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Abstract

The number of reduced cobalt metal surface atoms in Co/TiO2 was found to increase with the presence of rutile phase. It was suggested that
the increased number of reduced cobalt metal surface atoms be attributed to highly dispersed cobalt oxide species as seen by the transmission
electron microscopy (TEM) technique. Besides the dispersion of cobalt oxide species, it should be noted that the presence of rutile phase in
titania could facilitate the reduction of highly dispersed cobalt oxides species into the reduced cobalt metal surface atoms. It was concluded
that both highly dispersed cobalt oxide species and the presence of rutile phase could result in the large number of reduced cobalt metal
surface atoms.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Inorganic materials such as silica (SiO2), alumina
(Al2O3), and titania (TiO2) are commonly used as a carrier
or support for catalytic materials due to their high surface
areas, high thermal stability and high mechanical resistance.
Thus, an active catalytic phase such as metal or metal oxide
species can be highly dispersed on the high surface area sup-
ports. It is noted that high dispersion of the active catalytic
phase may lead to great accessibility to utilize the active sites
for surface reaction. Supported cobalt (Co) catalysts are pre-
ferred for Fischer–Tropsch synthesis (FTS) based on natural
gas [1] due to their high activities for FTS, high selectiv-
ity for long chain hydrocarbons and low activities for the
competitive water–gas shift (WGS) reaction [2,3]. Many in-
organic supports such as silica [4–8], alumina [9–14], titania
[15–17] and zeolites [18] have been extensively studied for
supported Co catalysts for years. It is known that in general,
the catalytic properties depend on reaction conditions, cata-
lyst composition, type of inorganic support and the degree of
metal dispersion as well.
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It is reported that during the past decades, titania-
supported Co catalysts have been investigated widely by
many authors, especially for the application of FTS in a
continuously stirred tank reactor (CSTR) [15–17]. However,
it should be noted that titania itself has different crystalline
phases such as anatase, brookite and rutile phase. Thus,
the differences in compositions of crystalline phases could
result in changes on physical and chemical properties of
titania, then consequently for the dispersion of cobalt. In
order to give a better understanding of those, the focus of
this present study was to investigate the cobalt dispersion
on titania consisting various ratios of rutile:anatase. The
Co/TiO2 was prepared and then characterized using different
characterization techniques.

2. Experimental

2.1. Material preparation

2.1.1. Preparation of titania support consisting various
rutile:anatase ratios
The various ratios of rutile:anatase in titania support were

obtained by calcination of pure anatase titania (obtained from
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Ishihara Sangyo, Japan) in air at temperatures between 800
and 1000 ◦C for 4 h. The high space velocity of air flow
(16,000 h−1) insured the gradual phase transformation to
avoid rapid sintering of samples. The ratios of rutile:anatase
were determined by XRD according to the method described
by Jung et al. [19] as follows:

%Rutile = 1
[(

A
R

)
0.884+ 1] × 100

where, A and R are the peak area for major anatase (2θ = 25◦)
and rutile phase (2θ = 28◦), respectively.

2.1.2. Preparation of Co/TiO2 samples
A 20wt.% of Co/TiO2 was prepared by the incipient

wetness impregnation. A designed amount of cobalt ni-
trate [Co(NO3)·6H2O] was dissolved in deionized water and
then impregnated onto TiO2 containing various ratios of ru-
tile:anatase obtained from Section 2.1.1. The sample was
dried at 110 ◦C for 12 h and calcined in air at 500 ◦C for
4 h.

2.2. Nomenclature

The nomenclature used for Co/TiO2 samples in this study
is following:

• Rn: titania support consisting n% of rutile phase (R);
• Co/Rn: titania support containing n% of rutile phase (R)-
supported cobalt.

2.3. Characterization

2.3.1. BET surface area
BET surface area of the samples with various ru-

tile:anatase ratios of titania was performed to determine if
the total surface area changes. It was determined using N2
adsorption at 77K in a Micromeritics ASAP 2010.

2.3.2. X-ray diffraction
XRD was performed to determine the bulk crystalline

phases of samples. It was conducted using a SIEMENS D-
5000 X-ray diffractometer with Cu K� (λ= 1.54439 Å). The
spectra were scanned at a rate of 2.4◦min−1 in the range
2θ = 20–80◦.

2.3.3. Scanning electron microscopy and energy
dispersive X-ray spectroscopy
SEM and EDX were used to determine the sample mor-

phologies and elemental distribution throughout the sam-
ple granules, respectively. The SEM of JEOL model JSM-
5800LV was applied. EDX was performed using Link Isis
series 300 program.

2.3.4. Hydrogen chemisorption
Static H2 chemisorption at 100 ◦C on the reduced samples

was used to determine the number of reduced surface cobalt

metal atoms. This is related to the overall activity of the sam-
ples during CO hydrogenation. Gas volumetric chemisorp-
tion at 100 ◦C was performed using the method described
by Reuel and Bartholomew [20]. The experiment was per-
formed in a Micromeritics ASAP 2010 using ASAP 2010C
V3.00 software.

2.3.5. Transmission electron microscopy (TEM)
The dispersion of cobalt oxide species on the titania sup-

ports were determined using a JEOL-TEM 200CX transmis-
sion electron spectroscopy operated at 100 kV with 100 k
magnification.

3. Results and discussion

The present study focused on investigation of cobalt dis-
persion on titania consisting various ratios of rutile:anatase.
After calcination of the pure anatase titania under calcina-
tion temperatures ranged between 800 and 1000 ◦C for 4 h,
the phase transformation from anatase to rutile phase in tita-
nia technically occurred. The amounts of rutile phase formed
during calcination depend on temperatures used. The high
space velocity of the air flow at 16,000 h−1 was applied dur-
ing the calcination process in order to minimize the rapid
sintering due to the phase transformation of titania. It was
found that after calcination of the pure anatase sample, the
amounts of rutile phase obtained ranged between 3 and 99%.
The titania supports containing rutile phase of ca. 0, 3, 19,
40, 96, and 99% were named as R0, R3, R19, R40, R96, and
R99, respectively. The surface areas of titania containing vari-
ous rutile:anatase ratios essentially decreased from70m2 g−1
for the R0 sample (pure anatase titania) to 49m2 g−1 for
the R99 sample (99% rutile titania). XRD patterns of tita-
nia samples calcined at various temperatures between 800
and 1000 ◦C are shown in Fig. 1. For the pure anatase tita-
nia (R0), XRD peaks of the anatase phase of titania at 25◦
(major), 37◦, 48◦, 55◦, 56◦, 62◦, 71◦, and 75◦ were evident.

Fig. 1. XRD patterns of titania consisting various ratios of rutile:anatase
phase.
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After calcination of pure anatase titania sample, it was ob-
served that besides the XRD peaks of pure anatase titania
as shown above XRD peaks at 28◦ (major), 36◦, 42◦, and
57◦ were gradually seen. These peaks were assigned to the
rutile phase essentially formed after calcination of the pure
anatase titania. Apparently, the major peak at 28◦ of ru-
tile phase gradually increased with increasing the calcina-
tion temperatures indicating higher content of rutile phase in
titania was obtained. It was shown that the transformation
from anatase to rutile phase (R99) was almost complete at
temperature of ca. 1000 ◦C resulting in the disappearance of
XRD peaks for the anatase phase of titania. After various ti-
tania supports were obtained, the preparation of Co/TiO2 via
various rutile:anatase ratios of titania was consequently con-
ducted in order to investigate the effect of various ratios of
rutile:anatase in titania supports on characteristics, especially
the cobalt dispersion of Co/TiO2.
A20wt.%of cobalt supported on titania consisting of vari-

ous ratios of rutile:anatase phasewas prepared by the conven-
tional incipient wetness impregnationmethod. The XRD pat-
terns for all calcined samples (Co/TiO2) are shown in Fig. 2.
After calcination, all calcined samples exhibited XRD peaks,
which were identical with those for the corresponding titania
supports. This indicated that there was no further phase trans-
formation from anatase to rutile occurred after calcination (at
temperature ca. 500 ◦C for 4 h) of the samples. Besides the
XRD peaks of the corresponding titania supports detected,
all calcined samples also exhibited weak XRD peaks at 31◦,
36◦, and 65◦, which were assigned to the presence of Co3O4.
However, at high content of rutile phase, the XRD peaks of
Co3O4 were gradually diminished due to the hindrance of
strong intensity of XRD peaks for the rutile phase of titania.

Fig. 2. XRD patterns of calcined Co/TiO2 with various ratios of ru-
tile:anatase phase.

Based on the XRD results, it was clear that Co3O4 species
was definitely present in a highly dispersed form.
SEM and EDX were also conducted in order to study the

morphologies and elemental distribution of the samples, re-
spectively. Apparently, SEMmicrographs and EDXmapping
for all samples exhibited similar trends of morphologies and
elemental (Co, Ti, and O) distributions. The typical SEM
micrographs along with the EDX mapping (for Co, Ti, and
O) for Co/R19 sample are illustrated in Fig. 3 indicating
the external surface of the sample granule. It can be seen
that the cobalt oxide species were well dispersed and dis-
tributed (shown on EDX mapping) all over the sample gran-
ule. Thus, SEM and EDX can not differentiate morphologies
and elemental distributions of Co/TiO2 consisting of various

Fig. 3. SEM micrograph and EDX mapping of Co/R19 sample.
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Fig. 4. TEM micrographs of Co/TiO2 with various ratios of rutile:anatase phase.

ratios of rutile:anatase. In order to determine the dispersion
of cobalt oxide species on titania, a more powerful technique
such as TEM was applied to all samples. The TEM micro-
graphs for all samples are shown in Fig. 4. The dark spots
represented cobalt oxide species present after calcination of
samples dispersing on titania consisting of various ratios of
rutile:anatase. It can be observed that cobalt oxide species
were highly dispersed on the titania supports for Co/R0,
Co/R3, and Co/R19 samples resulting in an appearance of
smaller cobalt oxide patches present. However, the degree
of dispersion for cobalt oxide species essentially decreased
with increasing the rutile phase in titania from 40 to 99% as
seen for Co/R40, Co/R96, and Co/R99 samples resulting in
the observation of larger cobalt oxide patches. It is suggested
that the presence of the rutile phase in titania from 0 (pure
anatase phase) to 19% exhibited the highly dispersed forms
of cobalt oxide species for the calcined samples.
It is known that the active form of supported cobalt FTS

catalysts is cobalt metal (Co0). Thus, reduction of cobalt ox-
ide species is essentially performed in order to transform
cobalt oxide species obtained after calcination process into
the active cobalt metal atoms for catalyzing the reaction.
Therefore, the static H2 chemisorption on the reduced cobalt
samples was used to determine the number of reduced Co
metal surface atoms. This is usually related to the overall
activity of the catalyst during carbon monoxide (CO) hydro-
genation. The resulted H2 chemisorption for all samples is
shown in Fig. 5. It was found that the number of the reduced
cobalt metal surface atoms increased with the presence of ru-

tile phase in titania up to a maximum at 19% of rutile phase
(Co/R19) before decreasing with the greater amounts of rul-
tile phase. Considering the number of cobalt metal atoms for
Co/R0 (pure anatase titania), the number was apparently low
even though highly dispersed cobalt oxides species. This was
suggested that highly dispersed forms of cobalt oxide species
be not only the factor that insures larger number of reduced
cobalt metal surface atoms in Co/TiO2. On the other hand,
it can be observed that the number of reduced cobalt metal
surface atoms for Co/R40 and Co/R96 (with the low degree
of dispersion of cobalt oxide species as seen by TEM) was

Fig. 5. A plot of the total H2 chemisorption vs. % rutile in titania.
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Fig. 6. A conceptual model on dependence of dispersion along with rutile
phase on the number of reduced cobalt metal surface atoms for Co/TiO2.

larger than that for Co/R0. This was due to the presence of ru-
tile phase in Co/R40 and Co/R96. It should bementioned that
the largest number of reduced cobalt metal surface atoms for
the Co/R19 sample was attributed to both highly dispersed
cobalt oxide species and the presence of rutile phase in tita-
nia. In order to provide a better understanding for effects of
both dispersion of cobalt oxide species and the presence of
rutile phase in titania on the number of reduced cobalt metal
surface atoms, a conceptual model of those is illustrated in
Fig. 6. Thus, a large number of reduced cobalt metal surface
atoms inCo/TiO2 canbeobtainedwith anoptimumamount of
rutile phase along with highly dispersed cobalt oxide species
prior to reduction. It was suggested that the presence of rutile
phase in titania can facilitate the reduction of cobalt oxide
species as shown in Fig. 7. It was observed that the presence
of rutile phase resulted in lowering the reduction tempera-
ture. However, the large amounts of rutile phase can result in
a small number of reduced cobalt metal surface atoms. This
is due to the low degree of dispersion for cobalt oxide species

Fig. 7. TPRbehaviors of Co/TiO2 with various ratios of rutile:anatase phase.

with large amounts of rutile phase present. It should be also
noted that part of the reason for the lower dispersion of Co
is the lower BET surface area, especially for the rutile rich
titania.

4. Conclusions

The present study showed dependence of both highly dis-
persed cobalt oxide species and the presence of rutile phase
in titania on the number of reduced cobalt metal atoms in
Co/TiO2. It was found that the presence of rutile phase with
optimum amounts in titania up to 19% resulted in highly dis-
persed cobalt oxide species as seen by TEM. Although with
highly dispersed cobalt oxide species, Co/R0 (pure anatase
titania) gave the low number of reduced cobalt metal surface
atoms. On the other hand, Co/R40 and Co/R96 with a low
degree of cobalt oxide dispersion apparently gave the higher
number (compared to Co/Ro) of reduced cobalt metal sur-
face atoms. Thus, both highly dispersed cobalt oxide species
alongwith the presence of rutile phase in titania could play an
important role on the number of reduced cobalt metal surface
atoms for Co/TiO2.
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