
Journal of Colloid and Interface Science 257 (2003) 408–411
www.elsevier.com/locate/jcis

Note

A study of thoria on the surface ofγ -Al2O3

Ming-min Shen, Yu-hai Hu, Hai-yang Zhu, Tian-dong Liu, Shu-ting Wei,
Lin Dong,∗ and Yi Chen

Department of Chemistry, Laboratory of Mesoscopic Materials Science, Chemistry and Chemical Engineering, Nanjing University,
Nanjing 210093, PR China

Received 20 February 2002; accepted 17 September 2002

Abstract

The dispersion of thoria on the surface ofγ -Al2O3 and the surface properties of ThO2/γ -Al2O3 samples, as well as the influence of the
loading amount of thoria on the reduction behavior of copper oxide species, have been studied using XRD, XPS, FTIR, and TPR. The results
indicate that the dispersion capacity of thoria, like that of ceria, is much lower than for two other tetravalent metal oxides, zirconia and titania,
and the surface adsorption amount of the carbonyl compound and H2O slightly increases with increasing thoria loading. The different thoria
loadings can influence the reduction behavior of the dispersed copper oxide by comparing the TPR results of CuO/ThO2/γ -Al2O3 samples.
In addition, the lower dispersion capacities of thoria and ceria onγ -Al2O3 are tentatively discussed by considering the structural stability of
the two oxides.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Thoria species have steadily been of interest in cataly-
sis research; e.g., they have long been used as a promoter in
Kieselguhr supported cobalt catalysts for F-T synthesis, and
the addition of Th proved to affect the chemical and physical
properties of cobalt species [1]. Rao et al. studied Co–ThO2–
ZSM-5 catalysts and found that thoria decreased the size
of the cobalt particles and increased the synthesis gas con-
version, the selectivity to gasoline range hydrocarbons, and
the CO/H chemisorption ratio [2]. Beuther et al. prepared
thoria-promoted Co/Al2O3 catalysts with ethanol solution
and reported high activity and selectivity for gasoline and
diesel fuel hydrocarbons [3]. Ho reported the enhanced ac-
tivity and selectivity of thoria-modified Co/SiO2 catalysts
for high hydrocarbon and olefins in the F-T synthesis [4].

Although the influence of thoria on the catalytic activity
of cobalt containing catalysts has well been documented,
the studies on the states of the thoria species and their
interactions with the supports are rarely reported, which
might be due to the complexity of the catalysts.

* Corresponding author.
E-mail address: chem718@nju.edu.cn (L. Dong).

The present work is intensively concerning with the dis-
persion of thoria onγ -Al2O3, and the surface properties
of ThO2/γ -Al2O3 samples, such as the adsorption of car-
bonyl compound [5] and H2O, were initially explored by IR
also. The mixture of thoria (or ceria) and alumina calcined
at different temperatures showed that there are no character-
istic peaks presenting the formation of new compounds such
as a structure of Th–Al–O, even if the temperature rose to
1000◦C. In addition, CuO was taken as the probe species
to investigate the reduction behaviors of copper oxide in
CuO/ThO2/γ -Al2O3 samples with different thoria loading.
The results suggested that there was a weak interaction be-
tween ThO2 andγ -Al2O3 and the loading amount of thoria
evidently influenced the properties of the catalysts.

2. Experimental procedure

γ -Al2O3 was obtained from Fusun Petrochemical In-
stitute in China and calcined at 700◦C for 7 h before
being used to prepare supported catalysts; BET surface
area was 158 m2 g−1. The ThO2/γ -Al2O3 samples with
different ThO2 loading were prepared by impregnating
the γ -Al2O3 support with an aqueous solution containing
the required amount of Th(NO3)4·6H2O analytical reagent.
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CuO/ThO2/γ -Al2O3 samples with different CuO loadings
were prepared by impregnating the ThO2/γ -Al2O3 sup-
port with aqueous solution containing the required amount
of Cu(NO3)2 analytical reagent. The impregnated samples
were dried at 100◦C for 10 h, hand ground in an agate mor-
tar, and calcined in an oxygen stream at 500◦C for 5 h.

X-ray diffraction (XRD) results were obtained using
a Shimadzu XD-3A diffractometer employing Ni-filtered
CuKα radiation (λ = 0.15418 nm). The X-ray tube was
operated at 35 kV and 15 mA.

X-ray photoelectron spectroscopy (XPS) results were
obtained using a VG ESCALAS MARK II spectrometer
equipped with a hemispherical electron analyzer. The system
was operated at 20 kV and 20 mA using a magnesium
anode (MgKα, λ = 1253.6 eV). A binding energy (B.E.) of
284.5 eV for the C1s level was used as an internal reference.

The infrared spectroscopy (IR) experiments were carried
out on a Nicolet AVATAR 360 FTIR instrument running at
4 cm−1 resolution. The ThAl samples were in the form of
a KBr-supporting flake at a ratio about 1:100 (sample:KBr)
for measurement. All the IR spectra reported in the following
were background-subtracted.

Temperature-programmed reduction (TPR) was carried
out in a quartz U-tube reactor, and a 30-mg sample was used
for each measurement. Prior to the reduction, the sample
was pretreated in an air stream at 100◦C for 1 h and then
cooled to room temperature. After that, an H2–Ar mixture
(7% H2 by volume) was switched on and the temperature
was increased linearly at a rate of 10◦C min−1. A thermal
conductivity cell was used to detect the consumption of H2
in the reactant stream.

3. Results and discussion

3.1. Dispersion of thoria on γ -Al2O3

XRD results of the corresponding ThO2/γ -Al2O3 sam-
ples are shown in Fig. 1. It can be seen that typical diffraction
peaks of crystalline ThO2 are clearly observed as the load-
ing amounts of thoria beyond 0.2 mmol Th4+ ions/100 m2

γ -Al2O3, and the peak intensity becomes stronger with the
loading amounts of thoria increasing. Measured peak in-
tensity of crystalline ThO2 centered at 2θ = 54.6◦ versus
thoria loading amounts is shown in Fig. 2, the straight line
representing the formation of crystalline ThO2 does not go
through the origin but gives an intercept on the abscissa at a
value of 0.23, accordingly, the dispersion capacity of thoria
onγ -Al2O3 is about 0.23 mmol Th4+ ions/100 m2 γ -Al2O3.

XPS characterization of the ThO2/γ -Al2O3 samples has
also been carried out, and the change for the Th4f binding
energy as the loading amounts of thoria ranging from 0.1 to
1.0 mmol Th4+ ions/100 m2 γ -Al2O3 is shown in Fig. 3a.
As shown in the spectra (a) to (e), the value of Th4f bind-
ing energy is close to that of pure ThO2, 334.0 eV [6],
and the values of Th4f binding energy varied from 334.9

Fig. 1. XRD patterns (a), (b), (c), (d), (e), (f), (g), and (h), for ThAl catalysts
with thoria loadings 0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, and 1.0 mmol/100 m2

γ -Al2O3, respectively.

Fig. 2. Quantitative XRD results of ThO2/γ -Al2O3 samples.

to 334.0 eV as the thoria loading increased from 0.1 to
1.0 mmol Th4+ ions/100 m2 γ -Al2O3. The results suggested
that, as the thoria loading increased, the valence of Th el-
ement did not evidently changed but the existing states of
thoria varied. Measured surface atomic ratios of Th and Al
as a function of the loading amounts of thoria were shown in
Fig. 3b. For the supported metal-oxide samples, it has been
reported that XPS metal-to-support intensity ratios (or sur-
face atomic ratio) can provide important information regard-
ing the dispersion and crystallite size of the supported metal
particles [7,8]. Based on the principle of quantitative XPS [8,
9], the dispersion capacity of thoria onγ -Al2O3 is around
0.31 mmol Th4+ ions/100 m2 γ -Al2O3, which is basically
in agreement with that from XRD quantitative analysis.

Noticeably, the dispersion capacity of thoria on the
surface ofγ -Al2O3 is much lower than those of titania and
zirconia, which have been reported to be about 0.56 mmol
M4+ (M =Ti, Zr)/100 m2 γ -Al2O3 [10,11]. As reported in
the literatures [12,13], the dispersion capacity of ceria on the
surface ofγ -Al2O3 is also much lower than those of titania
and zirconia, it seems to deduce that surface interaction
between thoria (or ceria) andγ -Al2O3 is evidently different
from that between titania (or zirconia) andγ -Al2O3.
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(a)

(b)

Fig. 3. (a) Th4f -XPS results of ThAl catalysts (a)–(e) with thoria loading

amounts of 0.2, 0.3, 0.5, 0.8, and 1.0 mmol ThO2/100 m2 γ -Al2O3,
respectively. (b) Quantitative XPS results of ThO2/γ -Al2O3 samples.

XRD patterns of the mixture of thoria (or ceria) and
alumina (coprecipitation, atomic ratio of Th (or Ce)/Al=
1:4) versus the calcination temperature are shown in Fig. 4,
it indicates that calcination at elevated temperatures only
enhance the intensity of the corresponding peaks of ThO2
and CeO2, and there are no characteristic peaks showing the
formation of new compounds like a structure of Th–Al–O.
This result suggests that the thoria and ceria have a weak
interaction with alumina, as compared to zirconia and
titania, which have been reported to strongly interact with
alumina to form compounds and/or solid solution in the
same calcination temperatures [14,15].

Otherwise, ThO2 and CeO2 have been reported to keep
the fluorite-structure as the calcination temperatures prior
to their melt points [16], the lattice structure has proved to
be stable as the oxygen defects are to a large extent [16],
and the mobility of cations is rather smaller than that of
the O2− ions [17]. Therefore, it might be suggested that
structure stability will response to the weak interactions

Fig. 4. XRD patterns of mixed thoria (ceria) and alumina calcined at various
temperatures. (a)–(c): thoria–alumina, 500, 800, and 1000◦C, respectively;
(a′)–(c′): ceria–alumina, 500, 800, and 1000◦C, respectively.

(a) (b)

Fig. 5. IR spectra ofγ -Al2O3, ThO2, and different loading ThO2/γ -Al2O3
samples. (a)–(e):γ -Al2O3, 0.1, 0.6, 1.0 mmol ThO2/100 m2 γ -Al2O3,
ThO2, respectively.

between thoria (or ceria) and alumina, and thoria (or ceria)
species tend to form a separate crystallite rather than react
with alumina to form compounds or mixed oxides. So the
low dispersion capacity of thoria (and ceria) supported on
alumina may result from the above factors.

3.2. Surface properties of ThO2/γ -Al2O3 and
CuO/ThO2/γ -Al2O3

Figure 5 represents the FT-IR spectra ofγ -Al2O3, ThO2,
and ThO2/γ -Al2O3 samples. Two absorption bands, shown
at 1377, 1628 cm−1 in Fig. 5a, should be related to the
flexing vibration of the C=O bond in surface absorption of
carbonyl compounds [5]. When the thoria loading amount
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Fig. 6. TPR results of CuO supported on ThO2/γ -Al2O3: (a) 0.4 mmol
Cu2+ /0.1 mmol Th4+/100 m2 γ -Al2O3; (b) 0.4 mmol Cu2+/0.8 mmol
Th4+/100 m2 γ -Al2O3.

Fig. 7. The schematic diagram for the incorporated Th4+ ions and the
neighboring Cu2+ ions in the surface vacant site of the (110) plane of
γ -Al2O3.

increases from 0.1 to 1.0 mmol Th4+ ions/100 m2 γ -Al2O3,
the intensity of the absorption bands increases with the
thoria loading amount. In Fig. 5b, the absorption band with
maxima at 3300 to 3600 cm−1 observed corresponds to the
vibration of H–O bond of H2O absorbed by the catalysts.
Also the intensity of the absorption band increased with the
thoria loading amount increasing. So, it seems to suggest
that the adsorption amount of carbonyl compound and H2O
increases with the increasing of thoria loading amount.

Figure 6 shows the TPR profiles of CuO/ThO2/γ -Al2O3
samples with the constant copper oxide and different thoria
loadings. For the sample with the ThO2 loading amount of
0.1 mmol Th4+ ions/100 m2 γ -Al2O3, one peak centered
at 233◦C can be observed in Fig. 6a. The peak should
be ascribed to the reduction of copper oxide because there
is not evident reduction of ThO2/γ -Al2O3 prior to 350◦C
(not shown in this paper). While for the sample with the
ThO2 loading of 0.8 mmol Th4+ ions/100 m2 γ -Al2O3,

the reduction peak of copper species shifted to a higher
temperature (253◦C), as shown in Fig. 6b. The results
suggested that the formed crystal ThO2 could inhibit the
reduction of copper oxide.

Based on the consideration of the incorporation model
proposed previously [18], for the sample with low thoria
loading amount, the thoria mainly dispersed on the surface
of γ -Al2O3, and Cu2+ ions of the dispersed copper oxide
will occupy the vacant sites on the surface of thoria-modified
γ -Al2O3 to form surface copper oxide species, and which
can be tentatively schematic as in Fig. 7. The detailed study
will be presented in later works.

4. Concluding remarks

The dispersion capacity of ThO2 on γ -Al2O3, like that
of ceria, is much lower than of two other tetravalent
metal oxides, zirconia and titania, and the adsorption of
carbonyl compounds and H2O varied as the thoria loading
increased. For CuO/ThO2/γ -Al2O3 samples, the different
thoria loadings can influence the reduction behavior of the
dispersed copper oxide.
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