispersion is beneficial for the 

FTS reaction. As shown however, the reducibility of these CoNP species 

also shows a dependency of size (8~24 nm) and in particular the presence of 

Ovac.  

A combined surface sensitive spectroscopic and microscopic method with 

metal-support interface resolution is required to probe the surface Ovac 

promotional effect in a Co/TiO2 catalyst. To this end, a two dimensional (2D) 

Co/TiO2 sample was prepared by depositing pre-synthesized Co3O4 NPs 

which exhibit a range (6~18 nm) of particle sizes on rutile(110) substrate and 
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subjected to reduction and syngas (H2+CO) adsorption. Then quasi in situ X-

ray Photoemission Electron Microscope (X-PEEM) coupled with soft X-ray 

Adsorption Spectroscopy (XAS) was used to directly determine the 

behaviour of these systems under reducing and syngas conditions. Using 

micro(nano)scopy it is possible to differentiate the spatial distribution of 

speciation between cobalt-titania interface (edge of NPs) and more ‘bulk-like’ 

cobalt, less affected by the titania (i.e. centre of NPs) in an individual NP. 

Here I used air plasma treatment to create Ovac and successfully identified, 

using O K-edge and Co L3-edge spectroscopy, regions where Ovac are 

present and how they influence the properties of the Co3O4 NPs initially 

deposited. In this regards it should be highlighted that the seminal work of 

Bharti et al. who demonstrated the tendency of air plasma treatment to 

create Ti3+ ions and Ovac species in TiO2.[324]  

Two regions were identified by XAS/X-PEEM in one sample which differed in 

the number of Ovac as determined from the O K-edge spectra (vide supra). 

These are labelled Co/Ti-1 (more Ovac) and Co/Ti-2 (less Ovac) with these 

differences attributed to the indiscriminate ability of air/O2 plasma treatment 

to create Ovac
[321]. The two regions are then further divided into sub-regions A 

& B as it was not always possible to locate exactly the same region after 

each gas treatment. It is striking to observe already in fresh samples that 

Ovac species (in region Co/Ti-1A/1B) are able to directly transform Co3O4 NPs 

into CoO and even to Co0 in NPs < 8 nm without any post treatment, 

whereas in the regions with a lack of Ovac (Co/Ti-2A/2B), CoNPs remained 

primarily as Co3O4. In addition, the supported cobalt oxide NPs could be fully 

reduced to metallic cobalt in an H2 atmosphere with the exception of some 

large NPs (> 15 nm) that remain in the CoO and Co0 mixture in the Ovac 

abundant regions of TiO2. Finally, treatment in syngas leads to partial 

reoxidation of smaller CoNPs (≤ 8 nm) while Ovac inhibits this (total) 

reoxidation process.  
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4.2. Results and discussion 

4.2.1. Co3O4 transforming to CoO/Co0 with and without a reduction 

treatment 

 

Figure 4.1. TEM image (a) and XRD patterns (b) showing spherical shape of Co3O4 

nanoparticles used for the Co/TiO2 preparation.  

 

The sample was made from pre-synthesized unsupported spherical Co3O4 

nanoparticles (shown in Figure 4.1) that were dispersed in ethanol, 

centrifuged before being dip-coated onto the titania substrate, dried and 

subjected to air plasma treatment. The CoNP distribution (interparticle 

distance > 500 nm) in the pristine Co/TiO2 was determined by Atomic Force 

Microscopy (Figure 4.2) to possess a mean NP size of 12.7±7.0 nm. The 

initial presence of some CoO (instead of Co3O4) and small amounts of Co0 

was confirmed by X-ray photoelectron spectroscopy (Figure 4.3a). At this 

point I hypothesise that partial reduction of CoNPs has more to do with the 

properties of TiO2 rather than the measurement performed on the sample. 

Subsequently, the sample was loaded into an X-PEEM chamber connected 

to a preparation chamber that allows controlled gas dosing and heat 

treatment of the sample[128],[325]. The X-PEEM images (Figure 4.4a-d) contain 

spots with different brightness and diameters, reflecting the variance in size 

of NPs. The absolute size of the CoNPs was confirmed by high resolution 

SEM (see Figure 4.5b) revealing the particles to be ~10 times smaller than 

the size shown in the X-PEEM images (Figure 4.4a-f). This difference in 

observed spatial resolution (~20 nm) is attributed to the X-ray energy and 
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incidence angle as well as sample nature (conductivity and 

topography).[326],[327],[328] 

  

Figure 4.2. AFM image (a) and corresponding histogram (b) of nanoparticles 

distribution for Co/TiO2 catalyst before X-PEEM experiment. The different heights of 

nanoparticles shown in (a) are in line with the different sizes of Co3O4 nanoparticles.  

 

  

 

 
 

 

Figure 4.3. XPS Co 2p (a), O 1s (b) and Ti 2p (c) spectra of the Co/TiO2 catalyst 

before and after X-PEEM experiment. (d) Fitted results of Co 2p, O1s and Ti 2p 

XPS spectra from (a)-(c). Co2+ (~781.3 eV) as main component before and after X-

PEEM is shown in (a) but small amount of metallic cobalt (2.1 %) is detected in the 

fresh sample.[310] The content of Ovac decreased by 7.3 % in the X-PEEM 

experiment while the Ti-OH increased by 17.1 %.[329],[330],[331] Ti3+ is detected before 

and after X-PEEM but quenched by 1.4 % in the experiment. [329],[330],[331],[332] 
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Figure 4.4. X-PEEM images (a-d, recorded at 778.3 eV, field of view 6 μm) showing 

nanoparticles distribution (e, f) in different regions (Co/Ti-1 or Co/Ti-2) for sample 

Co/TiO2. The brightness or diameter reflects the size of labelled individual 

nanoparticles. (g) The XAS O K-edge spectra in the whole region (including the 

NPs) of (a-d). Obviously, t2g intensity and the splitting energy of t2g-eg in Co/Ti-1 are 

always lower than that in Co/Ti-2, meaning the concentration of Ovac in Co/Ti-1 

higher than in Co/Ti-2. All the O K-edge spectra are normalized to 1 through eg 

peaks. 
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Figure 4.5. (a) Focused X-PEEM image (false colour map, recorded at 778.3 eV) of 

Co/TiO2 in region Co/Ti-1, in which edges (red) and centres (green) of interested 

CoNPs are indicated. (b) Corresponding high resolution SEM image. (c, d) Co L3-

edge XAS spectra of the NPs before and after reduction. Co3O4 directly transforms 

to CoO/Co0 in fresh sample and fully to metallic Co in the NPS < 8 nm. Note that the 

image in (a) is a portion cropped from the original X-PEEM image shown in Figure 

4.4a. F1 (777.0 eV), F2 (778.2 eV) and F4 (779.1 eV) label the position of three 

features in the spectra of CoO; F3 (778.4 eV) corresponds to Co0; and F5 (779.9 

eV) is the main feature of Co3O4. 

 

X-PEEM, SEM and Co L3-edge XAS spectra for one region (labelled as 

Co/Ti-1) of the Co/TiO2 sample featured in this study are shown in Figure 4.5. 

Co L3-edge XAS spectra for the single CoNPs of interest before H2 reduction 

are shown in Figure 4.5c. Consistent with the XPS data, the cobalt species 

are revealed by linear combination fitting to contain a mixture of Co3O4, CoO 

and Co0. As can be seen in Table 4.1 however, a number of particles have 

been analysed from regions in the sample that have both a higher (Co/Ti-1A) 

and lower (Co/Ti-2A) number of Ovac (vide infra). As a result, I observe that 

the degree of reduction of the CoNPs in sample Co/Ti-1A is greater than on 

sample Co/Ti-2A. However, the extent also depends on the CoNP size. In 

Co/Ti-1A the CoNP labelled as 1A-NP1 is ~24 nm in diameter and comprises 

mostly (~85 %) cobalt oxides, whilst 1A-NP3 closer to 8 nm in size, contains 

mainly (~90 %) Co0 but with only minor amounts of both CoO and Co3O4. In 

contrast, in the latter sample (Co/Ti-2A, Figure 4.4c), the main component in 
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the big NP (2A-NP2, 23 nm) is determined to be Co3O4 (~94 %) and no Co0 

is found. Whereas the smaller NPs contain more CoO (by dint of a feature at 

~777 eV highlighted as F1 in Figure 4.6a) the major component throughout 

all NPs remains the oxides and particularly Co3O4 (see Table 4.1). The 

cobalt oxide that remains in the big NPs are thought to be due to the difficulty 

in reducing the core particularly after the surface is reduced.[333] 

 

Figure 4.6. Co L3-edge XAS spectra of NPs before (a) and after reduction (a) in the 

Co/Ti-2 region. Mainly Co3O4 is observed in fresh catalyst based on the XAS spectra 

in (a). CoNPs are not fully reduced but the centres in all size NPs are easy to 

reduce. 

 

As can be seen from Figure 4.5 and Table 4.1, the spatial resolution of the X-

PEEM instrument allows for identifying differences in the Co XAS fine 

structure when comparing the spectra at the edge of the sample (cobalt-

titania interface) and the centre (bulk cobalt) of a NP (see Figure 4.5a, c). 

From Figure 4.5c, the F1 features at the NP’ edge are clearly weaker than 

those seen in the centre, indicating that cobalt at the edge of the NPs is more 

reduced; this observation is consistent with the composition data derived 

from linear combination fitting reported in Table 4.1. In contrast, differences 

in the spectra show no spatial dependency in the Co/Ti-2A sample (Figure 

4.6a) remaining essentially unchanged. 
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Table 4.1. Linear combination fitting results from Co L3-edge XAS spectra of NPs in 

region Co/Ti-1 and Co/Ti-2. The edge and centre definition is shown in Figure 4.5a. 

The numbers in the brackets are the fitting errors. 

Spectrum 
Size

/nm 
Co0/% CoO/% Co3O4/% R-factor 

Reduced 

Chi-square 

Fresh 

1A-NP1-centre 
24 

10.4(3.2) 57.4(2.2) 32.2(2.3) 0.04832 0.005332 

1A-NP1-edge 16.7(15.6) 45.1(1.9) 38.2(1.9) 0.02386 0.003057 

1A-NP2-centre 
15 

56.8(4.7) 31.8(3.5) 11.4(5.8) 0.02184 0.002015 

1A-NP2-edge 71.9(6.5) 14.5(4.7) 13.6(8.0) 0.03943 0.003686 

1A-NP3-centre 
8 

89.4(1.5) 5.3(0.6) 5.3(1.4) 0.02697 0.002730 

1A-NP3-edge 92.9(1.1) 4.4(0.4) 2.7(1.0) 0.01741 0.001586 

2A-NP2-centre 
23 

0(0.8) 6.1(0.8) 93.9(0.8) 0.03466 0.003194 

2A-NP2-edge 0(0.8) 5.6(0.8) 94.4(0.8) 0.03486 0.003466 

2A-NP10-centre 
16 

0(0) 7.0(0.8) 93.0(0.8) 0.04168 0.003392 

2A-NP10-edge 0(0) 4.6(0.9) 95.4(0.9) 0.05229 0.004639 

2A-NP6-centre 
8 

0(1.1) 15.5(1.2) 84.5(1.2) 0.07252 0.008720 

2A-NP6-edge 0(1.2) 15.6(1.3) 84.4(1.3) 0.08765 0.009976 

        

Red. 

1A-NP1-centre 
24 

38.2(8.7) 57.1(6.5) 4.7(11.1) 0.05354 0.005941 

1A-NP1-edge 42.8(16.2) 53.5(4.6) 3.7(2.6) 0.03320 0.003289 

1A-NP2-centre 
15 

99.7(2.2) 0.3(0.8) 0(0) 0.01031 0.000794 

1A-NP2-edge 100(2.2) 0(0) 0(0) 0.02795 0.002130 

1A-NP3-centre 
8 

100(0) 0(0) 0(4.2) 0.03320 0.002851 

1A-NP3-edge 100(0) 0(0) 0(4.2) 0.02998 0.002667 

2B-NP27-centre 
22 

28.9(5.6) 62.9(4.5) 8.2(8.4) 0.03833 0.003728 

2B-NP27-edge 24.6(7.5) 63.5(5.5) 11.9(10.3) 0.04859 0.005054 

2B-NP29-centre 
15 

25.7(5.5) 68.1(4.4) 6.2(7.1) 0.01553 0.002322 

2B-NP29-edge 24.9(10.7) 64.7(8.3) 10.4(13.5) 0.09264 0.009310 

2B-NP26-centre 
8 

39.6(5.9) 54.9(4.5) 5.6(8.6) 0.03770 0.003414 

2B-NP26-edge 29.7(7.1) 63.1(5.3) 7.2(9.9) 0.04838 0.004884 

        

Synga

s dos. 

1A-NP1-centre 
24 

43.5(7.7) 55.3(6.0) 1.2(10.4) 0.03513 0.004649 

1A-NP1-edge 56.3 (4.9) 37.3(3.9) 6.4(7.7) 0.02871 0.002879 

1A-NP2-centre 
15 

100(0) 0(2.2) 0(0) 0.01749 0.002927 

1A-NP2-edge 100(0) 0(1.5) 0(0) 0.04660 0.004272 

1A-NP3-centre 
8 

92.2(6.3) 7.8(4.7) 0/(0) 0.01902 0.002687 

1A-NP3-edge 98.6(7.6) 1.4(1.3) 0(0) 0.001159 0.0009249 

2B-NP27-centre 
22 

22.1(8.0) 68.3(6.0) 9.6(10.0) 0.05097 0.005339 

2B-NP27-edge 31.9(7.5) 60.6(5.6) 7.5(9.3) 0.04742 0.004821 

2B-NP29-centre 
15 

34.5(8.0) 49.6(5.9) 15.9(10.0) 0.05947 0.005733 

2B-NP29-edge 39.7(8.8) 46.0(6.4) 14.4(10.9) 0.06412 0.006747 

2B-NP26-centre 
8 

64.0(4.1) 34.0(3.0) 2.0(6.8) 0.01771 0.001517 

2B-NP26-edge 68.9(4.5) 30.1(3.3) 1.1(7.1) 0.01922 0.001810 

 

To examine the behaviour of the CoNPs under a reducing atmosphere, the 

sample was treated in pure H2 (1x10-6 mbar) at 623 K for 3 h. In Figure 4.5d 

NPs ≤ 15 nm (1A-NP3(8 nm)/1A-NP2(15 nm)), an initial glance at the shape 

of the XAS spectra indicates that both essentially contain only Co0. However, 

the bigger NP (1A-NP1(24 nm)) comprises largely (> 50 %) the CoO phase 

(see Table 4.1). Lastly, the differences in the spectra between the edge and 
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centre follow the same trend as seen in the fresh sample, indicating that the 

CoNP edges are easier to reduce than the centres. For example, feature F1 

in the spectra recorded at the edge of 1A-NP1 (24 nm, 42.8 % of Co0) is 

lower in intensity than that recorded from the NP centre (38.2 % of Co0). In 

contrast, for the Co/Ti-2 sample which contains a lower [Ovac], particularly 

portion of Co/Ti-2B where no Ovac are observed, the CoNPs prove to be 

difficult to reduce even at 623 K in H2 (Figure 4.6b). I observe again a 

significant difference in the XAS spectra at the edges and centres of the NPs 

in this sample after reduction; notably, the F1 intensity of the spectra at the 

edges due to the presence of cobalt oxides are always greater than those 

recorded at the centres. This suggests that, unlike the CoNPs in the 

presence of more [Ovac], the centres of the CoNPs are easier to reduce in 

these regions (see compositional differences in Table 4.1).  

  

4.2.2. Determining the presence of oxygen vacancies on the TiO2 

surface 

 

Figure 4.7. XAS spectra of O K edge in defined periphery (yellow shadow ring) and 

top (red ring) of the NPs of fresh Co/Ti-1 & 2. All the spectra in a-b are normalized 

to the maximum of the eg peaks. Note the strong feature c (dotted line) is attributed 

to the contribution of cobalt oxide. 
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Table 4.2. Peak parameters of O K-edge XAS spectra of NPs’ neighbours in Co/Ti-1 

& 2 treated by H2 reduction and syngas adsorption. 

O K edge 

Size / nm 
Spectrum 

Position/separation (eV) Intensity 

t2g eg 10Dq/ΔEeg-t2g Ieg/It2g 

Fresh 

1B-NP17 531.68 534.02 2.34 1.34 21 

1B-NP13 531.65 533.96 2.31 1.31 16 

1B-NP15 531.64 533.96 2.32 1.30 8 

1B-background 531.63 534.01 2.38 1.32 - 

2A-NP2 534.41 534.05 2.64 0.95 23 

2A-NP10 531.48 534.04 2.56 0.96 16 

2A-NP6 531.53 534.06 2.53 1.00 8 

2A-background 531.50 534.05 2.55 1.00 - 

       

Red. 

1A-NP1 531.56 534.17 2.61 1.14 24 

1A-NP2 531.52 534.13 2.61 1.14 15 

1A-NP3 531.51 534.13 2.62 1.15 8 

1A-background 531.33 533.93 2.60 1.18 - 

2B-NP27 531.43 534.00 2.57 0.92 22 

2B-NP29 531.55 534.14 2.59 0.91 15 

2B-NP26 531.47 534.02 2.55 0.94 8 

2B-background 531.47 534.02 2.55 0.95 - 

       

syngas dos. 

1A-NP1 531.43 534.00 2.57 1.18 24 

1A-NP2 531.41 534.00 2.59 1.18 15 

1A-NP3 531.42 533.96 2.54 1.19 8 

1A-background 531.38 533.95 2.57 1.22 - 

2B-NP27 531.55 533.98 2.43 1.05 22 

2B-NP29 531.50 533.98 2.48 1.04 15 

2B-NP26 531.52 533.97 2.45 1.05 8 

2B-background 531.63 534.05 2.42 1.05 - 

 

In order to understand if it is possible to correlate the behaviour of the NPs 

with the properties of the TiO2 support, spatially resolved O K-edge XAS 

spectra at the centre and periphery of the CoNPs were recorded and shown 

in Figure 4.4g, 4.7 and 4.8. In Figure 4.7 the five peaks in the O K-edge XAS 

spectra are marked accordingly a-b (due to a transition from O 1s to 

unoccupied O 2p−Ti 3d orbitals in an Oh crystal field splitting into 531.5 (t2g) 

and 534.0 eV (eg) components) and d-f (540.8, 543.3, and 546.2 eV; O 1s to 

O 2p−Ti 4sp transition) and are consistent with the presence of the rutile 

structure.[334],[335],[336] Peak c can be assigned to a contribution from cobalt 

oxides when in the field of view.[337] Here I analyse the differences in the 

normalized relative intensity of features a & b to provide insight on the local 

structural and electronic state of Ti. For example, I observe that the peak (a) 

in the spectra recorded for the fresh sample and shown in Figure 4.7a is 
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much lower in intensity when compared to peak b (Ieg/It2g ≥ 1.30, Table 4.2). 

Furthermore, I determine the 10Dq splitting to be ~2.3 eV (Table 4.2) in 

Figure 4.7a (Co/Ti-1) which is much lower than the 2.6 eV in Figure 4.7b 

(Co/Ti-2) which is more typical of crystalline rutile.[338],[339] This relative 

decrease in peak a intensity[340] and 10Dq[341] has previously been ascribed 

to Ti3+ formation[341],[342]; the increased electron population in the Ti3d t2g 

state, reducing the dipole transition probability from the O1s. The number of 

surface Ovac or Ti3+ can be described with 10Dq and ratio of Ieg/It2g, namely 

the lower 10Dq or higher Ieg/It2g means the more Ovac or Ti3+ are present on 

the surface. Focusing on the whole field of view (6 μm, including NPs), it was 

possible to perform the same analysis to identify regions within samples with 

variable Ovac (see Figure 4.4g).  

 

Figure 4.8. (a-c) Local XAS spectra of O K-edge in defined periphery (yellow 

shadow ring) of the NPs in region Co/Ti-2A/B after different treatments. (d) XAS 

spectra differences of O K-edge in the pure TiO2 backgrounds for Co/Ti-1. All the 

spectra in (a-d) are normalized to 1 through eg peaks. The t2g intensities of O K-

edge lower than eg as well as their low splitting energies (10Dq = 2.3 eV in (a-c) 

fresh sample (Co/Ti-1B) in comparison with the 2.7 eV of 10Dq in standard rutile[341]) 

mean presenting large amount of Ovac.  

 

Further confirmation of the presence of a modified TiO2 surface can be 

gleaned from XPS which has  previously been used to identify the presence 

of Ovac/Ti-OH species, in particular by the detection of peaks at ~531.0 eV 
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and ~532.5 eV.[329],[330],[331],[343] These data have furthermore been directly 

correlated with techniques sensitive to spin state, namely EPR. [270],[331],[344] 

As such, the presence of Ovac in the sample is confirmed by the XPS O 1s in 

Figure 4.3b. From the fitted results of the O1s spectra (Figure 4.3d), the Ovac 

in the fresh sample occupies 26.2 % of the surface.  XPS also allows 

determining that only 8.5 % of these are Ti-OH species, possibly formed as a 

result of a reaction between surface Ovac and hydroxyl radicals (generated by 

air plasma)[331] or the hydration by adsorbed water[345] on exposure to air. 

Previous work has also demonstrated that the presence of Ovac, leads to the 

formation of undercoordinated Ti3+ species and that these species have a 

bigger role on cobalt oxidation state than the presence of Ti-OH.[140] 

Subsequently I also observe the presence of Ti3+ (6.7 %) from the fitting of 

the XPS Ti 2p spectra in Figure 4.3c as well as observing evidence of Ti3+ in 

the Ti L3,2-edge XAS spectra (see Figure 4.9).[341],[334],[336],[346],[347] The Ti L-

edge XAS spectra are quite different from the standard rutile with strong 

energy shift and peaks variation (see Figure 4.9), which indicates the surface 

environment changes of this sample and could be due to the presence of 

Ovac and the influence of corresponding CoNPs.  

 

Figure 4.9. XAS Ti L3,2-edge spectra of Co/TiO2 in fresh sample. Those spectra 

were extracted on the tops of corresponding NPs in X-PEEM images. 
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4.2.3. Role of oxygen vacancies on CoNP reduction and their behaviour 

in H2 and syngas 

 

It is possible to rationalise the impact of the Ovac on the stability of the 

various CoNPs based on the standard electrode potentials (Lange's 

Handbook of Chemistry, 15th edition and Wikipedia-Standard electrode 

potential (data page)): Ti4+ + e- → Ti3+ (-0.56 V); Co2+ + 2e- → Co (-0.28 V) 

and Co3+ + e- → Co2+ (1.92 V) and which allows rationalising that the 

potential for reduction/oxidation of Co/Ti is positive i.e.  Co3+ + Ti3+ → Co2+ + 

Ti4+ is 2.48 V and for Co2+ + 2Ti3+ → Co + 2Ti4+ is 0.84 V. Hence the 

reduction of Co3+ to Co2+ and Co2+ to Co0 with surface Ovac /Ti3+ would be 

spontaneous, occurring without the need to apply heat and/or reducing 

agents should the Ovac /Ti3+ species be present in sufficient quantities. This 

can explain in particular why the edges of the CoNPs and the entirety of the 

small NPs in Co/Ti-1A (containing the greatest amount of Ovac /Ti3+ at the 

edges based on high Ieg/It2g and low 10Dq values in Table 4.2) are typically 

the most reduced. In contrast, the lack of surface Ovac in Co/Ti-2A renders 

the NPs stable as Co3O4 in the fresh sample (Figure 4.6a).  

Treatment of the sample at 623 K in H2 leads to a decrease or ‘filling in’ of 

the number of Ovac in Co/Ti-1 as evidenced by a change in the Ieg/It2g which 

decreases from > 1.30 to ~1.14 i.e. peaks attributable to t2g peaks were 

observed to increase in regions close to CoNPs Figure 4.8a-d depicting the 

TiO2 background whilst 10 Dq increases from ~2.3 to ~2.6 eV (Table 4.2). 

Strikingly, I observe an interesting correlation whereby in regions with higher 

[Ovac] e.g. 1A-NP1(24 nm) in Co/Ti-1A, reduction of the edge of the NP is 

more pronounced than for NPs in regions with a low [Ovac] e.g. 2B-NP27(22 

nm) in the Co/Ti-2, Ieg/It2g < 1 in Table 4.2. I attribute this disparity in Co/Ti-2 

to the strong bonding interactions at the edge of CoNPs (with TiO2).[128] This 

also leads to differences in the degree of reduction of the centres of the NPs 

with those in sample Co/Ti-1 being fully reduced when the NPs < 15 nm, 

(see Table 4.1) whereas in sample Co/Ti-2 only ~27 % cobalt reduction is 

observed (see Table 4.1).  The larger NPs in both samples are reduced to 

the lowest extent, but particularly those in sample Co/Ti-2 the presence of so 
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much unreduced cobalt attributable to the high diffusion activation barrier 

and low partial pressure of H2 (1x10-6 mbar). Furthermore, it appears that for 

all of the CoNPs in sample Co/Ti-2 the centres of the NPs are more reduced 

than their edges (~29 (centre) vs. ~25 % (edge) in 2B-NP27(22 nm)) see 

Table 4.1.  

 

Figure 4.10. (a-c) Local XAS spectra of O K-edge in defined periphery (yellow 

shadow ring) of the NPs in region Co/Ti-2A/B after different treatments. (d) XAS 

spectra differences of O K-edge in the pure TiO2 backgrounds for Co/Ti-2. All the 

spectra in (a-d) are normalized to 1 through eg peaks. The t2g intensities of O K-

edge are significantly decreased after syngas dosing, meaning the formation of new 

Ovac.  

The decrease in intensity of the t2g peaks both nearby the CoNPs and in the 

blank TiO2 background after syngas dosing for Co/Ti-1 is suggestive of the 

formation of new Ovac after reduction, although they are now fewer in number 

than what was observed in the fresh sample (Figure 4.8, Table 4.2). This is 

in contrast to the Co/Ti-2 sample where the number of Ovac increases for all 

CoNPs after syngas treatment as well as the TiO2 background (Figure 4.10, 

Table 4.2). Note though that overall, Co/Ti-1 always possesses a greater 

number of Ovac than Co/Ti-2. The increase in the number of Ovac in both 

samples is due to the greater reducing power of syngas than pure H2 even 

considering the differences in temperature of the treatment (623 K for H2, 

493 K for syngas).[141],[348] The differences in concentration of Ovac 

surrounding NPs in Co/Ti-1 and Co/Ti-2 are shown in Figure 4.11. No 
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obvious size-dependent correlation between NPs and Ovac can be discerned. 

This could be due to that a single NPs cannot induce observed O K-edge 

difference.   

  

Figure 4.11. XAS spectra differences of O K-edge in the periphery of NPs and the 

pure TiO2 backgrounds for Co/Ti-1 (a) and Co/Ti-2 (b) during various treatments. All 

the spectra in (a-b) are normalized to 1 through eg peaks.  

 

     

Figure 4.12. Co L3-edge XAS spectra after syngas adsorption in regions Co/Ti-1 (a)  

and Co/Ti-2 (b). Ovac on TiO2 surface can prevent small CoNPs (< 8 nm) from being 

oxidised but promote further reduction for big NPs (> 15 nm).  

 

XAS spectra of Co L3-edge after syngas adsorption and reaction at 493 K for 

30 min are displayed as Figure 4.12 for regions Co/Ti-1 & Co/Ti-2 
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respectively. Syngas adsorption is seen to promote further reduction of all 

NPs in sample Co/Ti-2 but only the ‘big’ NP in sample Co/Ti-1. This sample 

also witnessed a partial oxidation of the smaller (8 nm) CoNP. The 

reoxidation of small CoNPs has been observed on many occasions [59] and 

may be caused by the presence of more under-coordinated sites in small 

NPs, which can strongly bind species like CO.[56],[59] Alternatively, it has been 

promoted that the by-product of the reaction H2O can cause oxidation as well 

as the support.[48],[59],[349]  

 

Figure 4.13. Oxygen vacancies promote cobalt oxide NPs (on Co/Ti-1) reduction to 

CoO/Co0. Co3O4 NPs with the help of Ovac on rutile substrate surface can transform 

into CoO/Co0 in the fresh sample and this process can be further enhanced by H2 

reduction (623 K) and syngas adsorption (493 K). The detail components of different 

size CoNPs at every step can be found in Table 4.1, but the smaller NPs and the 

periphery of NPs are more influenced by Ovac, resulting in formation of more metallic 

cobalt. The Ovac changes are shown in Figure 4.8 and Table 4.2. 

 

Comparing the spectra recorded at the edges and centres of the NPs, in both 

Co/Ti-1 & Co/Ti-2 it is noticeable that after syngas treatment the NP edges 

are always more reduced than the centres (e.g. 43.5 % Co0 at the centre 

while 56.3 % Co0 of edge in 1A-NP1(24 nm)). In contrast Co/Ti-2, the edges 

of NPs also possess higher amounts of metallic cobalt than the centres after 

syngas dosing (e.g. 2B-NP27(22 nm), 22.1 and 31.9 % Co0 at the centre and 

edge, respectively). From the O K-edge spectra evolution with syngas dosing 

(Figure 4.8, Table 4.2), I propose that the lower degree of oxidation seen at 

the edges of all but the 8 and 15 nm sized particles seen in Co/Ti-1 has to do 
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with the presence of formed Ovac on TiO2 acting as a sink for any oxygen-

containing species adsorbed on the metallic cobalt which then ensures more 

active sites for syngas adsorption and conversion.[141],[299],[306]  

 

4.3. Summary and conclusion  

The goal of this work is to better understand the effect of Ovac on the TiO2 

surface on the reduction behaviour of supported Co3O4 NPs. To this end pre-

synthesized Co3O4 NPs with different sizes have been deposited on 

commercial rutile TiO2(110) single crystal substrate to produce a 2D model 

catalyst sample. Although the sample is a single crystal it possesses a low-

energy band-gap (~3.0 eV, rendering it a semiconductor)[350],[351] which 

permits interrogation using a combination of X-PEEM and XAS and to 

identify regions in this sample where the [Ovac] varied and this allowed 

correlating the impact of Ovac affecting the phase evolution of different sized 

CoNPs for the first time. In region Co/Ti-1 where a larger number of Ovac 

were generated, Co3O4 is readily reduced and directly to CoO/Co0 even in 

the fresh sample (when the NP size was < 8 nm it is almost exclusively Co 

metal). Further reduction ensues after H2 and syngas treatment. This 

however does not happen in region Co/Ti-2 with a lower [Ovac] with all NPs 

remaining oxidised to some extent with larger particles, undergoing the 

lowest degree of reduction. 

Treatment of the samples in H2 leads to a significant reduction in Ovac in both 

samples although for the Co/Ti-2 region, syngas treatment increased their 

number and which coincided with an increase in the degree of reduction in 

this sample. Notably, the edges of the NPs are more reduced than the 

centres and which I ascribe to the propensity for the Ovac to reduce the NP 

periphery. These Ovac are also responsible for the prevention of complete 

oxidation of small CoNPs (< 8 nm) during syngas adsorption, while new Ovac 

formation and further reduction of big NPs (> 15 nm) are observed in the 

same conditions. When a sufficiently large number of Ovac are present, the 

reduction of medium sized CoNPs (e.g. 12 nm) as well as their stabilization 

in the reduced state during syngas treatment is realised.  
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Therefore, my findings suggest that an introduction of Ovac on a sample 

support surface is a promising and potentially straightforward method to 

develop catalytic materials with a greater extent of reducibility[141],[182] and 

stability. Although the method used here may also play an important role that 

promoting smaller NPs more reduced, which is contrary to the previous 

findings that smaller NPs are difficult to reduce in oxide supported catalysts. 

Note that as Scheme 1 demonstrates that Ovac should also appear beneficial 

for the loading of Co3O4 NPs on the TiO2 surface although I note that my 

study was not able to demonstrate this. The current results do suggest 

however, that Ovac creation can be achieved by both plasma treatment and 

treatment of samples at high temperature and in reducing gases although 

with former treatment the Ovac are inhomogeneously distributed on the 

surface of TiO2. I also observe that in terms of the number of Ovac species 

created, plasma treatment appears to generate a greater number than the 

thermal treatment in H2/CO but with the added advantage that there is a 

lower risk of deactivation of the metal NPs either by agglomeration or 

encapsulation that high temperature H2 treatment has been shown to induce 

in the past.[122] The results do not allow determining whether the 

inhomogeneity observed in the samples would also occur if reduction had 

been performed with gases at high temperatures. Note it is not clear why 

different regions of the same sample should contain and retain different 

[Ovac] although it seems likely that this must be related to some difference in 

TiO2 structure. Indeed it has been shown previously that the nature of the 

TiO2 polymorph affects the redox properties of the CoNPs. [21] As an added 

bonus, Ovac have also been proposed to improve intrinsic reaction activity at 

the cobalt-titania interface by promoting the transformation of adsorbed 

oxygen-contained species.[299] These results also indicate the value of 

studying 2D catalysts, particularly where the probing of the fundamentals of 

catalysis is concerned. I have shown here intimate insight into the influence 

of the properties of the support on the NP as a function of size under 

conditions akin to those found during reaction. I have shown how this insight 

can be obtained by combining preparation methods for controlling particle 

size with in situ nano/micro-spectroscopy at multiple edges. This approach 

has been demonstrated to be very revealing for examining the correlation 
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between particle size, their properties and how these might influence 

catalytic performance.   



UCL PhD thesis                                   Chapter 5 

122 
 

Chapter 5 Component evolution of individual CoNPs 

in Co/TiO2 during CO/syngas treatment 

 

5.1. Introduction 

Fischer-Tropsch Synthesis (FTS) is a catalytic process used to convert 

syngas (CO + H2) to hydrocarbons and eventually to fine chemicals and 

liquid fuels.[213],[352] An active and stable catalyst with a selectivity towards 

heavier hydrocarbons is typically desired and normally achieved by using a 

supported cobalt catalyst.[213] The catalyst usually comprises a solid oxide 

support and upon which is dispersed metallic CoNPs with or without 

promoter addition.[213] Titania (TiO2), when compared to other common 

supports SiO2 and Al2O3, as a support for a FTS catalyst can be 

characterised as possessing a moderate specific area, high thermal and 

chemical stability, and acid-base properties.[35],[137],[273] The interaction of 

CoNPs with the support is typically characterised as being somewhere in 

between that of SiO2 & Al2O3 which allows for striking a positive balance in 

terms of both reducibility and dispersion as well as stability.[35] As a result 

Co/TiO2 catalysts have proven attractive for the production of long-chain 

hydrocarbons, i.e. waxes.[7],[74] However, the downside of using TiO2 is that 

as a reducible support, the supported NPs are often beset with problems of 

decoration with reduced TiO2, leading to the blockage of surface active sites 

and the loss of FTS activity; note this same behaviour is not seen in SiO2 or 

Al2O3 supported catalysts.[45] Hence, understanding the evolution (including 

the structural and compositional change) of CoNPs on TiO2 supported 

catalysts is more challenging than when studying the Co/SiO2 and Co/Al2O3 

counterparts.[353]   

The evolution of CoNPs in FTS catalysts actually encompasses a wide range 

of physico-chemical changes. In addition to the changes in morphology (e.g. 

surface reconstruction or decoration),[128],[144],[148],[156],[173] and composition 

(metal-support compound formation, re-oxidation, carbonization), 

[25],[354],[355],[356] the CoNPs have also been shown to undergo changes in 
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distribution/dispersion (sintering) and crystalline structure (e.g. hcp or fcc 

Co).[25],[228],[243],[290],[357],[358] Any of these physico-chemical changes are likely 

to affect the FTS performance, however, the specific changes that occur will 

depend on parameters such as preparation method, catalyst composition, 

activation procedures used and the reaction conditions.[25],[35],[45],[83],[290],[291]  

One of the more intensively investigated physico-chemical topics researched 

of late concerns the (re)oxidation of CoNPs and how this shows a 

dependency on both the support type and size distribution of CoNPs. CoNP 

size effects on FTS activity and product selectivity have been well 

researched and a critical size range of 5~10 nm determined.[40],[41],[54],[57] In 

contrast the effect of nano particle size on the physico-chemical properties 

and stability has been less well researched [59],[349],[359]. Some specific reports 

have shown that for example CoNPs < 7 nm supported on SiO2 or Al2O3 

were easy to re-oxidise and form metal-support compounds[22],[51],[59] while it 

was also observed that on Al2O3, more surface carbon accrues with 

increasing CoNP size during the FTS reaction[359]. Furthermore, a size-

dependent Kirkendall effect operates during treatment of CoNPs in an 

oxidising environment.[360] The effect of CoNP size and their fate during the 

lifetime of a TiO2 supported FTS catalyst is rarely reported, thus it is 

interesting to examine size-dependent component evolution for TiO2 

supported CoNPs.  

The majority of these studies performed to date concern powdered forms of 

the catalyst comprising a range of CoNP sizes as revealed by common 

characterisation techniques such as TEM, TPR, XAFS, magnetic 

measurement and XRD/PDF to reveal the component evolution of 

CoNPs.[22],[51],[59],[359],[360] Thus, the obtained component changes are 

averaged over a large number of CoNPs, where some insightful information 

in CoNPs with a specific size would be difficult to deconvolute. In this regard, 

investigating the component changes in an individual NP will be better to 

understand the size-dependent stability of CoNPs in FTS.    

X-ray adsorption spectroscopy / X-ray photoemission electron microscopy 

(XAS/X-PEEM) is a powerful combined technique that enables chemical and 

structural changes on the surface of a sample or catalyst to be followed 
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under defined chemical (reaction) conditions.[217] The technique, first 

developed by Ernst Brüche in the early 1930s, allows for obtaining ‘elemental 

contrast’ imaging based on the production of photoelectrons, the tunability of 

the source allowing for maximum contrast at the absorption edge of an 

element at given energy of X-ray.[217],[361],[362] In this case, a spatially-resolved 

image showing the distribution of different chemical components and their 

oxidation states can be obtained by taking images under an energy-tunable 

X-ray source. However, previous work has mainly concentrated on surface 

sensitive reactions over large domains (not NPs).[217],[363],[364] Although 

individual NPs supported on (semi)conductor (silicon, GaAs) substrates have 

also been studied,[190],[327],[365],[366] results from pure oxide substrates as 

supports are seldomly reported. This is mainly because of the low 

conductivity (insulators) of SiO2 or Al2O3; fortunately, since TiO2 is a 

semiconductor it can be directly used as a support.[128] In previous work, I 

successfully probed the component changes of individual CoNPs on TiO2 

single crystal substrates and silicon wafer during H2, O2 and syngas 

treatment. I found the redox behaviour of CoNPs is strongly affected by the 

nature of the support, particularly on TiO2 where size-dependent correlation 

between oxygen vacancies (Ovac) and oxidation state of CoNPs was 

observed.  

In this work, I probed the component evolution of individual CoNPs during 

CO/syngas treatment by the spatially resolved method XAS/X-PEEM. A two-

dimensional (2D) catalyst comprising a rutile TiO2 (110) substrate on which 

Co3O4 NPs were dispersed with different size (6~24 nm) was used as a 

model system. By analysing the XAS spectra, the component evolution of 

individual CoNPs during CO and syngas treatment at various temperatures 

was examined. It was observed that CO can only dissociate on big NPs (> 15 

nm), leading to oxidation of the NPs but did not affect the state of cobalt in 

the small NPs. In contrast during syngas dosing, CO dissociation with 

assistance of H2 can occur on small NPs (≤ 12 nm) leading to their re-

oxidation, however, syngas also induces further reduction in the bigger NPs (> 

15 nm, note unchanged cobalt state observed in 15 nm NP).   
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5.2. Results and discussion 

5.2.1. Before and after H2 treatment 

  

 

Figure 5.1. Correlation the size of individual CoNPs in X-PEEM (a, recorded at 

778.4 eV) and high resolution SEM (b), which absolute size is 10 times smaller than 

the size in X-PEEM images. Inserts in (b): (I-II) X-PEEM images; (III) SEM image 

corresponding to region R2 in (a). FOV: Field of view. 

 

The pre-synthesised Co3O4 NPs (6, 11 and 18 nm in size) for the 2D Co/TiO2 

preparation were initially mixed (see the XRD patterns in Figure 4.1b) before 

application details of which can been found in Chapter 2. The Co/TiO2 

sample was loaded into the X-PEEM chamber to view individual CoNPs 

(Figure 5.1a). It is easy to find the round spots with different brightness and 

diameters, reflecting the differences in size of NPs. The absolute size 

(diameter) of the CoNPs was confirmed by high resolution SEM (Figure 5.1b) 

and estimated to be ~10 times smaller than the diameter in X-PEEM images. 

The discrepancy is due to the limitations of spatial resolution (theoretical ~10 

nm) of X-PEEM (i.e. spread of the photoelectron emission angle), and 

conductivity and topography of a sample (here rutile is a large band-gap 

semiconductor, 3.0 eV).[326],[327],[328] 

The initial and reduced cobalt XAS spectra of the focused NPs (see the 

yellow boxes in Figure 5.1a, recorded in the middle of the NPs) are displayed 

in Figure 5.2. In Figure 5.2a, all the fresh NPs are not present as pure Co3O4 

according to their XAS spectra with reference to the Co3O4 standard, which 

linear combination fitting results for those NPs can be found in Table 5.1. 

 X-PEEM size / nm 232 190 143 117 81 64 

SEM size / nm 24 19 15 12 8 6 



UCL PhD thesis                                   Chapter 5 

126 
 

Small NPs (i.e. 8 & 6 nm) were more reduced to CoO and even further to 

Co0. The 623 K H2 (3 h) reduced cobalt XAS spectra of the focused NPs (see 

Figure 5.2b) show that small NPs (≤ 15 nm) were fully reduced to metallic 

cobalt, while bigger NPs (i.e. 19 & 24 nm) comprised a mixture of CoO and 

Co0 (Table 5.1). Analysing the O K-edge XAS spectra for the NPs (Figure 

5.3a, 5.4 and 5.5, plotted from the tops of NPs), I found the relative lower 

intensities of t2g than the eg and the narrow splitting energy of t2g-eg (2.3 eV 

of 10Dq in fresh sample) while in typical XAS O K-edge spectra of rutile, the 

intensity of t2g is higher than the eg and the 10Dq is about 2.7 eV [341],  

demonstrating the presence of oxygen vacancies maintaining in the NPs 

perimeter of support. [341],[340] Those oxygen vacancies are thought to form 

during the air plasma treatment.[321],[324] Also, from XPS spectra (O 1s and Ti 

2p, Figure 5.3b & c), the overall number of Ovac (apart from ~65 % of Ti-O-Ti 

and ~9 % Ti-OH) on the titania surface is determined to be around 26 %. 

Ovac on TiO2 are reported to have promotional effects on cobalt oxide 

reduction,[182] as confirmed in chapter 4. As a result of a higher surface-to-

bulk ratio in smaller CoNPs, they appear fully reduced. 

 

Figure 5.2. XAS spectra of Co L3-edge in the fresh (a) and 623 K H2 reduced (b) 

Co/TiO2 2D catalyst changing with CoNP sizes. The spectra were recorded from the 

centre of the NPs. NPs ≤ 8 nm can be fully transformed to metallic cobalt before H2 

reduction, while that is ≤ 15 nm after H2 reduction. This could be the promotion of 

intimate-contacted oxygen vacancies on the TiO2 surface. 
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Table 5.1. Linear combination fitting results of XAS spectra of Co L3-edge. 

 NP Co0/% CoO/% Co3O4/% R-factor Reduced Chi-square 

Fresh 

24 nm 10.4(3.2) 57.4(2.2) 32.2(2.3) 0.04832 0.005332 

19 nm 37.0(6.6) 45.7(4.9) 17.2(2.8) 0.03804 0.003764 

15 nm 56.8(4.7) 31.8(3.5) 11.4(5.8) 0.02184 0.002015 

12 nm 66.5(7.7) 16.7(5.7) 16.8(9.8) 0.05454 0.004793 

8 nm 89.4(1.5) 5.3(0.6) 5.3(1.4) 0.02697 0.002730 

6 nm 90.7(2.4) 2.3(0.9) 7.0(2.2) 0.02735 0.002864 

       

Red. 

24 nm 38.2(8.7) 57.1(6.5) 4.7(11.1) 0.05354 0.005941 

19 nm 71.6(3.0) 28.4(2.4) 0(1.4) 0.01018 0.0009334 

15 nm 99.1(1.1) 0.9(0.4) 0(0.3) 0.01038 0.0008224 

12 nm 100(0) 0(0) 0(3.9) 0.001033 0.001016 

8 nm 100(0) 0(0) 0(4.2) 0.03320 0.002851 

6 nm 100(0) 0(0) 0(0) 0.02526 0.002001 

       

CO dos. 

24 nm 36.2(6.6) 54.4(4.9) 9.4(9.1) 0.03818 0.003758 

19 nm 62.4(3.3) 32.3(3.0) 5.3(1.5) 0.01630 0.001520 

15 nm 96.6(0.9) 3.4(1.9) 0(0.6) 0.02331 0.001817 

12 nm 100(0) 0(0) 0(0) 0.02518 0.001973 

8 nm 100(0) 0(0) 0(0) 0.04113 0.002879 

6 nm 100(0) 0(0) 0(0) 0.06043 0.004818 

       

UHV 

ann. 

after 

CO dos. 

24 nm 30.5(7.1) 58.6(7.7) 10.9(3.0) 0.04393 0.004485 

19 nm 59.2(7.8) 38.4(4.6) 2.4(2.4) 0.02431 0.002769 

15 nm 96.0(2.2) 0.5(3.0) 3.5(1.9) 0.01431 0.001815 

12 nm 100(0) 0(0) 0(1.4) 0.03245 0.003092 

8 nm 100(0) 0(0) 0(2.2) 0.04299 0.003369 

6 nm 100(0) 0(0) 0(0) 0.03869 0.002935 

       

Re-red. 

24 nm 37.3(3.5) 62.7(6.2) 0(0) 0.01149 0.001513 

19 nm 72.2(2.6) 27.8(2.6) 0(0) 0.01494 0.001307 

15 nm 100(0) 0(0) 0(0) 0.02768 0.002440 

12 nm 100(0) 0(0) 0(0) 0.0.01281 0.001436 

8 nm 100(0) 0(0) 0(0) 0.02503 0.002207 

6 nm 100(0) 0(0) 0(0) 0.01463 0.001366 

       

Syngas 

dos. 

24 nm 43.5(7.7) 55.3(6.0) 1.2(10.4) 0.03513 0.004649 

19 nm 73.9(6.3) 26.1(2.5) 0(0) 0.01550 0.001319 

15 nm 100(6.7) 0(4.4) 0(0) 0.01262 0.002286 

12 nm 95.8(6.2) 4.2(4.6) 0(0) 0.01690 0.002564 

8 nm 92.2(6.3) 7.8(4.7) 0(0) 0.01902 0.002687 

6 nm 90.7(5.6) 9.3(3.8) 0(0) 0.01127 0.001746 

       

UHV 

ann. 

after 

syngas 

dos. 

24 nm 46.6(6.7) 53.4(3.8) 0(2.2) 0.02319 0.002263 

19 nm 81.9(6.5) 18.1(2.9) 0(0) 0.01943 0.001655 

15 nm 100(0) 0(0.7) 0(0) 0.04388 0.002787 

12 nm 100(0) 0(0.2.7) 0(0) 0.01211 0.001875 

8 nm 100(0) 0(0) 0(0) 0.01080 0.001918 

6 nm 100(0) 0(1.5) 0(0) 0.01316 0.002059 
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Figure 5.3. XAS spectra of O K edge (a) and XPS spectra of O 1s (b) and Ti 2p (c) 

in the fresh Co/TiO2 catalyst. All the spectra in (a) are normalized to 1 through eg 

peaks.  

 

5.2.2. CO treatment 

   

Figure 5.4.Local XAS O K-edge spectra of 19, 15, 8 nm NPs and background titania 

after CO and syngas dosing  in Co/TiO2. The spectra were recorded from within the 

yellow dashed line around the different-size NPs as indicated above. All the spectra 

are normalized to 1 through eg peaks. The t2g intensities of O K-edge lower than eg 

as well as their low splitting energies (10Dq = 2.7 eV in standard rutile ) mean 

presenting of Ovac.  
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Figure 5.5. Local XAS O K-edge spectra of 24, 12 and 6 nm CoNPs in CO/syngas 

treatment. The spectra were recorded from the NPs (differing in size) as indicated 

with a yellow ring. All the spectra are normalized to 1 through eg peaks.  

 

The reduced NPs were exposed to pure CO gas (1x10-6 mbar, 30 min) in a 

pre-chamber at room temperature and their XAS cobalt spectra are shown in 

Figure 5.6, 5.7. I found minimal differences in XAS spectra of all the NPs 

before and after CO adsorption. But from linear combination fitting data in 

Table 5.1, bigger NPs (≥ 15 nm) were observed to be lightly oxidised (~2.5 % 

more CoO). After annealing of this sample (ann.) in the ultra-high vacuum 

(UHV) X-PEEM chamber (1x10-9 mbar, 30 min) at 493 K. It was found that 

CoNPs ≥ 15 nm were further (re)-oxidised to CoO or Co3O4 with noticeable 

increases in F1 feature (~777 eV) in Figure 5.6 & 5.7 while there was no 

oxidation observed in small NPs (< 15 nm) (Table 5.1). This could be caused 

by the strong dissociation of CO on big NPs while CO is retained in 

molecular form on small NPs, since only dissociated CO (to C* and O*) can 

induce above oxidation changes of Co L3-edge spectra otherwise the spectra 

are unchanged (same as the shape of metallic cobalt) even when adsorbing  

molecular CO.[56]  
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Figure 5.6. XAS Co L3-edge spectra of 19, 15 and 8 nm CoNPs in CO/syngas 

treatment. The spectra were recorded in the centre of the NPs.  Big NPs (≥ 15 nm) 

were re-oxidised due to a greater tendency of CO to dissociate.[56] Syngas 

adsorption at 493 K promoted cobalt oxide reduction in larger NPs whilst re-

oxidation in small NPs (i.e. 8 nm) was observed. However, re-oxidised small NPs 

were unstable and NPs could re-reduce during isothermal annealing, thought to be 

promoted by surface oxygen vacancies on the TiO2.   

 

To further confirm this proposal, I analysed the changes of O K-edge spectra 

on the NPs (Figure 5.4 & 5.5) although the inherent cobalt oxide in big NPs 

(19/24 nm) will obfuscate an accurate determination of changes in the 

spectra.[367] In those spectra I observe increased intensities of the t2g peaks 

in the spectra of NPs ≥ 15 nm particularly on the 19 nm NP (increased by 

15 %, Figure 5.4a) after CO dosing (dos.), which indicates the loss of Ovac 

and reformation of TiO2; I propose that the O species used to ‘fill in’ the Ovac 

originate from the dissociated CO on CoNPs. Of course, these O species 

can also oxidise the cobalt metal however, as stated in Chapter 4, the O in 

CoNPs can be captured by nearby Ovac, leading to the reduction of the 

oxidised NPs, i.e. insignificant oxidation of that NPs (24/19/15 nm) in Figure 
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5.6, 5.7 and Table 5.1. Note that the relatively small increase of t2g (by 2.9 %) 

in the 24 nm NP (Figure 5.5a) was also due to the large amount of cobalt 

oxide (> 60 %) presenting in this NP and I suspect therefore that these NPs 

are unable to dissociate CO. In contrast, the relatively unchanged O K-edge 

(t2g peaks) in Figure 5.4c and 5.5b,c indicates that the < 12 nm-size particles 

remain reduced even after thermal annealing in UHV, indicating a lack of CO 

dissociation on the smaller NPs. It should be remarked at this stage that the 

O K-edge spectra are dominated by the behaviour of the largest component 

(rutile TiO2) and hence disentangling the contribution of cobalt oxide (~531 

eV) and adsorbed molecular CO (~534 eV) is not possible.[56] As such, the 

interpretation of the changes in O K-edge data takes a strong lead from the 

results shown in Chapter 4, where Ovac on rutile were shown to diminish as 

NPs of cobalt oxide in the vicinity reduced or as I propose here, CO 

dissociation occurs.  

 

Figure 5.7. XAS Co L3-edge spectra of 24, 12 and 6 nm CoNPs in CO/syngas 

treatment. The spectra were recorded in the centre of the NPs.   

 

The critical size of CoNPs for CO dissociation at room temperature is 

proposed to therefore be 12 nm, evidenced by the cobalt component 
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changes in Table 5.1 together with the unchanged t2g in 12 nm (Figure 5.5b). 

The decrease in the t2g peak intensity was also seen in the titania 

background, demonstrating the creation of Ovac after CO dosing even at 

room temperature (Figure 5.4d). The creation of new Ovac is also supported 

by changes in the Ti L3-edge spectra, particularly the observed increase in 

the eg peak intensity after dosing with CO (see Appendix Figure A5.2). 

However, after UHV annealing, the t2g intensity increased in particle ~12 nm 

(Figure 5.5b), indicative of CO dissociation occurring. Weak CO dissociation 

at room temperature was attributed to the shortage of adsorbed H (the 

sample was annealed in UHV to remove surface H after H2 reduction) and its 

higher dissociation energy at this temperature. [56]  

5.2.3. Syngas treatment 

Before exposing to syngas, the sample was re-reduced in 623 K H2 (1X10-6 

mbar) for 1 h. Thus re-oxidised big NPs (24/19 nm) were reduced (Figure 5.6 

& 5.7) as determined by a Co XAS spectra identical to that seen for the first 

reduction (Table 5.1). With syngas dosing (CO/H2 = 2, 1X10-6 mbar, 30 min) 

at 493 K (but cooling down to RT in syngas before XAS measurement), small 

NPs (≤ 12 nm) were seen to oxidise as determined from the presence of an 

increased F1 feature in Figure 5.6c and 5.7b, c. In contrast the extent of 

oxidation increased with decreasing NP size (Table 5.1).[51],[59] While for big 

NPs (> 15 nm), syngas promoted further reduction (Table 5.1), as 

determined by the decrease in the F1 feature, clearly seen in Figure 5.6a 

and 5.7a. Annealing the sample then in the conditions of 493 K, 1x10-9 mbar 

for 30 min, saw the disappearance of cobalt oxide in small NPs and metallic 

cobalt was regenerated, while for the bigger NPs reduction was further 

enhanced (Co0 increased ~10 % in 24/19 nm, Table 5.1). It is proposed that 

the oxidation of small NPs in the presence of syngas is also due to the strong 

bonding of dissociated O* from CO on surface uncoordinated cobalt atoms 

with the presence of H2 thought to assist CO dissociation by aiding the 

removal of dissociated O*.[56] The O K-edge XAS spectra (Figure 5.4 & 5.5) 

from the NPs having undergone syngas treatment are also consistent with 

the above proposal. The decreased t2g peak intensity in NPs ≥ 15 nm after 

syngas dosing indicate syngas can easily remove surface oxygen and 
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promote the formation of new Ovac and subsequently the reduction of cobalt 

oxide. This is also confirmed with Ti L-edge XAS spectra in Figure A5.2. 

While for NPs ≤ 12 nm, syngas dosing leads to an increase in the t2g intensity 

(Figure 5.4c and 5.5b, c). The increased t2g peak intensity demonstrate that 

the Ovac are diminished by accepting the dissociated O* from CO with the 

assistance of H2. Subsequently, the dissociated O* strongly binds with 

surface cobalt and becomes difficult to remove, causing reoxidation of the 

NPs. Furthermore, the O* also diffuse onto the vicinal TiO2 to cause the Ovac 

loss. Either way the t2g peak intensity is seen to increase in the small NPs. 

This diffusion is enhanced with sample annealing, leading to cobalt oxide 

reduction caused by filling of the Ovac. I propose however that the formation 

of cobalt oxide (CoO) in small NPs is due to promoted CO dissociation in 

syngas – due to promotion of vicinal Ovac (capturing O from the NPs) and the 

presence of inherent cobalt oxide, it is difficult to determine whether CO 

dissociation can also occur on larger NPs. I propose that the formation of 

unreducible cobalt titanate (CoTiO3) is not present in the sample as small 

NPs can be fully reduced to metallic Co0 under the comparatively mild 

conditions applied here.[128],[368] The component evolutions of NPs are 

described in Figure 5.8.  

 

Figure 5.8. Schematic of CoNP changes during CO/syngas treatment. Small NPs 

could be fully reduced in H2 (≤ 15 nm) but oxidised in syngas (≤ 12 nm). In 

comparison, big NPs (≥ 15 nm) could be oxidised in CO but reduced in syngas. 

 

Many reports state that small CoNPs are easily oxidised by the side-product 

of water in FTS.[25],[58] Wolf, et al.[59],[369] observed CO dissociation was a 

direct factor for CoNP oxidation but that water would prevent removal of 
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surface dissociated oxygen in a Co/SiO2 catalyst. This oxidation is 

particularly noticeable in small NPs (< 5.3 nm, with a high proportion of 

exposed under-coordinated atoms) and the cobalt-support interface  (forming 

cobalt-support compounds, e.g. cobalt silicate) in accordance with 

thermodynamic predictions.[59] Tuxen and co-authors[56] reported that CO 

dissociation on small CoNPs (4 nm) was minimal at either RT or 523 K 

without the assistance of H2; while on bigger NPs (15 nm) CO itself could 

directly dissociate at RT and this becomes enhanced at 523 K. Adding H2 not 

only promotes CO dissociation on all-sizes of NPs but also leads to the 

desorption of O ions and maintaining of CoNPs in the metallic phase.[56] 

Size-dependent CO dissociation can be further explained by the increased 

number of step-edge sites when increasing the size of NPs.[370] Comparing 

the terrace sites, the step-edge sites are highly active for direct CO 

dissociation without the assistance of H2.[371]  

CoNPs in the current case follow comparable evolutions in CO/syngas 

treatment with previous findings. These are that CO can only dissociate on 

big NPs (> 12 nm) at RT although this is enhanced at 493 K; syngas 

treatment can promote CO dissociation on all-sizes of NPs but only with 

small NPs (≤ 12 nm) is oxidation observed. Further reduction of cobalt oxide 

in NPs > 15 nm is detected during syngas dosing and enhanced by the 

following 493 K annealing. This is actually in line with the Wolf’s proposal 

that dissociated O atoms strongly bind with under-coordinated sites in small 

NPs and are difficult to remove despite continuous syngas treatment. 

Bonding on bigger NPs is proposed to be weak and thus adsorbed surface O 

atoms can in contrast be easily removed by H2 in syngas. The surface 

comprising adsorbed O atoms on small NPs is thought to be metastable[349] 

and O atoms can be removed during UHV annealing and reformation of 

metallic cobalt. This CO dissociation (with or without H2) not only leads to the 

re-oxidation of NPs but also affects surface Ovac on TiO2 which I have 

already shown, influences the stability of CoNPs by capturing any vicinal 

oxygen containing compounds[372]. These results also demonstrate that the 

reduction of cobalt oxides in syngas is more facile than when using pure H2; 

taking the data for the bigger NPs (24 & 19 nm) as exemplars, the reducibility 
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is significantly improved after syngas treatment (Table 5.1). This further 

reduction has been observed in previous work[359] and could be due to the 

low Gibbs free energy for surface O removal in the presence of CO,[348] 

implying the important role of CO or joint effect of CO and H2 for promoting 

cobalt oxide reduction. 

5.3. Summary and conclusion 

The aim of this work is to understand the component evolution of individual 

CoNPs with different sizes in CO/syngas treatment by using a spatially 

resolved technique of XAS/X-PEEM. To this end a 2D Co/TiO2 catalyst 

supported with individual CoNPs (6~24 nm) on rutile(110) substrate was 

prepared. With the promotion (likely Ovac) of TiO2, NPs smaller than 15 nm 

can be fully reduced to cobalt metal in 623 K H2. Subsequently it was 

determined that pure CO cannot dissociate on small CoNPs (< 15 nm). 

However, strong dissociation of adsorbed CO does occur on big NPs (> 15 

nm) leading to them being re-oxidised and diminishing of their vicinal Ovac 

even at room temperature; this is despite CO dosing promoting the creation 

of Ovac on TiO2 overall. Reoxidation is seen in NPs ≤ 12 nm during the 

subsequent syngas adsorption (at 493 K) while further reduction of cobalt 

oxide is observed in big NPs(> 15 nm). The presence of H2 is thought to 

promote CO dissociation and strongly bind on small NPs, although the re-

oxidised small NPs are unstable and can be regenerated to form metallic 

cobalt following 493 K UHV annealing. However, the co-effects of H2 and CO 

in syngas would promote the easy removal of oxygen in big CoNPs (> 15 nm) 

and then produce more metallic cobalt. This is the first time showing the size-

dependent cobalt component evolution of Co/TiO2 during CO/syngas 

treatment, which help us understand CO dissociation induced NPs oxidation 

behaviour on different-size CoNPs during FTS reaction, then to modulate the 

design and preparation of such catalyst, and finally to improve their FTS 

performance and stability. The oxidised CoNPs are unstable and may be 

reduced to metallic cobalt under FTS operating conditions, as reported in a 

Co/Al2O3 catalyst, cobalt oxide in small NPs was further reduced during 

FTS.[359] The creation and vanishing of surface -O on TiO2 can be 

responsible for the stability of CoNPs that vicinal Ovac can promote the 
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removal of adsorbed O on NPs. The syngas (particular CO) can induce the 

formation of Ovac on TiO2 during FTS, and then maintain the stability of 

supported CoNPs. However, this induction is weak, pre-introducing Ovac on 

TiO2 such as reduction treatment by syngas (as shown in Chapter 4) is 

proposed to be an effective and scalable method to stabilise the CoNPs in 

FTS, although plasma possesses greater ability to produce Ovac (but 

unscalable).  
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Chapter 6 The improved FTS reactivity in surfactant 

coated Co/TiO2 catalysts: by preventing aggregation 

of CoNPs and reduction of TiO2  

 

6.1. Introduction 

A support when used in heterogenous catalysis is there primarily as a 

delivery medium of the active component (the catalyst often in the form of 

atoms/ions, clusters or nanoparticles) but the interaction between the two 

can be optimised to improve dispersion, stability, tunability and even in some 

cases play a direct role in the catalysis. The supports typically used in 

reactions such as Fischer-Tropsch synthesis comprise both oxides (e.g. SiO2, 

TiO2, Al2O3, CeO2, zeolite) [37],[74],[76] and carbides (e.g. Carbon, SiC)[72],[168] 

due to their high specific surface areas. TiO2 supported CoNPs have been 

demonstrated to be a leading type of FTS catalyst possessing advantages 

including a high intrinsic activity, high C5+ selectivity and good stability, in 

comparison to other supports like SiO2 and Al2O3.[74],[268] However, controlling 

the size of the cobalt nanoparticles in this catalyst is not always easy to 

achieve, [74],[267],[268] and as a reducible support, encapsulation of the CoNPs 

by reduced amorphous TiO2-x is a problem that is widely reported.[82],[144],[147], 

[156] This leads to blocking of the active species and is therefore inimical to 

catalyst activity.[144],[147] This encapsulation shows a dependency with TiO2 

poymorph[126],[270], with anatase, typically possessing a higher surface area, 

being more susceptible to this phenomenon than rutile[126]. An additional 

problem concerns the formation of metal-support compounds such as the 

non-reducible cobalt titanate, [164],[171],[354] leading to a loss of the active 

metallic cobalt for FTS. The mobility of Co and in particular the spreading of 

cobalt on the titania surface exacerbates the formation of such titanate 

compounds.[120],[128],[173] Fortunately, even this titanate reduction can be 

mitigated against by the addition of small amounts of noble metals[91]. 

However, Melaet et al.[82] reported that cobalt oxide (CoOx) can form a 

unique interface with TiO2, which was more active than metallic Co/TiO2 for 
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FTS and CO2 hydrogenation. The above precis suggests that there is value 

in expending time and effort to improve cobalt dispersion and to mitigate 

encapsulation by TiO2-x to develop better performing FTS catalysts.  

The size of the CoNPs is an important parameter in FTS research with a 

typical critical size of CoNPs  determined to be 5~10 nm. [40],[54],[57],[323] The 

intrinsic activity however shows no dependency on CoNP size although 

when the critical size is exceeded (i.e. 10 nm) the activity per cobalt atom 

drops as the bulk-to-surface ratio increases. Below this critical size then the 

activity is proportional to CoNP size. In order to control  the size of cobalt 

nanoparticles (NPs in the size range of 5~10 nm) various methods can and 

have been successfully employed, including for example, pre-synthesizing 

size-controllable NPs using reverse micelles[117],[118],[373] or thermal 

decomposition[374], using organic solvents to replace water during 

impregnation[57],[79], or support surface modification[317], etc. Approaches for 

mitigating encapsulation include the application of a post-treatment 

reduction-oxidation-reduction cycle to break and disperse the amorphous 

TiO2-x layer.[147] An alternative strategy would be to inhibit the formation of 

TiO2-x in the catalyst in the first place. Indeed, Hong, et al.[148] recently 

reported a novel approach applying a carbon nitride (C3N4) coating onto TiO2 

before loading the cobalt nanoparticles and which subsequently showed 

improved FTS stability by stopping CoNP agglomeration and TiO2-x 

encapsulation. A similar approach was adopted by Phaahlamohlaka, et al., 

but this time using mesoporous silica to obtain the sintering resistant Co 

catalysts, although they did not report whether the silica coating also 

inhibited the formation of a TiO2-x layer.[181]  

This work reports an alternative synthetic approach to mitigate CoNP 

aggregation and encapsulation using the C12E4 surfactant which leads to 

enhanced FTS activity and long-chain hydrocarbon selectivity. In contrast to 

the work of Hong at al. which used an impregnation method to firstly load the 

C3N4 and then the Co, the one-pot method uses fewer steps and results in a 

material possessing CoNPs with a more narrow/uniform size distribution 

(10~12 vs. 8~9 nm in my samples). I demonstrate the impact of the C12E4 

surfactant by preparing a similar catalyst differing in that the surfactant was 
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removed immediately afterwards. The absence of this surfactant leads to 

aggregation of the CoNPs during preparation.  

I note that a similar ‘protective surfactant’ strategy has been successfully 

employed to prepare other types of catalysts including sintering-resistant 

Au/TiO2 catalyst for CO oxidation reaction.[375],[376] In this work the authors 

observed that a polydopamine/oleyl amine layer stops Au migration, 

preventing sintering via Ostwald ripening during calcination due to the 

formation of strong metal-support interaction with thermal decomposition of 

the surfactant leading to the formation of a protective carbon layer. Although 

this carbon layer can be removed by calcination, the strong interaction 

between Au and TiO2 is maintained ensuring a high gold dispersion, allowing 

for optimal CO oxidation. In contrast, my work here focused on the effect of 

surfactant on aggregation of CoNPs before calcination, reducibility of CoNPs 

and TiO2 support during reduction as well as improvement in FTS reaction 

without the formation of a carbon layer. The complex-like C12E4 derivatives 

formed during preparation coat the surface of size-controllable CoNPs and 

the titania support, which has a shielding effect that protects TiO2 from being 

reduced and decorating the CoNPs. Even though the reducibility of the 

catalyst is lower, the FTS activity and the selectivity to long-chain-

hydrocarbons is significantly enhanced.  

6.2. Results and discussion 

6.2.1. The surfactant residues affecting nature and size of Cobalt 

Nanoparticles   

The initial species is green cobalt hydroxide α-Co(OH)2 that is produced from 

cobalt nitrate and ammonium hydroxide (Figure 6.1b), but it is metastable 

and can be transform to CoOOH when adding excessive base.[377],[378],[379] In 

my samples, the main initial species is also α-Co(OH)2 and may possess 

small amounts of CoOOH at the same time. Then by heating in air (e.g. 473 

K), both α-Co(OH)2 and CoOOH can be decomposed to Co3O4.[117],[377] 
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Figure 6.1. (a) Schematic of catalyst preparation process; (b) UV-vis spectra of Co-

C12E4 solution during NH4OH addition. Ammonium hydroxide was added to obtain 

the green solution (i.e. stage 3 in b). 

 

 

Figure 6.2. FTIR spectra of the calcined and reduced catalysts. The unique 

absorption at 1724 and 1590 cm-1 in the 473 K calcined catalysts demonstrates the 

complex-like derivatives of C12E4. 623 K H2 reduction for 3 h can effectively remove 

the complex-like derivatives as no absorption bands observed in the 5SCo/TiOx. 

Also, the band at 1384 cm-1 is disappeared in 5Co/TiOx after reduction, meaning the 

decomposition of residual nitrate salt. Due to the reduced samples protected in 

ethanol, the absorption at ~2900 and 1120 cm-1 is mainly attributed to the residual 

ethanol but also to the C12E4 residues. 
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Figure 6.3. TGA (a, c) and their corresponding 1st derivative (b, d) profiles of the 5 % 

(a, b) and 15 % (c, d) Co loading catalysts with and without 3 h 623 K 50 % H2/He 

reduction. 

 

In comparison, the C12E4 surfactant (bp: 373 K) is not easy to remove at this 

low temperature, instead it will break down to form some new species during 

calcination. Figure 6.2 shows the Fourier Transform Infrared spectra (FTIR) 

of the calcined catalysts. With reference to the standards, there are bands 

present at 1120, 1590, 1724 and ~ 2900 cm-1 due to C-O, C=O and CH2/CH3 

stretching modes and that these in 5SCo/TiOx / 15SCo/TiOx are suggestive 

of the formation of the polymer-like species formed via ester 

polymerisation.[380] Koizumi, et al. observed the same functional group 

formation from various glycol-containing compounds and proposed the 

formation of polymer-like complex species via ester polymerization during 

calcination at 400~473 K.[380] Hence similar polymeric species are 

considered present in these samples after calcination under similar 

conditions. However, according to the presence of C=O esterification has 

taken place to produce a polymer and it may be that there is also some 
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residual surfactant although the C-O/CH stretches may also be due to the 

polymer product. Unsurprisingly, the unwashed catalysts, particularly the 

15SCo/TiOx, contain a large quantity of surfactant residues (~50 %, 

estimated from Figure 6.3a) inside. Note a sharp band at 1384 cm-1 in the 

5Co/TiOx / 15Co/TiOx  catalysts due to residual nitrate salt.[381] This nitrate 

salt is encapsulated into the CoNPs (in washed samples) and cannot be fully 

decomposed using the mild calcination conditions employed. 

Figure 6.3 shows Thermal Gravimetric Analysis (TGA), mass loss profiles for 

samples 5SCo/TiOx and 5Co/TiOx after calcination and after reduction for 3 h 

at 623 K in 50 % H2/He . Those profiles also confirm the presence of residual 

C12E4 in fresh SCo/TiOx catalysts.  The weight losses occurring before 400 K 

are due to the loss of adsorbed water in all of the samples. For calcined 

samples the derivative peaks after 600 K are mainly attributed to the 

decomposition of remaining C12E4 derivatives (Figure 6.3b, d) but the weight 

losses after 1000 K would also comprise the contributions derived from the 

reduction of cobalt oxide (i.e. Co3O4 → CoO). These data also indicate that 

residual C12E4 surfactant breaks down to yield polymeric compounds during 

calcination. For example in Figure 6.3b, the mass loss finishes at ~642 K in 

pure C12E4 or the physical mixture of rutile+C12E4, while that in the calcined 

rutile+C12E4 mixture or 5SCo/TiOx / 15SCo/TiOx samples, the mass loss 

continues beyond this temperature.[380] In contrast, for the samples that had 

undergone the reduction treatment (I estimate that ~95 wt.% is removed after 

reduction for the 5SCo/TiOx sample (Figure 6.3a)), the weight loss is minimal, 

indicating that little of the surfactant remained on the sample. This is 

confirmed from analysis of the mass spectrometry (MS) traces in Figure 6.4 

which show significant mass loss of hydrocarbon species occurs between 

50~100 min of reduction treatment. In samples that have not been subjected 

to reduction at elevated temperatures the deposits remaining on the Co/TiOx 

surface would present some barrier between H2 and the cobalt species 

preventing sample reduction (vide infra). In contrast, acetone washing 

removes the C12E4 compound in the sample (only ~1 % remains in the fresh 

5Co/TiOx sample, according to Figure 6.3a) enabling more facile cobalt oxide 

reduction. Increasing the cobalt loading (15Co/TiOx) leads to the residual 
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surfactant encapsulation in the aggregated CoNPs and is proposed to be the 

cause of the strong derivative peak at 513 and 701 K in Figure 6.3d, where 

the first derivative peak is thought to be the decomposition of residual cobalt 

hydroxide (in addition to decomposition of residual nitrate salt, see the MS 

response at m/z 28 & 46 after ~30 min in Figure 6.4f) with reference to α-

Co(OH)2, while the second peak is the residual surfactant.  

  

  

  

Figure 6.4. MS signals of catalysts during 623 K 50 % H2/He reduction for 1, 3 and 5 

h.  

 

0 20 40 60 80 100 120 140

10-6

10-5

10-4

10-3

10-2

10-1

(a)
5SCo/TiOx

1h red.

Time on stream / min

N
o

rm
a

li
s

e
d

 M
S

 i
n

te
n

s
it

y

m/z:

 15 /CH4

 18 /H2O

 27 /C2Hx

 41 /C3Hx

 44 /CO2

 57 /C4Hx

 71 /C5Hx

0 30 60 90 120 150 180 210 240 270

10-6

10-5

10-4

10-3

10-2

10-1

N
o

rm
a

li
s

e
d

 M
S

 i
n

te
n

s
it

y

Time on stream / min

(b)

5SCo/TiOx

3h red.

m/z:

 15 /CH4

 18 /H2O

 27 /C2Hx

 41 /C3Hx

 44 /CO2

 57 /C4Hx

 71 /C5Hx

0 50 100 150 200 250 300 350

10-6

10-5

10-4

10-3

10-2

10-1

(c)

5SCo/TiOx

5h red.

N
o

rm
a

li
s

e
d

 M
S

 i
n

te
n

s
it

y

Time on stream / min

m/z:

 15 /CH4

 18 /H2O

 27 /C2Hx

 41 /C3Hx

 44 /CO2

 57 /C4Hx

 71 /C5Hx

0 30 60 90 120 150 180 210

10-7

10-6

10-5

10-4

10-3

10-2

10-1

m/z:

 15 /CH4

 18 /H2O

 27 /C2Hx

 41 /C3Hx

 44 /CO2

 57 /C4Hx

 71 /C5Hx

N
o

rm
a

li
s

e
d

 M
S

 i
n

te
n

s
it

y

Time on stream / min

(d)

5Co/TiOx

3 h red.

0 20 40 60 80 100 120 140 160 180 200

10-6

10-5

10-4

10-3

10-2

10-1

m/z:

 15 /CH4

 18 /H2O

 27 /C2Hx

 41 /C3Hx

 44 /CO2

 57 /C4Hx

 71 /C5Hx

N
o

rm
a

li
z
e

d
 M

S
 I

n
te

n
s

it
y

Time on stream /min

(e) 15SCo/Rutile-3 h red.

0 20 40 60 80 100 120 140 160 180 200 220

10-7

10-6

10-5

10-4

10-3

10-2

10-1

N
o

rm
a

li
z
e

d
 M

S
 I

n
te

n
s

it
y

Time on stream /min

(f) 15Co/Rutile-3 h red. m/z:

 15 /CH4

 18 /H2O

 27 /C2Hx

 28 / N2

 41 /C3Hx

 44 /CO2

 46 /NO2

 57 /C4Hx

 71 /C5Hx



UCL PhD thesis                                   Chapter 6 

144 
 

 

 

Figure 6.5. TEM images and corresponding histograms of nanoparticle size for 5 

and 15 wt.% Co loadings catalysts after reduction in 623 K 50 % H2/He for 3 h. 

 

It is assumed that the initial CoNP size in all samples is largely similar since 

the same one-pot cobalt-micelle solution was used to prepare them. On 

closer inspection, from Figure 6.5 the mean CoNP size in 5Co/TiOx (10 nm) 

and 15Co/TiOx (13 nm) is a little larger than that seen for the  5SCo/TiOx (8 

nm) and 15SCo/TiOx (9 nm). This size difference shows only a weak 

correlation with cobalt loading for the SCo/TiOx samples with the higher 

loading yielding NPs with a similar mean size (Figure 6.5). In contrast, the 

Co/TiOx samples, particularly 15Co/TiOx possess a larger mean particle size 

which I attribute to the addition of acetone to break the micelles causing 

movement of the Co species (hydroxide) leading to partial aggregation of 

CoNPs (Figure 6.6b). Accompanying XRD patterns for these samples are 

displayed in Figure 6.7. Reflections due to Co3O4 and face-centred cubic (fcc) 

cobalt are seen in all samples although they are very weak and consistent 

with the low-loading of CoNPs used. Interestingly, where a Scherrer analysis 

can be performed there is a good correlation with the mean particle size as 

determined from the TEM images (16.96 nm of metal CoNPs for 15Co/TiOx, 
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11.37 nm for 5Co/TiOx, 10.16 for 15SCo/TiOx, 8.80 nm for 5SCo/TiOx). 

Furthermore, there is consistency in the observation that for samples 

5Co/TiOx / 15Co/TiOx the reflections appear more narrow and indicative of 

larger crystallites (Figure 6.7).  

 

 

 

Figure 6.6 TEM images(a, b) and corresponding histograms (c, d) of nanoparticle 

size in 5SCo/TiOx and 5Co/TiOx before reduction. The free CoNPs without 

contacting the support are due to isolation of the surfactant layer surrounding them, 

but they can dissolve into ethanol and disperse on the carbon film on the TEM grid 

during TEM measurement. 
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Figure 6.7 XRD patterns of the catalysts before (a) and after (b) reduction in 623 K 

50 % H2/He for 3 h. 

 

The reducibility of the cobalt species and the samples in general was 

determined using H2-TPR, (10 % H2/N2) as shown in Figure 6.8a. In the 

5Co/TiOx, there are three distinct H2 consumption peaks at 555, 611 and 813 

K, corresponding to the reduction of Co3O4 to CoO, CoO to Co0 and CoTiO3 

to Co0, respectively.[68],[171] Increasing cobalt loading to 15 wt. % (15Co/TiOx), 

sees significant differences in the reduction behaviour. Firstly, there is a 

small but unique double-peak before 560 K (~9 % relative of all the H2-TPR 

peak area), which is equivalent to the TPR profile of unsupported 

CoNPs,[382],[383] indicating aggregation of CoNPs in this sample. Actually, a 

small bump (see *) just below 500 K in 5Co/TiOx is seen and may be due to 

the aggregated NPs as well but it contributes less to the signal (~5 % of 

signal intensity ratio). The main consumption of H2 for the 15Co/TiOx sample 

comprises three overlapping responses centred at 627, 653 and 725 K, 

respectively in Figure 6.8a. These correspond to the delayed reduction of 

Co3O4 → CoO → Co0 and may also be due to the reduction of residual 

cobalt (oxy)hydroxide → Co0.[384],[385] CoTiO3 formation and reduction to Co0 

is minimal in this sample based on the negligible H2 consumption over 800 K, 

which indicates a weak interaction between cobalt and titania. In contrast, 

the 5SCo/TiOx / 15SCo/TiOx samples are difficult to reduce with only minor 

H2 consumption observed at temperatures below 673 K and only two major 

peaks (corresponding to Co3O4/CoO and CoTiO3 reduction to Co0) present in 

those samples. This can be attributed to the effect of covering of the Co 
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nanoparticles by the surfactant and/or the smaller NP size in the samples. 

Initially, the reduction of 5SCo/TiOx seems easier than the 15SCo/TiOx (see 

the high proportion of the H2 consumption before 623 K in Figure 6.8a, 

namely 8.2 % for 5SCo/TiOx while 2.2 % for 15SCo/TiOx). This could be due 

to the higher weight of surfactant covering in 15SCo/TiOx (see Figure 6.3c) 

and indeed support for this observation can be seen in the form of a the 

negative TCD response at 715 K that is thought to be due to the 

decomposition of the surfactant.[386] However, the second peak in 5SCo/TiOx 

centred at 845 K is higher than the 5SCo/TiOx (810 K). It is proposed that a 

higher proportion of CoNPs in the 5SCo/TiOx sample are in contact with the 

titania surface than for the 15SCo/TiOx sample. This would then lead to more 

cobalt titanate (CoTiO3) species which are known to be more difficult to 

reduce than cobalt oxides. [68],[171]  

The Degree of Reduction (DR) of the samples is calculated based on their 

isothermal H2-TPR (Figure 6.8b). After 3 h at 623 K in 10 % H2/N2, the DR 

values are: 45.7 % for 5SCo/TiOx, 69.1 % for 5Co/TiOx, 55.4 % for 

15SCo/TiOx and 85.2 % for 15Co/TiOx respectively. A slower decrease in H2 

consumption is observed for the 5SCo/TiOx / 15SCo/TiOx samples during the 

isothermal period (at 623 K, particularly a jump centred at 90 min in 

15SCo/TiOx in Figure 6.8b), while H2 consumption decays rapidly in the 

5Co/TiOx / 15Co/TiOx samples (e.g. TCD response from 38 to 0 within 45 min 

for 15Co/TiOx, Figure 6.8b). Hence the reduction process occurs to a 

significant extent during isothermal for the 5SCo/TiOx / 15SCo/TiOx catalysts 

while it is negligible for the acetone-washed ones. As said before residual 

surfactant can be almost completely decomposed and removed after the 3 h 

reduction process, so the dominant factor affecting the DR for 5SCo/TiOx / 

15SCo/TiOx would be the coverage of surfactant residue in the early stage of 

reduction (< 1 h, including ramping) while it was cobalt-titania interaction in 

the later stage of the reduction (after 1 h reduction). In contrast, for 5Co/TiOx 

/ 15Co/TiOx, the effect of surfactant residues on DR was negligible while the 

interaction was the main cause.  
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Figure 6.8. Normal H2-TPR (a) and isothermal-H2-TPR (b) profiles for the catalysts 

in the conditions of 10 % H2/N2 (50 mL/min), 10 K/min, isothermal at 623 K for 3 h. 

 

6.2.2. Visualising the Cobalt-Rutile interface 

HAADF-STEM images for the samples 5SCo/TiOx and 5Co/TiOx after 

reduction for 3 h at 623 K are shown in Figures 6.9 a and b whereas the 

corresponding spot Electron Energy Loss Spectra (EELS) are shown in 

Figures 6.9c and d. The combined STEM/EELS is an insightful technique 

that allows interrogating the spatially-resolved chemical and structural 

information with high resolution.[358] From the STEM images a single CoNP 

bound to the titania support is clearly observed and from this sub-regions 

(red squares) can be defined that are labelled respectively from 1 to 8 in 

Figure 6.9 a and b in order to determine the local Ti and Co environment 

from their EELS spectra.  Only Ti4+ is detected by the Ti L-edge EELS 

spectrum in the 5SCo/TiOx sample in region 1 (Figure 6.9a) which comprises 

the TiO2 support while in the corresponding 5Co/TiOx sample, Ti3+ is the 

main component (67.4 % Ti3+, see Table 6.1a for details of the linear 

combination fitting) in region 1 of Figure 6.9b. Note the TiO2 environment 

(crystalline or non-crystalline) cannot simply be concluded from the visibility 

of lattice planes in Figure 6.9a, b, as this is mainly caused by the orientation 

of the crystalline domains to the detector (see the contrary clarity of lattice in 

Figure 6.12a,b). Interestingly, both Ti3+ and Ti2+ are detected at the cobalt-

titania interface in both samples (region 2 and Table 6.1a) although in the 

5SCo/TiOx sample, Ti4+ is still present in minor amounts (10.8 % Table 6.1a) 

at this interface. This localised reduction can be explained as an effect of the 
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metallic cobalt promoting TiO2 reduction to Ti2O3 or even to TiO via a H2 

spillover effect.[141] The more reduced TiO2 in 5Co/TiOx is also evidenced by 

a respective blue-shift of the Co 2p and red-shift of Ti 2p peaks in the XPS 

spectra shown in Figure 6.10.  

   

   

      

Figure 6.9. HAADF-STEM and EELS element distribution images with marked 

regions 1~8 (a, b) of the reduced catalysts (3 h, 623 K) and their corresponding 

EELS Ti (c) / Co (d) L-edge spectra in marked regions 1 / 2 / 3. The reduced 

catalysts were passivated with 1 % O2/He at 303 K for 30 min thus with a CoOx 

layer in the CoNP.  

 

Similarly, from the EELS spectra in Figure 6.9d for the cobalt component 
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Linear Combination Fitting with the results shown in Table 6.1b. As 

determined from the above TPR data, less metallic cobalt is determined to 

be present in the 5SCo/TiOx than in the 5Co/TiOx (~80 %). More specifically, 

regions 2 & 3 contain only 66.9 and 9.1 % metallic cobalt in the NP shown in 

Figure 6.9a. The lower quantity of metallic cobalt in region 3 of 5SCo/TiOx is 

likely due to surface oxidation during passivation (similar to the CoOx layer 

observed in Figure 6.9b) while the low metal content in the interface (region 

2) could be due to the strong interaction with TiO2. The NPs featured in the 

two samples and depicted in Figures 6.9 a & b are similar in width (~13 nm) 

and height (5~7 nm) and therefore under normal circumstances the DR for 

both NPs would be expected to be similar. The fact that they are not, can be 

ascribed to the effect of the residual C12E4 surfactant (see Figure 6.3). It not 

only suppresses cobalt oxide reduction but also inhibits H2 spillover from 

cobalt to titania and therefore leads to a lower degree of TiO2 reduction.  

 

Table 6.1. Linear combination fitting results of EELS Ti L3,2-edge (a) and Co L3,2-

edge (b) based on the spectra in Figure 6.9c, d, respectively.  

(a) 

region Ti4+/% Ti3+/% Ti2+% R-factor Reduced -chi square 

5SCo/TiOx      

1 99.9(0.5) 0.1(0.6) 0 0.0231 0.00290 

2 10.8(10.0) 45.8(7.0) 43.5(3.7) 0.0691 0.00614 

5Co/TiOx      

1 0 67.4(3.1) 32.6(4.2) 0.0443 0.00371 

2 0 51.9(2.9) 48.1(4.1) 0.0393 0.00319 

(b) 

region Co3O4/% CoO/% Co0/% R-factor Reduced -chi square 

5SCo/TiOx      

2 0 33.1(20.5) 66.9(12.5) 0.135 0.00676 

3 0 90.9(16.5) 9.1(9.2) 0.0733 0.00341 

Whole NP 0 58.6(17.9) 41.4(10.8) 0.0780 0.00450 

5Co/TiOx      

2 0 11.3(10.3) 88.7(18.6) 0.143 0.00751 

3 0 26.5(14.0) 73.5(7.9) 0.0724 0.00355 

Whole NP 0 40.6(8.2) 59.4(18.2) 0.0920 0.00478 
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Figure 6.10. XPS Co2p (a) and Ti 2p (b) spectra of reduced 5SCo/TiOx and 

5Co/TiOx catalysts (623 K, 50 % H2/He, 3 h). The reduced catalysts were 

passivated with 1 % O2/He at 303 K for 30 min before measurement. 

 

  

Figure 6.11. EELS spectra of 5SCo/TiOx and 5Co/TiOx in selected regions based on 

images in Figure 6.9a, b. 

 

EELS spectra in several other regions of Figure 6.9a, b were also acquired 

and analysed. In regions 2,6 and 7 of Figure 6.9a and regions 2, 4, 5 and 7 

of Figure 6.9b, Ti3+/Ti2+ species are also detected (Figure 6.11) although the 

spectra are very noise. However, no Ti species are seen in regions 3~5 of 

Figure 6.9a and region 6 of Figure 6.9b. Analysis of the element map (Figure 

6.9a, b below) also reveals no Ti on the surface of the CoNP. These 

observations are different from what has been widely reported in the 

literature of reduced TiO2-x forming a several nanometres thickness layer to 

fully cover metal NPs.[139],[157],[387]  Here Ti3+/Ti2+ migration leads to decoration 

of the periphery of NPs in both samples. This difference could be in part due 

to the use of the more stable rutile polymorph as opposed to the more 
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common P25 or anatase.[126] It is clear then that the decoration of Ti3+ in 

5Co/TiOx occurs to a greater extent than in 5SCo/TiOx as strong reduction of 

TiO2 to Ti2O3/TiO is confirmed in Figure 6.9c and Table 6.1a. 

A further examination of the cobalt-titania interaction in the two samples (but 

shown with different images from Figure 6.9a, b) is also performed via 

analysis of the Fast Fourier Transform patterns (FFT) in the marked sub-

regions from 1 to 4/5 (Figure 6.12). The support of 5SCo/TiOx (region 4 in 

Figure 6.12a) displays a rutile TiO2 structure (d-spacing 1.7 Å /<211> facet) 

and again the FFT patterns show no evidence of (crystalline) TiOx on the 

CoNPs (region 1,2,3,5); note however that in Figure 6.9 a, amorphous 

Ti3+/Ti2+ species was seen migrating at the periphery of the NPs (see EELS 

spectra in region 6, 7, Figure 6.11a). However, for 5Co/TiOx in Figure 6.12b 

a corundum Ti2O3 structure (region 4 in Figure 6.12b) is determined from the 

FFT patterns (d-spacing 2.7 Å /<10-14>, 2.2 Å /<2-1-13>). Note that Ti2O3 is 

seen at the periphery of the CoNP in Figure 6.12b, while it is not detected in 

similar profiled regions (2 & 5, black parallels) of Figure 6.12a for the 

5SCo/TiOx sample. Further evidence of Ti2O3 migration to the surface of 

CoNP can be seen from the FFT patterns (region 2 of Figure 6.12b). The 

crystal phases of cobalt present in both samples are either cobalt oxide or 

metallic cobalt with a lower extent of metallic cobalt NPs seen in 5SCo/TiOx 

(Figure 6.12a & 6.13a) than 5Co/TiOx (Figure 6.12b & 6.13b). This is in line 

with the linear combination fitting results of EELS cobalt spectra in Table 

6.1b and DR values from TPR in Figure 6.8, and partially due to the NPs 

being more highly dispersed. However, the more Ti3+/Ti2+ crystalline species 

in the 5Co/TiOx acts as an impermeable encapsulation on the surface of NPs 

and stops the migration of gas molecules to NPs,[157],[158] and lastly maintain 

or protect the reduced cobalt from being oxidation during passivation. In 

contrast, the Ti3+/Ti2+ species forms an amorphous and permeable coverage 

at the periphery of the NPs, allowing the contact between gas molecules and 

NPs and leading to strong oxidation of NPs during passivation.[157],[158] But 

both high dispersed cobalt and low Ti3+/Ti2+ species coverage in 5SCo/TiOx 

are due to the effects of initial surfactant residues. Changes in the Co or TiO2 

lattice-spacing caused by the metal-support interaction were not detected. 
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Figure 6.12. HAADF-STEM images of the reduced catalysts and their corresponding 

fast Fourier transform patterns in marked regions. The reduced catalysts were 

passivated with 303 K 1 % O2/He for 30 min before being imaged. (a) Co3O4 is 

present in regions 1, 3, 5; TiO2 is in region 4; and their mixture in region 2. (b) Co0 is 

seen in region 1; Ti2O3 is in region 4, and mixture of Co0, CoO/Co3O4 and Ti2O3 in 

region 2 and 3.  

 

  

 

Figure 6.13. Alternative HAADF-STEM images of the reduced catalysts. The 

reduced catalysts were passivated with 303 K 1 % O2/He for 30 min. 
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6.2.4. FTS activity and products distribution 

  

Figure 6.14. CO conversion as a function of cobalt loading (a) and H2 reduction time 

(b). 

 

Typically FTS is performed at elevated pressures (20 bar gas) as CO 

conversions and the selectivity to heavier hydrocarbons are enhanced in 

comparison to testing at ambient pressure.[120],[388],[389],[390] However, it is still 

possible to determine intrinsic differences in FTS performance when testing 

at ambient pressure. [22],[388],[389] CO conversions of the two types of catalyst 

in an ambient FTS test (493 K, H2/CO = 2, 1bar) are shown in Figures 6.14. 

In Figure 6.14a, CO conversions in 5SCo/TiOx are observed to be generally > 

4 times higher than in 5Co/TiOx throughout the FTS reaction. However, a 

tripling of the cobalt loading to 15 wt.% leads to a narrowing of the activity 

gap (the 15SCo sample exhibits an activity that is only ~2 times greater than 

the 15Co sample). Similarly, the intrinsic activities (both normalized activity 

and TOF) in 5SCo/TiOx (Figure 6.15a) are ~5 times higher than that in 

5Co/TiOx catalyst while increasing cobalt loading those differences are only 

~3 times higher. In each catalyst, rapid deactivation is observed within the 

first 30 min, corresponding to the previous work[120],[122],[148]. At this point CO 

conversion for the respective preparation methods slowly decays to similar 

levels (~6 or 2 %). 
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Figure 6.15 (a) The intrinsic activities for  catalysts 5Co/TiOx / 5SCo/TiOx and 

15Co/TiOx / 15SCo/TiOx (3 h reduction). (b) The effects of reduction time on the 

intrinsic activities for catalysts 5Co/TiOx / 5SCo/TiOx. The TOF values of those 

catalysts (cobalt dispersion obtained from TEM results) were corrected with their 

TPR degrees of reduction. 

 

The duration of H2 reduction (shown in Figure 6.14b, 6.15b) also affected the 

CO conversion, especially for the 5SCo/TiOx / 15SCo/TiOx catalysts. For 

example for the 5SCo/TiOx catalyst after only 1 h reduction, steady CO 

conversion (i.e. reaction at 90 min time on stream) is only at 1 %, while this 

value is closer to 5 % for samples reduced for 3 & 5 h respectively. 

Furthermore, there is an optimized reduction time for catalyst 5SCo/TiOx that 

the highest TOF value (4.04x10-3 s-1, Figure 6.15b) is obtained in the 3 h 

reduced catalyst. In contrast, for the 5Co/TiOx catalysts increasing the 

reduction time has both a negligible initial (< 40 min) and detrimental longer 

term (> 40 min time on stream) effect on CO conversion and TOF value. So 

the surfactant residues on the catalysts surface, to some extent, will promote 

CO conversion. 
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Figure 6.16. FTS products distributions of 5SCo/TiOx and 5Co/TiOx catalysts. 

 

The accompanying FTS product distributions of the 5SCo/TiOx and 5Co/TiOx 

determined from MS profiles are given in Figure 6.16 a & b. The evolution of 

the mass traces of CH4/C2/C3/C4/C5 hydrocarbons (using m/z values 15, 27, 

41, 57, 71) was followed during the course of the reaction.[22] Both traces 

show a maximum in all products formed that mirrors the CO conversion data 

shown in Figure 6.14. Due to the difficulty in obtaining quantifiable data from 

the fragments of the products using MS, the normalized hydrocarbon 

selectivity (to methane) are calculated to describe the product distribution 

(Figure 6.17). The equivalent CH4 response seen in 5SCo/TiOx and 5Co/TiOx 

whilst a stronger response to C2~C5 in the 5SCo/TiOx sample indicates a 

higher selectivity to longer chain hydrocarbons in the catalyst (Figure 6.17a). 

Similarly, in Figure 6.17b & 6.18 the C2~C5 selectivity in 15SCo/TiOx is also 

2~3 times higher than that in 15Co/TiOx. Increasing the cobalt loading 

however, reduces the long-chain hydrocarbon (C4+) selectivity in both 

catalysts although the C2/C3 selectivity is similar (Figure 6.17a, b). 

Prolonging catalyst reduction time slightly inhibits long-chain hydrocarbons 
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formation; Figure 6.17c, d and 6.19, shows a reduction in higher 

hydrocarbons with increasing reduction time.  

  

Figure 6.17. Steady state hydrocarbon selectivity after 90 min reaction normalized 

to the response for CH4. (a, b) The presence of the C12E4 coating increases the C2+ 

selectivity but a higher cobalt loading decreases the selectivity to long-chain 

hydrocarbons; (c, d) C2+ selectivity decreases with prolonged reduction time in both 

5SCo/TiOx and 5Co/TiOx.  

 

 

Figure 6.18. FTS products distribution of 15SCo/TiOx and 15Co/ TiOx. 
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Figure 6.19. FTS products distribution of 5SCo/TiOx with different reduction time 

treatment. 
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shown in Figure 6.5 insufficiently lead to the huge gaps in FTS (see Figure 

6.14). Note the differences in intrinsic FTS activity or turnover frequency 

should be ignored as the average NP sizes in all the catalysts are located or 

beyond the typical critical size range (5~10 nm) in literature.[57],[323] In fact, the 

strong aggregated NPs as shown in Figure 6.6 (not counted for size 

averaging in Figure 6.5b, d) is another important factor leading to the low 

FTS activity in 5Co/TiOx / 15Co/TiOx catalysts.   

In addition, the strong interaction between CoNPs and titania in 5Co/TiOx / 

15Co/TiOx could also contribute to the lower FTS performance particularly 

the effect of Ti3+/Ti2+ decoration. TiO2 reduction to sub-oxides TiO2-x (Ti2O3 or 

even TiO, Figure 6.9c and Table 6.1a) via H2 spillover, is thought to lead to 

migration of the titania onto the surface of CoNPs to cover the exposed 

cobalt in the catalysts. Note, from Figure 6.12, the sub-oxides TiO2-x on 

5Co/TiOx are crystalline and impermeable and further isolate the contact 

between syngas and NPs. The presence of C12E4 derivatives appear to 

prevent TiO2 from being reduced to TiO2-x (permeable) to migrate on CoNPs 

in the SCo/TiOx catalysts and leave a clean and open surface for FTS. 

Although some C12E4 derivatives may not be fully removed from 5SCo/TiOx / 

15SCo/TiOx catalysts during calcination and reduction and would have 

negative effects on FTS reactivity.[25],[391] However, the C12E4 derivatives in 

reduced samples are negligible from the undetected TGA data in Figure 6.3 

and have minimum influences on FTS[120] and it is even reported that the 

remaining organics may have promotional effects in reaction activity and 

selectivity.[391] Similarly, the derivative influences (being pre-removed by 

acetone) in the 5Co/TiOx / 15Co/TiOx samples are even minor, and therefore 

the lower FTS performance is not attributable to this. In summary, a less 

extensive CoOx-TiO2 interface, the larger NP size and greater extent of 

Ti3+/Ti2+ decoration on the Co/TiOx catalysts can account for their lower CO 

conversion and long-chain hydrocarbon selectivity. 

Lastly, for concerns of activity loss in Figure 6.14 such CO conversions over 

time were also observed on the many previous publications under pressure 

from 1 to 20 bar and irrelevant to methods of catalyst preparation.[120], 

[122],[148],[182],[355] For example, an incipient wetness impregnation (IWI) 
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prepared catalyst performed the similar activity loss under either 1 bar [355] or 

10 bar [148] FTS test, ascribing to carbide formation [355] and NPs sintering 

and the encapsulation of TiO2-x 
[148] respectively. It was also reported that 

sintering of CoNPs on TiO2 is only seen in small NPs (3 nm, colloidal 

synthesis, while it is stable when NPs > 6 nm due to the strong metal-support 

interaction and performing equivalent FTS catalytic activity (20 bar) to IWI 

prepared referenced catalyst.[120] However, here the sintering-induced 

deactivation can be excluded as no NP size changes are detected from the 

TEM images before and after FTS test (see Figure 6.5 and Figure 6.20). This 

means strong interaction in the catalysts plays an important role in stability 

during FTS but the carbide formation cannot be excluded in the current 

catalysts before further characterisation. Lastly, the surface reconstruction 

and relaxation by syngas may also response to the initial activity loss.[243],[392]  

 

 

Figure 6.20. TEM images and corresponding histograms of the catalysts after FTS 

test. 
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Figure 6.21. Surface C12E4 residues prevent the CoNPs from aggregating and the 

rutile from being reduced and eventually it obtains better FTS reactivity in the 

Co/TiO2 catalyst. The light colour of support reflects rutile being reduced but with 

different extents in the SCo/TiOx / Co/TiOx samples. In addition, the gold sheet in the 

473 K calcined SCo/TiO2 represents the residual C12E4 on surface while in the 

Co/TiO2 sample, the aggregated NPs were shown (blue spheres). The migrated 

TiO2-x in Co/TiOx is crystalline and impermeable labelled with grey solid semicircle 

while that in SCo/TiOx is amorphous and permeable labelled with green parallel 

patterns. 

 

6.3. Summary and conclusion 

The purpose behind  this work was to determine a synthesis method that 

could help mitigate some of the common pitfalls when it comes to producing 

supported CoNPs on titania to improve FTS performance. Here I report that 

residual C12E4 surfactant used in catalyst preparation can prevent both CoNP 

aggregation during preparation, and TiO2 reduction and migration during 

reduction treatment. The reduced TiO2-x is amorphous and permeable in 

SCo/TiOx catalysts, thus the decoration of TiO2-x on highly dispersed CoNPs 

is diminished in comparison to the crystalline and impermeable TiO2-x on 

C12E4-free Co/TiOx catalysts, resulting in the catalyst with enhanced FTS 

activity and long-chain-hydrocarbons selectivity. Critically it is the surfactant 

residue that remains after initial thermal treatment that prevents the titania 

reduction and encapsulation[158] although this can also be removed by 

prolonging reduction time or increasing temperature [270] but this would lead 

to more titania being reduced accordingly. So a proper condition (e.g. 50 % 

H2/He, 623 K, 3 h) should be considered to activate the surfactant presented 
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catalysts (the presence of certain amount of organics on catalyst surface will 

also benefit the FTS reaction). Comparing with previous strategies with a 

third material encapsulation (e.g. Hong’s work using CN [148]), I used a one-

pot method to synthesize the catalyst, which is process efficient. Also, 

reverse micelles will make NPs more homogeneous but as is well known 

when using micelles to prepare homogeneous NPs, they are more 

susceptible to aggregation as seen for the acetone washed samples. This 

method may be further duplicated to prepare other reducible supports (e.g. 

Nb2O5 
[147]) supported metal (Rh [157], Au [270], etc.) catalysts to expand the 

application of surfactant encapsulation on optimising the reaction 

performances of a catalyst. And a catalyst with size-controlled NPs can be 

easily obtained using this method just by varying the amount of precursor 

during NPs preparation. Lastly, the protection of titania reduction by 

surfactant can also be applied to some conventional methods for catalyst 

preparation such as impregnation, namely coating the dried or calcined 

samples with surfactant (with further heating treatment) before reduction.  
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Chapter 7 Summary and Future work 

 

7.1. Summary 

Different from SiO2 or Al2O3, TiO2 with its unique properties strongly affects 

the supported CoNPs and their FTS performances due to the presence of 

metal-support interactions between cobalt and titania. The MSI can 

significantly change the components (oxidation states or new bonds 

formation), morphology and electronic state of CoNPs by the migration or 

transfer of atoms and/or electrons. Specifically, the interactions such as 

CoNPs sintering, cobalt atom spreading, NPs decorated by TiO2-x, metal-

support compound formation, and charge transfer between cobalt and titania 

are observed in literature as shown in chapter 1. Accordingly the FTS activity, 

hydrocarbons’ selectivity and catalysts’ stability, in most cases, are strongly 

inhibited by those interactions. Therefore, developing advanced methods that 

can modify the formation of such interactions are more and more attractive in 

academia. However, the nature of the interaction between cobalt and titania 

are still unclear to us, so before that those interactions must be 

understanded in depth. 

I firstly developed planar SiOxSi(100) and TiO2(110) substrates supported 

CoNPs to better understand the support effect on the shape and stability of 

CoNPs in each stage of Reduction-Oxidation-Reduction (ROR) treatment. 

The combination of nanoscopic and X-ray based techniques revealed a 

stronger MSI between individual CoNPs on TiO2(110) than for the NPs on 

SiOxSi(100) with the retention of large interparticle distances although a 

fried-egg-like shape morphology of CoNPs was adopted. This spreading of 

cobalt not only increases the surface exposure of CoNPs and their overall 

electronic state, but also manifests in more non-reducible CoTiO3, hence the 

influence on reactivity of these changes are unsure but it is likely to decrease 

the catalytic activity since metal cobalt is thought to be the active phase in 

FTS. In contrast, CoNPs supported on SiOxSi undergo significant 

aggregation during ROR via a mechanism of coalescence, which is clearly 
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detrimental to catalyst performance. Those results indicate that for 

optimisation / tuning of the CoNPs/TiO2 interface to achieve better 

performance, the application of heat and the nature of the reactive gas 

atmosphere is a possible direction.  

From the aforementioned information the non-reducibility of CoNPs on TiO2 

(by forming CoTiO3) could be largely due to the presence of surface O (Ti-O), 

thus developing a surface by removing those O atoms (or creating Ovac) is a 

clue that promotes reduction of (TiO2 supported) oxide CoNPs. Here I 

created Ovac by air plasma etching on a TiO2(110) single crystal substrate by 

depositing pre-synthesised Co3O4 nanoparticles and with application of 

XAS/X-PEEM the reduction behaviours of individual Co3O4 NPs and their 

cobalt-titania interfaces in a defined region on TiO2 with or without Ovac were 

interrogated. The Co3O4, with the help of a high concentration of Ovac, can 

readily and directly transform to CoO/Co0 in the fresh sample. The NPs can 

form metallic cobalt when NPs < 8 nm in the fresh sample or < 15 nm in 623 

K H2 (1x10-6 mbar) reduction treatment. The interfaces in the periphery of 

NPs are easier to reduce than the cobalt oxide in the centre of NPs due to 

strong promotion of Ovac to the interface cobalt oxides. As a sacrifice, Ovac 

will be eliminated by accepting the O atoms in cobalt oxide. Therefore, my 

findings suggest that an introduction of Ovac on a sample support surface is a 

promising method to design catalytic materials with better reducibility[141],[182] 

and might also inhibit the encapsulation of reduced support (e.g. TiOx) on 

metal NPs by a mild reduction treatment.  

The size-dependent effects of CoNPs on TiO2 rich in Ovac were further 

probed under the treatments of CO/syngas. It was discovered that pure CO 

cannot dissociate on small CoNPs (< 15 nm) but strongly dissociate on NPs 

≥ 15 nm with re-oxidation of those NPs and diminishing of their vicinal Ovac. 

In contrast syngas treatment can induce the formation of Ovac to promote 

further reduction of cobalt oxide in big NPs (> 15 nm), while reoxidation is 

seen in NPs ≤ 12 nm during syngas adsorption and due to H2 assisted CO 

dissociation on those small NPs. However, the co-effects of H2 and CO in 

syngas would also promote the easy removal of oxygen (O*) in big CoNPs (> 

15 nm) to produce more metallic cobalt. In contrast, the strong bonding effect 
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between dissociated O* and undercoordinated cobalt in small NPs lead to 

the re-oxidation of NPs although it can be regenerated to metallic cobalt 

during following UHV annealing. This is the first time showing the size-

dependent component evolution of TiO2 supported individual CoNPs during 

CO/syngas treatment, which help us understand CO dissociation induced 

NPs oxidation behaviour on different-size CoNPs during FTS reaction.  

Not limited to 2D Co/TiO2 catalysts, the MSI in the 3D powder rutile 

supported CoNPs and the effects of surface encapsulated surfactant (C12E4) 

were investigated by various thermal, microscopic and spectroscopic 

analysis. The residual C12E4 surfactant in catalyst can prevent CoNPs from 

aggregating during catalyst preparation and TiO2 support from being reduced 

during reduction. Thus the decoration of amorphous and permeable TiO2-x on 

highly dispersed CoNPs is weakened in comparison to the crystalline and 

impermeable TiO2-x on C12E4-free Co/TiOx catalysts, with enhanced FTS 

activity and long-chain-hydrocarbons selectivity. However, the covering of 

surfactant and/or high cobalt dispersion make this sample difficult to reduce 

with lower metallic cobalt measured by H2-TPR. Fortunately, the surfactant 

residues in the catalyst can be effectively removed by giving enough 

reduction time using 623 K and H2. This work expands on the research of 

cobalt-titania interactions to powder samples and shows a positive role of 

surfactant residues on preparing titania supported cobalt catalysts with 

improved dispersion and MSI for FTS reaction.  

In summary, I demonstrate the variety of cobalt-titania interactions affected 

by the internal nature of CoNPs and TiO2 as well as by the external gas 

atmospheres and heat treatments, etc. The morphology and component 

changes of individual CoNPs with different sizes in heated gases were 

directly and for the first-time observed by state-of-art techniques such 

XAS/X-PEEM. Those findings are particularly novel and important, will help 

us to better understand the MSI in cobalt-titania catalysts and then to 

develop a better catalyst for FTS.  
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7.2. Future work 

From the above summary section, I have learned more concerning cobalt-

titania (rutile) interactions. However, due to the time limitations for a PhD 

study many experiments cannot be carried out and thus a comprehensive 

understanding of the interactions between cobalt and titania are still unclear. 

So, in future some further research related to probing further the nature and 

significance of cobalt-titania interactions can involve but not be limited to the 

following work:  

 

Figure 7.1. MS signals showing FTS products distribution of Co/Anatase, Co/Rutile 

and CoPt/Rutile (atomic ratio, Co/Pt = 10/1) with 5 wt.% cobalt loading under 

ambient pressure FTS test. FTS conditions: 493 K, 1 bar, H2/CO/He = 3.3/1.7/15.0; 

and catalysts reduction with 50 % H2/He at 623 K for 3 h. The catalysts preparation 

can be referred to the method 3 in Chapter 2 but without surfactant coating. 

 

(1) Use anatase or other polymorphs of TiO2 to replace rutile as a support. 

There already exists extensive literatures (see Chapter 1, section 1.4.2) 

showing the distinctive performances of CoNPs supported on different TiO2 

polymorphs. In addition I measured significant differences in the behaviour of 

anatase-supported CoNPs in comparison to a rutile supported catalyst in 

FTS reaction, CO adsorption and H2 reduction, etc. The poor reactivity 
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(Figure 7.1) for Co/Anatase catalyst could be due to its worse reducibility and 

CO adsorption from Figure 7.2 and Figure 7.3, respectively. But currently it is 

not known why the reducibility and CO adsorption are adversely affected. 

Theoretically at least, this could be due to the action of cobalt-anatase 

interactions. But what interactions are involved and how to modify those 

interactions and then to make the catalyst becoming active for FTS are 

unknown. So duplicating some similar catalysts as applied in this thesis by 

using anatase to replace rutile is a possible way to understand those 

mechanisms. Of course, some other advanced methods can also be applied, 

such as using in situ GISAXS/GIXD or in situ TEM, etc. 

 

Figure 7.2. H2-TPR profiles of the Co/Anatase, Co/Rutile and CoPt/Rutile (atomic 

ratio, Co/Pt = 10/1). Conditions: 10 % H2/N2, 50 mL/min, 10 K/min.  

 

(2) Addition of promoters to the cobalt-titania catalysts. As mentioned in 

Chapter 1 promoters such as noble metals can strongly affect the cobalt-

titania interactions by stopping the formation of cobalt titanate, preventing the 

spreading of cobalt, etc. And from previous experiments, a Pt added 

Co/Rutile catalyst shows the highest CO conversion under ambient pressure 

FTS reaction (Figure 7.1c). Previously it has been suggested that the 

reducibility and CO adsorption are strongly enhanced in the Co/Rutile 

catalyst with Pt promotion (see Figure 7.2, Figure 7.3). Thus due to the 
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active phase (metallic cobalt) for FTS largely being formed in this promoted 

catalyst, the number of active sites for CO transformation is remarkably 

increased accordingly. But how Pt promotes cobalt oxide reduction and how 

this affects the cobalt-titania interaction are, questions that remain 

unresolved. For example, I can see a fast reactivity loss in Figure 7.1c, but 

what reasons lead to this has to be further considered. Besides, it will be 

more complicated to understand the role of promoters (e.g. Pt) on the cobalt-

titania interactions than a system comprising a single metal. For example, 

the first thing to be done is to determine what the model catalyst should be. 

Should it possess a core-shell structure between cobalt and promoters or 

comprise a homogeneous bimetallic NP. Still, spatially-resolved XAS/X-

PEEM characterisation is a useful tool to probe these interactions.    

 

Figure 7.3. CO-DRIFTS spectra of the 623 K 50 % H2/He reduced Co/Anatase, 

Co/Rutile and CoPt/Rutile (atomic ratio, Co/Pt = 10/1) after 30 min 10 % CO/He 

adsorption at room temperature. 

 

(3) Use other approaches to modify the cobalt-titania interactions. From 

Chapter 1, it is known that some approaches that modify the interactions 

comprise of pre-treatment and post-treatment. Relatively speaking, the pre-

treatment would be more exciting and challenging. To affect the cobalt-titania 
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formation and loading on TiO2, while the other is to modify the titania support. 

The former direction can be realised by pre-synthesising CoNPs to deposit 

on titania or changing the preparation procedures (e.g. drying, calcination, 

reduction), while the latter one would comprise depositing a third substance 

on the surface of TiO2, for example modulate the surface of the TiO2 by 

coating with a new compound (e.g. graphene) on the surface and then view 

the changes of cobalt-titania interactions and their influences on FTS 

reaction.  

(4) Cobalt-titania interactions with doping titania in other non-titania supports. 

The supports for cobalt catalysts are not limited to titania; silica, alumina, etc. 

are also widely used in the cobalt heterogeneous catalysts. Due to the non-

reducible nature of silica and alumina, the encapsulation by reducible 

support on CoNPs is not a problem in those catalysts. But other interactions 

will be seen or enhanced, for example, the strong Lewis acidity of alumina 

often induces a significant charge transfer between cobalt and alumina 

leading to more branched-hydrocarbon formation in this catalyst (see 

Chapter 1). As I observed significant agglomeration of CoNPs on SiOx/Si(100) 

during ROR treatment in Chapter 3, it seems prudent to focus primarily with 

research on cobalt-silica interactions. Probing CoNPs behaviours on silica 

with the treatments of CO/syngas by XAS/X-PEEM or STEM/EELS is 

perhaps the first consideration. Alternatively deposit some titania in silica to 

enhance the bonding between cobalt and silica and to stop the 

agglomeration of CoNPs. And subsequently for alumina, adding titania inside 

but this titania should be created with Ovac to improve the reducibility of 

cobalt as well as the acidity of alumina, and at last the activity and products’ 

selectivity will be modulated.  

(5) Carbon residue removing. Although carbon residue removing seems irrelevant 

with the metal-support interaction, which is the theme of this thesis. It is an 

important concern for the catalysts in Chapter 5. The main reason is that it will 

inhibit the reaction as it covers the surface of active sites. [376],[391],[393] Measures such 

as solvent washing,[215],[394] high temperature burning,[395] plasma etching[396] or ion 

sputtering[183] could effectively remove most of the carbon components in the 

samples. But the components can be found everywhere, thus the residue is difficult 

to be fully removed. On the other hand,  the carbon residue present in the catalysts 
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does not always play a negative role in catalysis. As observed in this thesis and 

reported in previous work,[391] a certain amount of surfactant or carbon residue can 

promote the reaction with better reactivity. In this case, there is no need to remove 

those carbon residue completely, but it may worth to investigating what carbon 

residues are good or bad for reactions and how to control their presence and 

distribution on catalysts. 
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Appendix 

 

Figure A3.1. XAS spectra of Co L3-edge of circled CoNPs (Figure 3.6e-g) supported 

on SiOxSi(100) (a) and TiO2(110) (b) substrate at different steps of the ROR 

process.  

 

  

 

Figure A3.2. Comparison of XAS spectra of Co-L3-edge in the centre and edge of a 

CoNP in Co/SiOxSi(100) (a) and Co/TiO2(110) (b) before and after 623 K ROR 

treatment. (c) XAS spectra of Co L3-edge in centre and at edge of CoNP in 

Co/TiO2(110) during 773 K ROR treatment. Insert is the X-PEEM screenshot with 

defined edge (green) and centre (red) of the NP. 
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Figure A4.1. Correlation the size of CoNPs in X-PEEM images using high-resolution 

SEM, which absolute size is 10 times smaller than the size in X-PEEM images 

(Figure S4). Inserts: (I-III) X-PEEM images; (IV-V) SEM images. 

 

  

  

Figure A4.2. XAS spectra of O K edge in Co/Ti-1 & 2 after H2/syngas treatments. All 

the spectra in a-d are normalized to 1 through eg peaks. Note the strong feature c 

(dotted line) in a-d are attributed to the contribution of cobalt oxide.   
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Figure A5.1. XAS spectra of O K edge in H2 reduced (a, d), CO (b, c) and syngas (e, 

f) treated Co/TiO2 catalysts. All the spectra in a-e are normalized to 1 through eg 

peaks.  
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Figure A5.2. XAS spectra of Ti L edge of 24, 19, 15, 12, 8 and 6 nm NPs during 

various treatments. All the spectra in a-e are normalized to 1 through Ti L3-edge t2g 

peaks.eg1 and eg2 peaks of Ti L3-edge are increased after CO and syngas dosing, 

indicating the formation of new Ovac.   
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Figure A5.3. XAS spectra of Co L3-edge in CO treated Co/TiO2 2D catalysts 

changing with CoNP sizes.  

 

Figure A5.4. XAS spectra of Co L3-edge in re-reduced Co/TiO2 2D catalysts (after 

493 K CO annealing) changing with CoNP sizes. 
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Figure A5.5. XAS spectra of Co L3-edge in syngas treated Co/TiO2 2D catalysts 

changing with CoNP sizes. 

 

   

Figure A6.1. Alternative HAADF-STEM images (a larger region) of the reduced 

5SCo/TiOx catalyst and its corresponding EELS spectra in the labelled regions. The 

reduced catalysts were passivated with 303 K 1 % O2/He for 30 min. 
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