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ABSTRACT: The sintering of model TiO2-supported cobalt catalysts has been studied. The TiO2 supports used were 
anatase, P25 (85% anatase-15% rutile) and rutile. The catalysts were characterized at each stage of treatment. These 
treatment stages were calcination, reduction and sintering. It was found that the TiO2 support does not influence the 
Co3O4 crystallite and particle size as shown by powder x-ray diffraction (XRD) and transmission electron microscopy 
(TEM) respectively. The reduction of the cobalt catalysts and bare supports was studied by temperature programmed re-
duction (TPR). It was found that the bare supports were not as inert as expected. The supports showed minor reduction 
as seen in the H2 consumption. All the cobalt catalysts showed a two-step reduction. Sintering of anatase-supported co-
balt was shown to be the most substantial with P25- and rutile-supported showing a lower sintering tendency; P25-
supported cobalt being the most stable based on TEM measurements. Sintering kinetics based on the Generalized Power 
law Expression (GPLE) model, showed that sintering of anatase-supported cobalt is the most rapid with a large sintering 
rate constant. Sintering of P25-supported cobalt is the lowest, shown by the lowest sintering rate constant. The study has 
conclusively shown the effect of the catalyst support phase. The study has also shown that the use of high surface area 
supports is not necessarily the only answer to preventing sintering. The phase of the catalyst support is also important.  

INTRODUCTION 

Gas-to-liquid (GTL) technology has been shown to provide 
clean fuels compared to the crude-oil derived counterparts. 
GTL technology is primarily concerned with the conversion 
of natural gas into liquid hydrocarbon fuels, through the 
Fischer-Tropsch synthesis (FTS) process 1. Major industrial 
players in GTL and hydrocarbon synthesis technology in-
clude Sasol and Shell. Sasol is currently operating a GTL 
plant in Ras Lafan, Qatar. The plant is a joint venture be-
tween Sasol and Qatar Petroleum. The plant named Oryx 
GTL has a capacity of 34 000 bpd and uses Sasol proprietary 
Slurry Phase Distillate (Sasol SPD™) technology 2,3.  

Typical FTS catalysts are either cobalt- or iron-based de-
pending on the product of interest. These active metals are 
supported on high surface area oxide supports such as Al2O3, 
SiO2 and TiO2 

4,5. Cobalt and iron-containing catalysts are
used in low-temperature FTS to produce high molecular 
weight hydrocarbons. Iron catalyst is used in high-
temperature FTS to produce gasoline and linear low molecu-
lar weight olefins. Cobalt is more preferred due to its high 
per pass FT activity, low oxygenate and CO2 selectivity com-
pared to iron [1]. Deactivation of cobalt-based catalysts re-
mains a major challenge facing the commercial users of GTL 
technology as the cobalt metal and noble metal usually used 
as promoters are expensive 1,6.  

Deactivation is expressed as loss of catalytic activity with 
time on stream. Deactivation mechanisms for cobalt-based 
catalysts include (i) poisoning by sulphur and nitrogen com-
pounds, (ii) cobalt oxidation, (iii) cobalt-support compound 
formation, (iv) sintering of cobalt crystallites, (v) surface 
reconstruction and (vi) carbon deposition. Of all the deacti-
vation mechanisms stated, sintering, carbon formation and 
surface reconstruction are said to be intrinsic to cobalt and 
therefore will be present in most cobalt catalyst systems 7,8  

Sintering in this context can be defined as the change in 
dispersion of the active metal during use or during treatment 
at high temperatures. Sintering results in loss of catalytic 
surface area due to crystal growth or loss of support area due 
to collapse of support 9,10. There are two generally accepted 
mechanisms of sintering in supported catalyst systems: Ost-
wald ripening (OR), and particle migration or coalescence 
(PMC). Ostwald ripening is defined as the migration of 
atomic species or molecular species 11. Coalescence is the 
migration of whole particles or crystallites until collision 
with other particles. Coalescence occurs due to weak contact 
between the particle and the support. This results in the dif-
fusion or migration of the entire particle. 

The kinetics of sintering has been studied extensively. Em-
pirical models which describe the sintering behaviour have 
been developed. These empirical models give kinetic param-
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eters such as sintering kinetic constant and activation energy 
9,12,13,14. The Simple Power Law Expression (SPLE) which de-
scribes the sintering rate in terms of normalized dispersion 
and sintering kinetic constant was developed by Ruckenstein 
& Pulvermacher [12]. In the equation (1), D is the dispersion 
at time t, D0 is the initial dispersion, ks is the sintering con-
stant and n is the sintering order. The sintering order n can 
vary between 2 – 15 for a specific catalyst system at specific 
temperature. This model has been criticized for this exact 
reason. This varying of n even for a specific catalyst, makes it 
difficult to calculate the sintering kinetic constant which is 
representative of the catalyst system. The calculated values 
usually do not correlate with experimental data.  
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The SPLE model was later refined by Fuentes et al. 15 to in-
clude a term that accounts for the dispersion at infinite time. 
This term describes the limiting dispersion. The modified 
model is known as the Generalized Power Law Expression 
(GPLE) and was described in detail by Bartholomew 16. In the 
GPLE equation, Deq is the limiting dispersion and m is the 
sintering order as shown in equation 2. The GPLE allows for 
comparison of sintering behaviour of a wide range of catalyst 
systems. It has been shown that sintering data of various 
catalyst systems can be fitted well to first- or second-order 
GPLE where m = 1 or m = 2 respectively 17. 
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Studies have been reported on the sintering of cobalt sup-
ported on Al2O3, SiO2 and carbon 2,7,17,18. Overett et al. 4 stud-
ied sintering of a commercial cobalt catalyst supported on 
Al2O3 under realistic FTS process conditions in a 100 bar-
rel/day slurry bubble column reactor (SBCR). The authors 
used TEM and H2 chemisorption to deduce that sintering 
occurred after 3 days on line. It was concluded that sintering 
accounts for a large percentage of deactivation of the cata-
lyst. Sadeqzadeh et al. 17 studied sintering of cobalt catalyst 
supported on Al2O3 in the presence of water under FTS con-
ditions. They reported that, at the same gas hourly space 
velocity, sintering proceeds rapidly at higher H2/CO ratios. 
The authors also reported that sintering proceeds rapidly in 
the presence of water at FTS conditions. In a recent paper, 
Claeys et al. 2 studied the sintering of cobalt supported on 
Al2O3 as a function of process conditions in real time using a 
novel in situ magnetometer. The authors asserted that CO 
and high water partial pressure are required for sintering to 
occur under FTS conditions. They proposed that sintering of 
cobalt occurs via formation of subcarbonyl species that get 
transported over the hydroxylated Al2O3 support surface. 

The effect of water on the sintering of cobalt catalysts was 
previously reported by Bezemer et al. 19. The authors ob-
served sintering of cobalt supported on carbon nanofiber in 
the presence of water under simulated FTS conditions. Sin-

tering was confirmed by TEM, H2 chemisorption and in situ 
Mössbauer spectroscopy. The studies of Bezemer et al. and 
Claeys et al. show that the effect of water on the sintering of 
cobalt may be the same for Al2O3 and carbon supports. 
Storsӕter et al. 20 have previously shown that the effect of 
water on the activity of Al2O3- and SiO2-supported cobalt 
catalysts is similar, resulting in rapid deactivation and little 
recovery of activity after removal water. TiO2 however was 
shown to behave differently in terms of deactivation in the 
presence of water. This support showed no permanent deac-
tivation after water removal compared to Al2O3 and SiO2. 
This was attributed to the large size of the Co3O4 particles 
supported on the TiO2 support. The metal-support interac-
tion was also alluded to as a possible reason for the stability 
of Co/TiO2 catalyst. 

Sintering has been reported for SiO2-supported cobalt cata-
lysts. In a recent study, Kistarmurthy et al. 18 have studied the 
sintering of cobalt supported on model planar SiO2 under 
model FTS conditions. The authors reported that Ostwald 
ripening was the dominating sintering mechanism under 
model FTS conditions in contrast to other reports in litera-
ture. The authors concur with the findings of Claeys et al. in 
which it was deduced that sintering of cobalt occurs via the 
formation of subcarbonyl species in the presence of CO 18. A 
highlight from the work of Kistarmurthy et al. was the use of 
in situ TEM to study sintering of cobalt particles at identical 
locations under FTS conditions. The study of particles under 
realistic reactions conditions has always been a challenge 
especially in the field of microscopy. The cited literature 
concurs that the presence of CO and high water partial pres-
sures at FTS conditions are required for sintering to occur. 
However other parameters can also influence sintering of 
cobalt catalysts. These include gas environment, tempera-
ture, preparation method, pretreatment and support type 
[17]. 

TiO2 was the support of interest in our study. TiO2 occurs 
in different crystalline phases which are rutile, anatase and 
brookite 21,22,23. The current study follows on the work of 
Shimura et al. 24 in which they showed the effect of the TiO2 
crystal phase on the activity of TiO2 –supported cobalt cata-
lysts. The deactivation of cobalt FTS catalysts supported on 
TiO2 has recently been reported by Eschemann & de Jong25. 
The authors studied Co/TiO2 FTS catalysts prepared by dif-
ferent synthesis and drying protocols. They reported that all 
catalysts, irrespective of the preparation protocol, underwent 
deactivation. The deactivation reported as 20% activity loss, 
was fully linked to sintering of the active metal. This study 
conclusively demonstrates the impact of sintering as a deac-
tivation mechanism. It should be noted however, that the 
authors used only one type of TiO2 support (i.e. P25). There-
fore the effect of the TiO2 phase cannot be quantified in 
their study. The current study aims to leverage the ground 
work of the cited studies, with the view of establishing the 
effect of the TiO2 phase on the sintering behaviour of Co 
particles. 

The TiO2-supported catalysts in our study were prepared 
and characterized after calcination and reduction treatment 
steps. The sintering of TiO2-supported cobalt crystallites was 
studied as a function of time and TiO2 phase under H2/Ar 
reducing conditions and at elevated temperature. Sintering 
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was determined from powder x-ray diffraction (XRD) and 
high angle annular dark-field-scanning transmission electron 
microscopy (HAADF-STEM) measurements. Scanning 
transmission electron microscopy-energy dispersive x-ray 
spectroscopy (STEM-EDX) was used to ascertain that the 
particles studied are cobalt particles, through elemental 
mapping. The average particle size data from TEM was ex-
pressed as relative dispersion and was fitted to the GPLE 
sintering model. The sintering mechanism was then deduced 
from TEM images by conjecture.  

 

EXPERIMENTAL SECTION 

Materials: Three TiO2 supports were used for the study. 
These consisted of anatase and rutile TiO2 phases at differ-
ent ratios. A BASF TiO2 which consists of 100% anatase 
phase was used as the pure anatase support. The Evonik P25 
TiO2 which consists of 85% anatase and 15% rutile phases 
was used as the mixed-phase support. A rutile support was 
derived from P25 TiO2 by calcination in a muffle furnace at 
700°C for 8 hours to convert most of the anatase phase into 
rutile. The resulting material consisted of 98% rutile and 2% 
anatase phases. Cobalt catalysts were prepared via slurry 
impregnation of the supports with aqueous solutions of co-
balt acetate tetrahydrate. The cobalt loading was kept con-
stant at 10 wt%. The catalysts were calcined in a fluidized bed 
in air at 300°C for 6 hours. The calcined catalysts were re-
duced in a mixture of 4% H2 in argon at a fixed temperature 
of 450°C, followed by passivation in flowing CO2. 

Sintering studies were performed at 365oC. This tempera-
ture is higher than the Hüttig temperature of cobalt (250oC). 
In this temperature regime, sintering is most likely to occur 
even in the absence of CO and water. A Carbolite cylindrical 
furnace was used. The furnace was controlled by a Rex P300 
temperature controller. The catalyst powder was placed in a 
double-walled glass tube which had a porous bottom in the 
inside. The glass tube allowed gases to flow through the cata-
lyst bed resulting in a fluidized catalyst bed. A gas mixture of 
4% H2 in argon was used for sintering studies. The furnace 
was heated to 365oC at a rate of 10oC/min. After the sintering 
hold time was completed, the glass tube was removed from 
the furnace and the gas flow was switched to CO2. The CO2 
was allowed to flow through the catalyst bed for 1 hour to 
passivate the sintered catalyst from re-oxidation. The cooled 
catalyst powder was sampled for analysis. 

 

Characterization Methods: A Panalytical X’Pert Pro mul-
tipurpose diffractometer with a cobalt source (λ = 1.7889 Å) 
was used for XRD analysis. The instrument was fitted with 
the X’Celerator detector. The tube voltage was kept at 40 kV 
and the tube current at 40 mA. A fixed divergance slit was 
used. Phase identification was performed by X’Pert 
HighScore Plus software V2.2.1. The relative abundances and 
crystallite sizes were calculated by the Rietveld refinement 
method using Topas software V4.2. The fundamental param-
eter approach was used for profile fitting. Full pattern re-
finement was performed for crystallite size determination. 
High temperature XRD reduction was done in an Anton Paar 
XRK600 cell coupled to a Panalytical X’Pert Pro multipur-

pose diffractometer with a cobalt source and an X’Celerator 
detector. The tube voltage was kept at 40 kV and the tube 
current at 50 mA. A Soller slit of 0.04 rad was used. An fixed 
divergence slit was used (2o). The reduction was done in 
pure H2 gas flow. The cell was heated to 380oC at 10oC/min. 
Scans were collected at intervals of 2 minutes. 

An FEI Technai Osiris was used for TEM analysis. The in-
strument has a field emission gun as an electron source. 
Bright field (BF) images were acquired on a Gatan CCD cam-
era that was controlled by Gatan Digital Micrograph soft-
ware. STEM images were captured by a HAADF-STEM detec-
tor that was controlled by FEI TIA software. EDX elemental 
mapping was performed using ChemiSTEM EDX detector 
system controlled by Bruker Espirit software. The sample was 
prepared by crushing and mixing with ethanol to form a sus-
pension. The suspension was placed in an ultrasonic bath to 
disperse the particles into fine particulates. After ultrasoni-
cation, a small amount of sample was transferred into a cop-
per TEM grid (SPI Supplies, 300 mesh) using a pipette. The 
copper grid was placed in a single-tilt TEM specimen holder 
and transferred into the TEM for analysis. Image J software 
V1.47u was used for image processing. Crystallite sizes were 
measured from TEM images after scale calibration and pro-
cessing.  

A Micromeritics ASAP 2420 Surface Area and Porosity ana-
lyser was used for Brunauer-Emmett-Teller (BET) surface 
area and pore size measurements. A sample mass of approx-
imately 0.25 g was weighed into a glass tube. The tube was 
connected to the degassing port in the instrument. The sam-
ple was degassed by heating to 250°C under nitrogen flow for 
6 hours. After degassing, the sample tube was weighed after 
cooling to room temperature. The sample tube was then 
connected to the analysis port in the instrument. BET surface 
area and pore sizes were measured at nitrogen relative pres-
sures ranging from 0.08 to 0.98 (p/p0). The temperature 
during analysis was kept at ~77 K (-195°C) by submerging the 
sample glass tube in liquid nitrogen. Micromeritics ASAP 
2420 software V2.04 was used to calculate BET surface area 
and pore sizes. 

A Micromeritics Autochem 2920 TPR instrument was used 
for temperature programmed reduction (TPR) analysis. A 
sample mass of approximately 50 mg was weighed into a U-
shaped quartz tube, which was then plugged with quartz 
wool. The sample was dried by heating to 120oC at a rate of 
5oC /min under helium gas flow of 50 ml/min. Drying was 
performed for 10 minutes. The sample was cooled to room 
temperature.  

The cooled sample tube was connected to the instrument 
and the sample was heated to 900°C at a rate of 10oC /min 
under a 10% hydrogen/argon mixture flow. The temperature 
was kept at 900oC for 10 minutes. The hydrogen consumed 
during the reduction reaction was measured by a thermal 
conductivity detector (TCD) detector. 
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Figure 1: BF-TEM images of TiO2 supports. (a) Anatase, (b) 

P25, (c) Rutile 

 

RESULTS AND DISCUSSION 

Support Characterization: Table 1 lists the XRD results of 
the bare supports. The results showed that the supports are 
composed of anatase and rutile phases at different abun-
dances. The results of anatase-support showed that the sup-
port is composed of pure anatase. The P25-support was 
shown to consist of a higher abundance of anatase than ru-
tile. The P25-derived rutile-support was shown to consist 
predominantly of rutile and minor remnant of anatase at an 
abundance of 3%.  

TEM images of the supports are shown in Figure 1. The par-
ticle sizes measured from HAADF images were fitted to 
lognormal distribution functions to obtain statistical data 
such as the mean and full width at half-maximum (FWHM). 
The anatase-support consisted of particles with a size rang-
ing from 6 nm – 22 nm. The mean particle size was calculat-
ed as 11.7 nm, with a FWHM of 8.1 nm. The P25-support con-
sisted of two classes of particles. The first class of particles 
has sizes ranging from 6 nm – 20 nm. These were assumed to 
be anatase particles. Ohno et al have reported similar sizes 
for anatase particles in P25 TiO2 

26. The second class is that of 
particles with a size ranging from 20 nm – 50 nm. These can 
be assumed to be rutile particles 26,27. The overall mean parti-
cle size obtained from the PSD was found to be 22.8 nm with 
a FWHM of 16.1 nm. The rutile-support had particles with a 
size ranging from 60 nm – 120 nm. The mean particle size 
was calculated to be 79.7 nm with a FWHM of 71.1 nm. Over-
all TEM results were shown to be in agreement with XRD 
results given in Table 1 in terms of the particle size of TiO2 
particles. 

The textural properties of the supports are given in Table 1. 
The anatase-support was shown to have the highest BET 
surface area while the rutile-support had the smallest surface 
area. The surface area can be seen as decreasing with increas-
ing rutile content. It is expected that an increase in this 
phase will lead to depletion of pore structure and subsequent 
surface area. The pore size of the supports was also deter-
mined as shown in Table 1. The anatase-support had the 
smallest pore diameter while P25-support has the largest 
pore diameter. The trend with respect to the pore diameter is 
P25 > rutile > anatase. 

 

 

Catalyst Characterization: Table 2 shows the qualitative 
XRD results of the TiO2-supported catalysts calcined at 
300°C. The results showed the presence of Co3O4 spinel, ana-
tase, rutile. The abundance of Co3O4 was shown to be similar 
in the anatase- and P25-supported catalysts. The abundance 
was lower in the rutile-supported catalyst. The rutile-
supported catalyst also showed the presence of CoTiO3 in 
addition to the other phases. This explains the lower Co3O4 
abundance. The absence of this phase in the other supported 
catalysts points to the preferential formation of CoTiO3 in 
the presence of rutile. This observation was confirmed in 
other TiO2-supported catalysts prepared from anatase-, P25- 
and rutile-supports calcined at different temperatures. 

(a) 

(b) 

(c) 
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The cobalt oxide crystallite sizes determined by XRD from 
line broadening using volume-based column height function 
LVol are given in Table 3. The results showed relatively larger 
cobalt crystallites in anatase-supported catalyst, while similar 
sizes were observed in P25- and rutile-supported catalysts. It 
is proposed that the presence of rutile leads to a stability of 
Co3O4 particles formed during calcination, an effect absent in 
the anatase -based catalyst. The Co3O4

 crystallites formed in 
the anatase support could possibly undergo slight growth 
during calcination resulting in the observed increase in crys-
tallite size.  

 

TEM results of the calcined catalysts given in Figure 2 re-
vealed the size of the Co3O4 particles and their spatial distri-

bution over the supports. STEM-EDX mapping of the cata-
lysts confirmed the composition and spatial distribution of 
the cobalt oxide particles. This is especially useful in the case 
where some particles of the TiO2 support have the same size 
as the Co3O4 particles. 

Therefore in the case where the particle size of the support 
and metal oxide are similar, EDX mapping becomes im-
portant to differentiate between particles. The separate EDX 
maps showing the distribution of Co and Ti are shown in 
Figure 2. Images of the EDX maps superimposed on the 
HAADF-STEM images are also given. 

 

 

Table 1: Physical and Textural properties of the TiO2-supports used in the study 

Support % Phase Composition BET 
surface area (m2/g) 

Average Pore size 
(nm) 

 Anatase (3σ error) Rutile (3σ error)   
Anatase 100 (0.3) 0 (0.3) 109 9.8 

P25 84 (0.6) 16 (0.6) 52 26.9 

Rutile 3 (0.3) 97 (0.3) 8 22.8 

 

Table 2. Phase composition of TiO2-supported catalysts 

Catalyst % Phase Composition 

 Anatase (3σ error) Rutile (3σ error) Co3O4 (3σ error) CoTiO3 (3σ error) 

Co/Anatase 87 (0.2) 1 (0.2) 12 (0.2) 0  

Co/P25 73 (0.2) 14 (0.1) 13 (0.1) 0 

Co/Rutile 0 (0.4) 85 (0.4) 9 (0.2) 6 (0.1) 

 
 
Table 3. Crystallite size (XRD) and particle size (TEM) of Co3O4 and Co0 in the TiO2-supported catalysts 

Catalyst Co3O4 size (nm) Co0 size (nm) 

 XRD  TEM (size range) XRD  TEM (size range) 

Co/Anatase 33 17 (5 – 40) 36 21 (5 – 40) 

Co/P25 29 33 (5 – 70) 28 53 (20 – 120) 

Co/Rutile 29 19 (5 – 40) 19 20 (3 – 40) 

 
 

The images of the anatase-supported catalyst showed 
Co3O4 particles with a size ranging from 5 nm – 40 nm. The 
mean particle size was smallest in this support. The images 
of the P25-supported catalyst showed Co3O4 particles with a 
size ranging from 5 nm – 70 nm. The mean particle size was 
found to be the largest in this support. The Co3O4 particles 
in the rutile-supported catalyst were shown to range from 5 
nm – 40 nm.  

The Co3O4 particle sizes from TEM can be correlated to 
the pore sizes of the support given in Table 1. It was shown 
that P25 had the largest pore size, while anatase support had 
the smallest pore size. The correlative trend may indicate 
pore size effects in the catalysts. 
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Figure 2: HAADF-STEM-EDX mapping images of calcined TiO2-supported cobalt catalysts (a) Co/Anatase, (b) Co/P25 and (c) 

Co/Rutile showing the distribution of cobalt oxide particles across the different supports. 

 

Catalyst Reduction: Temperature programmed reduction 
was conducted to study the reduction behaviour of the TiO2-
supported catalysts. The TPR profiles of the bare supports 
are given in. Figure 3. The results showed that the TiO2 sup-
ports were not as inert as initially expected. The results 
showed an uptake of H2 in all supports, indicating some ex-
tent of reduction. The profiles of P25 and rutile supports 
show a distinct peak at ~315oC. This peak is absent in anatase 

support. However, all the supports show a broad peak with a 
maximum between 500oC - 600oC.  

The observation of support reduction is in agreement with 
the work of Xiong et al, 28. These authors reported that TiO2 
reacted with hydrogen at a temperature below 300oC. As the 
temperature increases to above 300oC, electrons become 
transferred from the H atoms to O atoms in the lattice of 
TiO2. As the O atom interacts with H atoms to form H2O, 
oxygen vacancies are created. As the temperature increases 

(a) (b) 

(c) 
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up to 450oC, the interaction of TiO2 with hydrogen intensi-
fies with the evolution of Ti3+. These Ti3+ entities are formed 
due to the electron transfer from oxygen vacancies to Ti4+ 
ions. As the temperature increases to above 560oC, more 
energy was supplied resulting in more electrons being trans-
ferred from the oxygen vacancies to the Ti4+. The possibility 
of forming surface defects in the TiO2 supports in our study 
exists. This process can occur through H2 spillover during 
reduction of cobalt crystallites 29.  

The TPR profiles of the TiO2-supported catalysts given in 
Figure 3 show a two-step reduction of cobalt oxide to metal-
lic cobalt. The peak at ~310oC can be assigned to the reduc-
tion of Co3O4 to CoO. The peaks between 450oC - 500oC can 
be assigned to the reduction of CoO to metallic cobalt. The 
profiles of the different TiO2 supported catalysts are differ-
ent indicating different interactions of the metal oxide and 
supports. There are also minor peaks at low temperatures in 
the anatase-supported catalyst. These peaks are likely result-
ing from the reduction of residual material from the precur-
sor. The first major reduction peak position is similar in all 
the catalysts. However, the second reduction peak appears at 
higher temperatures for anatase- and rutile-supported cata-
lysts. The peak is at a lower temperature in P25-supported 
catalyst. The higher reduction temperature implies that the 
second reduction to metallic cobalt is difficult in both ana-
tase and rutile supports. This can be linked to the possible 
formation of surface defects such as oxygen vacancies and Ti 
intestitials as a result of support reduction. It is known that 
defects can be induced on the surface of TiO2 phases with 
annealing under reducing conditions [21]. This phenomenon 
can have implications on the sintering behavior of cobalt 
crystallites. 

The XRD volume-based crystallite sizes of metallic cobalt 
obtained from line broadening are given in Table 3. The crys-
tallite size of anatase-supported cobalt was shown to be 36 
nm. The crystallite sizes of P25- and rutile-supported cobalt 
were shown to be 28 nm and 19 nm respectively. The results 
are consistent with the trend observed in Co3O4 crystallite 
size across the supports. In this case, the anatase-support 
showed a relatively larger crystallite size compared to P25 
and rutile supports. 

HAADF-STEM images combined with EDX maps of the re-
duced & passivated catalysts are given Figure 4. The images 
show the distribution and size of cobalt particles. The ana-
tase-supported cobalt size was found to range between 5 – 40 
nm. The P25-supported cobalt size was found to range be-
tween 20 – 120 nm. The rutile-supported cobalt size was 
shown to range between 3 – 40 nm. The trend is consistent 
with that observed in Co3O4 particle size across the supports. 
In this case, the Co on the P25-support shows a relatively 
larger particle size compared to the other supports. 

 

 

 

 

Figure 3: Temperature programmed reduction (TPR) of bare 

TiO2 supports and TiO2-supported cobalt catalysts. 

 

It is also interesting to note the similar particle sizes in an-
atase and rutile supports from a TEM point of view, despite 
the contrasting phase compositions seen in XRD analysis. 

This is in contrast to the findings of Shimura et al.24. The 
authors observed large cobalt particles in a TiO2 support 
consisting of 100% anatase phase from TEM, compared to a 
support consisting 85% anatase and 15% rutile phases. They 
proposed that there is a relatively strong interaction between 
cobalt and rutile which suppresses growth of cobalt particles 
by aggregation. This strong interaction is absent in the ana-
tase support hence the growth of particles. From our study, 
the proposal of Shimura et al. 24 actually agrees with the XRD 
results which showed larger crystallites on the anatase sup-
port compared to the rutile support. 
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Figure 4: HAADF-STEM-EDX mapping images of reduced and passivated TiO2-supported cobalt catalysts showing the distribution of 

metallic cobalt particles across the different supports. 

Sintering Studies: Sintering was studied by XRD and 
TEM. The cobalt crystallite and particle size data is given in 
Table S1 in the Supporting Information. From XRD data the 
anatase-supported cobalt crystallite size shows an increase 
from 31 nm (at 4 hours) up to 55 nm (at 48 hours). The P25-
supported crystallite size increases from 26 nm (at 4 hours) 
up to 35 nm (at 48 hours). The rutile-supported crystallite 
size shows a mild increase from 25 nm (at 4 hours) to 28 nm 
(at 48 hours). The trend in sintering from XRD measure-
ments is: anatase > P25 > rutile. 

The cobalt particle sizes from TEM are given in Table S2 in 
the Supporting Information. The PSDs are given in Figure 5. 
The particle size of anatase-supported cobalt increased from 
30 nm (at 4 hours) up to 88 nm (at 48 hours). This amounts 
to ~65% growth in size. The P25-supported cobalt particle 
size showed a mild increase from 51 nm (at 4 hours) up to 65 
nm (at 48 hours). This amounts to 22% growth. The rutile-
supported cobalt particle size showed an increase from 17 nm 

(at 4 hours) up to 36 nm (at 48 hours), indicating a 53% 
growth. The trend in sintering from TEM measurements is: 
anatase > rutile > P25.  

XRD and TEM measurements show differences which can 
be linked to the inherent differences in their measurement 
principles. XRD measures the crystallite size as the size of 
the smallest coherently scattering domain of the material 30. 
On the other hand, TEM measures the particle as a 2D pro-
jection. The contrast results from differences in the atomic 
number of the element, the so-called z-contrast, compared to 
the difference in phase composition and diffraction that is 
encountered in XRD. In addition, XRD gives a volume-
average crystallite across the whole sample, while TEM gives 
a number-based count of individual particles as seen on a 
TEM micrograph 31. Nonetheless it is clear from both XRD 
and TEM that severe sintering is observed in anatase sup-
ported catalysts.  
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In light of the apparent differences in crystallite and parti-
cle size data, further examination of the differences in sinter-
ing behavior of the TiO2-supported catalysts was based on 
TEM particle sizes. This is because TEM particle sizes can be 
expressed particle size distributions (PSD) which are useful 
in studying sintering. Furthermore, TEM allows for the direct 
viewing of sintered particles which is useful for deducing 
sintering mechanisms.  

The kinetics of sintering was examined to compare the sin-
tering behavior of the TiO2-supported catalysts. The particle 
size data was expressed as relative dispersion and was fitted 
to the GPLE model 16. The first-order GPLE gave the best fit 
to our data. The sintering rate constants and estimated limit-
ing dispersion are given in Table 4. The results show that 
anatase-supported particles undergo rapid sintering as 
shown in Figure 6 and characterized by a large sintering rate 
constant. The rutile-supported catalyst shows the second 
largest sintering rate constant. The lowest sintering rate con-
stant is that of P25-supported catalyst indicating the lowest 
propensity for sintering. It is interesting to note that the sin-
tering rate constant of P25-supported catalyst is ten times 
smaller than that of rutile-supported catalyst, and orders of 
magnitude smaller than that of anatase-supported catalyst. 
This highlights the propensity of sintering and the effect of 
the support. This is in an important finding since it high-
lights that high surface area supports are not necessarily ef-
fective at preventing sintering of supported catalysts. Other 
support properties have to be taken into consideration.  

 

Table 4: Sintering rate constants and limiting dispersion of 

TiO2-supported catalysts 

Catalyst D0 Deq GPLE rate constant 
(h-1) 

Anatase 4.72 1.50 0.25 
P25 1.88 0.09 0.01 

Rutile 5.14 2.75 0.06 
 

Factors that may explain the difference in sintering of the 
TiO2-supported catalysts are phase of the support, metal-
support interaction, defects on the surface of the TiO2 phase 
and pore size of the support. 

It is know that the support can interact strongly with the 
crystallites in different ways. When the catalyst system is 
exposed to a reduction treatment, depending on whether the 
crystallite or support is mobile, different metal-support in-
teraction scenarios can result 32. It has been shown that when 
the crystallites are mobile, and when cohesive forces between 
particles are greater that the adhesive forces between the 
crystallite and support, agglomeration occurs. In this case, 
the support does not retain the crystallites strongly and they 
are able to agglomerate. However in the case where the ad-

hesive forces between the support and crystallite are greater 
than the cohesive forces between crystallites, the crystallites 
become attached strongly over the support forming the so-
called “pill-box” interaction where the crystallite wets the 
support 16,32. This strong interaction might inhibit growth of 
these crystallites, especially by coalescence mechanism. This 
might be the case for rutile-supported crystallites in our 
study. Chen et al. 33 observed a similar effect in TiO2-
supported nickel catalysts. In their study, rutile-supported 
nickel crystallites were observed to be small and better dis-
persed compared to anatase-supported nickel crystallites. 
They concluded that the difference in crystallite size and 
dispersion was due to different metal-support interaction.  

Defects on the surface of the TiO2 phase may also be of im-
portant in the interaction and sintering of cobalt crystallites. 
It is known that defects such as oxygen vacancies and Ti in-
terstitials exist in the surface and bulk of TiO2 phases, espe-
cially after reduction treatment. It has been shown that de-
fects are likely to form on the surface of rutile rather than in 
the bulk since this phase is more stable. In the case of ana-
tase, the defects are likely to form in the bulk rather than on 
the surface since this phase has the lowest surface free ener-
gy. It has been shown that metals preferentially form bonds 
on the defect sites on the surface of TiO2 

21. In this case, the 
defect site acts as an anchor for the metal onto the TiO2 sup-
port. 

The sintering behaviour of cobalt crystallites in the TiO2-
supports may be correlated to the effect of defect sites. In the 
case of the reduced rutile support, the presence of surface 
defects may provide anchorage sites thereby inhibiting 
growth by coalescence or migration. In the case of the Ana-
tase support, these defects are likely to be found in the bulk, 
therefore cobalt crystallites on the surface may not bound so 
strongly and subsequently agglomerate or coalesce. An inter-
esting case arises with P25 support. It is known that this sup-
port consists of anatase, rutile and amorphous material in 
intimate contact 34. In some cases it has been shown that 
small rutile crystallites are interwoven with anatase crystal-
lites and in some cases rutile forms a surface layer onto ana-
tase crystallites 35.  

It is thought that this intimate contact of the phases will 
enhance their interaction and further stabilise particles sup-
ported on the support as evidenced by the lowest sintering 
rate constant of P25-supported crystallites. 

The sintering mechanism of supported cobalt particles un-
der our current experimental conditions was determined 
from TEM images by conjecture. This part of the study was 
not as rigorously approached as that of Kistamurthy et al. 
[18]. In this part we merely highlight the possible mecha-
nisms under our experimental conditions. Analysis of parti-
cles from TEM images leads us to believe that both OR and 
PMC occur in all the TiO2 supports used in our study. The 
question of which is the dominating mechanism is not clear. 
The evidence of PMC is shown in Figure 7. In these images, 
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the presence of conjoined particles is shown. In some cases 
the particles form a “strip” or “ribbon-like” structures result-
ing from particle migration or coalescence. In the case of OR, 
it cannot be ruled out since it is possible that gaseous species 
can evolve at the relatively high temperature used in our 
study. Similar results have been reported by Hansen et al. 36. 
The authors reported that both OR and PMC occur at differ-
ent stages in supported catalysts.  

 

 

Figure 5: Particle size distribution curves fitted onto lognormal 

distribution functions showing the effect time on the crystallite 

size of TiO2-supported catalysts. 
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Figure 6: Plots of normalized relative dispersion against sintering time for TiO2 supported catalysts fitted onto 1st order GPLE 
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Figure 7: HAADF-STEM images with EDX mapping superimposed showing the evidence of PMC occurring in the sintered TiO2 sup-

ported catalysts indicated by red arrows. 

 

The atmosphere and temperature in which sintering is 
studied has been shown to be of importance. The studies of 
Kistarmurthy et al. 18 and Claeys et al. 2 showed that CO is 
required for sintering of cobalt particles to take place at the 
operating temperature of FTS (210oC – 230oC). Bezemer et al. 
19 showed that the presence of high water partial pressure 
also induces sintering of cobalt particles at the FTS operating 
temperatures (210oC – 230oC). We report herein, that even in 
the absence of CO and water vapour sintering of cobalt par-
ticles can occur. However, elevated temperatures are re-
quired for this to take place. Therefore, the sintering ob-
served in our study is temperature-induced. It is know that 
the Tamman and Hüttig temperatures of cobalt are 604oC 
and 253oC respectively 2,18. The current study was conducted 
at a temperature higher than the Hüttig temperature, but 
smaller that the Tamman temperature. It is expected that in 
this temperature range sintering is imminent even in the 

absence of CO and water vapour. The current study is there-
fore of importance for reduction stages of FTS where H2 re-
duction is performed at elevated temperatures. 

 

CONCLUSIONS 

The sintering of model unpromoted TiO2-supported cobalt 
catalysts has been studied. The properties of the bare TiO2 
supports were initially established. The supports consisted of 
different TiO2 phases. The supports also had different surface 
areas and pore sizes. 

It was shown that the TiO2 support influences the particle 
size of Co3O4 as measured by TEM. The reduction of Co3O4 to 
metallic cobalt was shown to be similar in all the supports. 
An important finding from TPR analysis was that the TiO2 
supports are not as inert as initially envisaged. It was shown 
that the bare supports undergo mild reduction upon expo-
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sure to H2. It is expected that should this occur in supported 
catalysts, it may influence the metal-support interaction. The 
TiO2 was shown to influence the metallic cobalt particle size. 

Sintering of anatase-supported cobalt was shown to be the 
most substantial. P25 and rutile showed a lower sintering 
tendency, P25-supported cobalt being the most stable. Sin-
tering kinetics based on the GPLE model showed that sinter-
ing of anatase-supported cobalt is the most rapid with a large 
sintering rate constant. Sintering of P25-supported cobalt is 
the lowest, shown by the lowest sintering rate constant. Sin-
tering of rutile-supported cobalt is lower than that of ana-
tase-supported cobalt, but ten times higher than that of P25-
supported cobalt. The study conclusively showed the effect 
of the TiO2 support. It has also been shown that the use of 
high surface area supports is not necessarily effective in pre-
venting sintering of supported particles. Metal-support inter-
action has to be taken into account as well. 

 

SUPPORTING INFORMATION 

The Supporting Information is available for further refer-
ence. The following information is available: 

EDX spectra of TiO2 supports showing elemental composi-
tion; XRD diffractograms showing phase composition of the 
TiO2 supports; particle size distribution data and plots.  
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