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ABSTRACT: XRD, XPS, SSIMS, LRS, and FT-IR are used to explore the valency,
composition and structure of the dispersed metal oxide species on supports with different
structures, i.e., on ceria and y-a1umina. The results indicated that the dispersion of various
ionic compounds are proceeded by the incorporation of the metal cations into the surface
vacant sites on the support provided that the loading amounts of the compounds are not
higher than their dispersion capacities. The key factors determining the dispersion capacities
of the ionic compounds are: 1) the surface structure of the support which determines the size
and number of the vacant sites available; 2) the valency of the dispersed ionic compound and
the size of the anion, from which the shielding effect of the capping anion(s) can be evaluated,
and 3) the sizes of the dispersed cations and the vacant sites on the surface, from which the
sites can be used for incorporation can be identified. The quantitative results deduced from the
incorporation model and from the independent experiments are consistent, providing further
evidence that the model captures the essentials of the interactions between the dispersed metal
oxide and support.

1. INTRODUCTION

The interactions between metal oxide and oxide support have been of interest in
heterogeneous catalysis for many years not only because of their importance in numerous
catalytic applications but also there are still a diversity of explanations on the nature and
structure of the dispersed metal oxides on various supports. It is well established that after
calcining the supported metal oxide (or its precursor) samples under appropriate conditions,
the metal oxide containing species well dispersed on the surface of most oxide supports are
formed provided that the surface concentration of the dispersed oxide does not exceed a
certain value, i.e., the dispersion capacity of the relevant metal oxide. Xie and Tang were the
first to claim that many metal oxides and salts can be spontaneously dispersed on y-a1umina
simply by calcining their mechanical mixtures at -770K, and the first to measure
quantitatively the dispersion capacities of a series of metal oxides and salts on different
supports by using XRD as well as other spectroscopic methods [1]. A close-packed
monolayer model has been proposed by them to explain the dispersion of molybdenum oxide
on y-a1umina. The dispersion processes have been described by Knozinger as the wetting of
the surface of y-alumina by metal oxides [2]. Although monolayer, submonolayer or
overlayer models have been used quite often in the literature to describe the dispersion of
many oxides on various supports, these models can not answer some fundamental questions
such as: a) why on the same support different oxides have different dispersion capacities, e.g.,
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Mo03 can form a so-called close-packed monolayer on y-Ah03 but NiO can not; b) why the
same oxide behaves differently on different supports, e.g., Mo03is rather hard to disperse
when silica is used as support instead of y-Al203 and c) why on y-A1203 the dispersion
capacities of metal oxides with lower valence types, e.g., M3+, M2+ oxides etc., depend on the
valency of the oxides and are always lower than the values expected by the close-packed
monolayer model.

Based on the studies of the dispersion of various metal oxides on y-alumina, we have
proposed an incorporation model considering that the dispersed metal cations are incorporated
into the surface vacant sites of the support with their accompanying anions sitting on the top
for extra charge compensating. On the assumption that (110) planes are preferentially exposed
on the surface of y-alumina and taking into consideration the shielding effect produced by the
capping anions, the model has been used to quantitatively evaluate the dispersion capacities of
various metal oxides on y-alumina [3, 4].

This paper reports our recent results on the dispersion of various metal oxides and alkaline
halides on supports with different structures, i.e., on y-alumina and on ceria. XRD, LRS, FT
IR, XPS and SSIMS were used to investigate the structure of the dispersed species. The data
illustrate the dependence of the dispersion capacities of the ionic compounds on (1) the
structure of the support, (2) the valency of the dispersed ionic compound and the size of the
accompanied anion, and (3) the sizes of the vacant sites available on the support as well as
that of the dispersed cation. Results in support of the incorporation model are discussed.

2. EXPERIMENTAL

2.1. Materials
The oxide supports employed in the present study were: Ce02 with a BET surface area of

73 m2g_1 prepared by the calcination ofCe(N03h6H20(A.R.) at 823 K for 4h, and y-Al203
(C.P., E. Merck) with a surface area of 92 m2g_1 after calcining at 973 K for 3h.

Supported ZnO and CuO samples were prepared by impregnating the support with
aqueous solutions containing the appropriate amount of metal nitrates, respectively, the
samples were dried at 373 K, hand ground in an agate mortar and then calcined for 1 hat 723
K in air. Supported Mo03 samples were prepared by grinding the mechanical mixture of
ammonium paramolybdate and support of interest and calcining the mixtures at 673 K for 18
h in air. Supported alkaline halide samples were obtained by similar mechanically mixing
processes with the exception of calcination which has been proved by comparison
experiments to be not necessary for the dispersion of alkaline halides on ceria or y-alumina.

2.2. Instrumental
A Shimadzu 3A diffractometer employing Ni-filtered Cu-Ka radiation (0.15418 nm) was

used in the XRD experiments. The X-ray tube was operated at 35 kV and 15 rnA. a-alumina
powder was used as a reference for quantitative analysis.

The Raman spectrometer was a Spex Ramalog-1403 equipped with a triple mono
chrometer. The 5145 Aline of a spectra physics Model 2000 Ar+ laser was used for
excitation. A laser power of 20 mW at the sample was applied. The spectral slit width was
300 nm with a wave number accuracy of±2 cm-I
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Transmission infrared spectra were recorded by a Nicolet 510P Fourier transform infrared
spectrometer operated with a spectral resolution of 4 cm-I . Samples were pressed into self
supporting wafers and placed into an IR cell equipped with CaF2 windows. Diffuse
reflectance IR spectrum was collected through a Nicolet 170sx· Fourier transform infrared
spectrometer operated with a spectral resolution of0.1 cm-I resolution.

A V.G. Escalab MK IT system was used to record XPS and SSIMS (Static Secondary Ion
Mass Spectroscopy) spectra for determining the surface composition of the supported oxide
samples. The detailed processes for these measurements have been reported elsewhere [5].

3. RESULTS AND DISCUSSION

3.1. Key factors determining the dispenion capacity of ionic compounds
The dispersion capacities of various ionic compounds were measured by XRD and/or XPS

as described elsewhere [1]. Some representative experimental values (E) and the values
calculated on the basis of the incorporation model (C) are listed in Table 1 for comparison.
Table 1
Dispersion capacity ofvarious ionic compounds on ceria and on y-alumina

Dispersion capacity Dispersed jonjc compound
Support (mmol/l00m2) ZnO NaCI KCI Mo03 KI

E (measured) 1.18 1.20 1.20 0.81 0.95
Ce02 C (calculated) 1.22 1.22 1.22 0.81 0.99

EtC 0.97 0.98 0.98 1.0 0.96

E
C
EtC

1.61
1.63
0.99

1.09 0.75 0.81
1.10 0.75 0.81
0.99 1.0 1.0

/
/
/

The structure of the support is apparently the first factor needed to be taken into
consideration as it determines the number and size of the surface vacant sites which can be
used for the incorporation of the metal cations and influences to a certain extent the shielding
effect produced by the capping anions. Evidence can be seen from Table 1 that the dispersion
capacities ofZnO, NaCI, and KCI on ceria are different from those on y-alumina. Itis known
that ceria produced by the calcination of its nitrate has a fluorite structure with its (111) plane
preferentially exposed as shown in Figure 1 [6]. There is one vacant site in each unit mesh
(0.136 nm2) corresponding to a vacant site density of 1.22 mmol/l00m2. Take the dispersion
of ZnO for example. Figure 2 demonstrates that upon the incorporation of each Zn2+ cation
into the vacant site, an accompanied oxygen anion is staying on the top for charge
compensating; however, the capping oxygen does not prevent the neighbor vacant sites from
being occupied, accordingly no shielding effect is produced by the capping oxygen on ceria.

In contrast, y-alumina has a defect spinel structure with its (110) planes preferentially
exposed [7,8]. Shown in Figure 3 are the structure ofC- and D-Iayers of the (110) plane of "(
alumina, the exposure probabilities of these two layers are equal. The unit mesh of the C- and
D-Iayers can be expressed as Al4/3*2/3[Ah04l and [Al204l, where the A)3+ ions inside and
outside of the bracket are octahedrally and tetrahedrally coordinated, respectively, and *213 is
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Figure 1. The (111) plane of ceria.
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Figure 2. The incorporation of M2+
cations into the (111) plane of ceria.

the tetrahedral site vacancy because of the defect structure. Noteworthy, not only the surface
available vacant sites on y-alumina are different from those of ceria but also the capping
oxygen does produce a shielding effect by covering part of the vacant sites on y-alumina
because of its comparatively more dense surface structure. Thus, one can estimate that at
most only 4 M2+ ions can be implanted into each unit mesh (0.443 nm2) of the D-layer, and 
4.67 M2+ in that of the C-Iayer. After all the usable sites are occupied, the capping oxygen
anions form an epitaxial layer on the top of the y-alumina, and a dispersion capacity of 1.63
mmolJ100m2 is evaluated.

G-Layer D-Layer

o
()2-

~
Capping cf2-

o Q • •

AI3+(Oct) AI3+(Tet) Zn2+(Oct) ~+(Tet)

Figure 3. The structure of C- and D-layers of the (110) plane on y-alumina, and the
incorporation of Zn2+ ions.

The second factor needed to be taken into consideration is the shielding effect of the
capping anions. One would expect that NaCI should have a smaller dispersion capacity in
comparison with ZnO on y-alurnina, as chloride anion (0. 18nm) has a larger radius than that
ofoxygen anion (0.14 om). From Figure 4 one can evaluate the dispersion capacity ofNaCl on
y-alumina is 1.10 mmol/100m2, which is smaller as compared with 1.63 mmol/l00m2 for
ZnO discussed above.
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On ceria, the chloride anion is still not big enough to produce any shielding effect.
Consequently, a same dispersion capacity for ZnO, NaCI on ceria is expected in consistent
with the observed results listed in Table I. In general, it is reasonable to argue that with the

e-Layer 0 • D-Layer

2- Gapping a0

0 •
A?+(Oct) +Na (Oct)

(;;) •
3+ +

AI (Tet) Na (Tet)

Figure 4. The incorporation ofNaCI into the (110) plane ofy-alumina.

increase of the radius of the anion or the number of the anions accompanying with each
incorporated cation, the shielding effect of the anion should influence the incorporation of the
cations at last. In agreement with this expectation are the dispersion of KI on ceria and the
dispersion of M003 on both ceria and y-alumina. For KI, the radius of 1- anion is big as
0.22 nm and for M003, there are 3 oxygen anions accompanying each incorporated M06+;
therefore the existence of either an 1- anion or 3 oxygen anions on the top of an occupied site
produces a pronounced steric hindrance on the occupation of the neighbor vacant site(s),
leading to the formation of a close-packed anion layer on the surface of ceria as shown in
Figure 5.

o Vacant site

o 0 2 - ~ ee4 + • K+

• Capping f 0 Vacant site

• Mo6+

Figure 5. Incorporation of KI and M003 on ceria with the formation of a close-packed
monolayer of the corresponding anions.

The sizes of the vacant sites as well as those of the cations are another factor should not
be neglected. For instance, the rather low dispersion capacity ofKCl on y-alumina might be
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due to the apparently larger radius of the K+ cations (0.13 nm) in comparison with that ofNa+
cation (0.95 nm). Noting that as reported by West that cations like K+, Ba2+and Sr2+are often
existed in a 6- or higher coordination state [9], and it is tentatively assumed that K+ cation can
only occupy the octahedral sites on y-alumina, from which a dispersion capacity of 0.75
mmoVI00m2 can be derived. In contrast, the cubic vacant sites on ceria are big enough for the
K+ cations to incorporate into, therefore the dispersion capacities for KCl, NaCI and ZnO
on ceria are the same as shown in Table 1.

In order to better understand the role of the surface vacant sites for the dispersion of metal
oxides, a ZnO modified ceria sample (58 m2g_1) containing 1.22 mmol ZnO/l00m2 is used as
support for the dispersion of M003. As all the vacant sites on ceria are occupied by Zn2+
cations in this sample, it is expected that under the same experimental conditions (calcined at
650 K) there is no vacant sites for the incorporation of Mo6+ cations. Indeed, as shown in
Figure 6, XRD results have proved that upon calcining the mechanical mixture of Mo03 and
the ZnO modified ceria (0.75mmol MoOJ/100m2) at 653 K for 18 h, the characteristic Mo03
peaks still can be seen clearly (curve at), and Figure 7 reveals that after calcining a mixture of
Mo03 and ceria with the same molybdenum loading there is no its characteristic peak can be
detected by XRD. These results lead to the suggestion that the close-packed monolayer
dispersion is, in fact, a special case expected by the incorporation model. Accordingly, the
existence of vacant sites on the surface of the support is critical for the dispersion of ionic
compounds, and the discussions explain some well known results such as ionic compounds
are not dispersed on silica due to its saturated tetrahedral structure with no vacant sites on its
surface.
r-ti) ceo2
0403 ~3 111
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Figure 6. XRD profiles for Mo03/ZnO-Ce02
before (a) and after (at) calcination.
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Figure 7. XRD profiles for MoOJ/Ce02
before (b) and after (bt) calcination.

3.2. Structural characterization
XPS and SSIMS have been uged to characterize CUO/Ce02 samples, as a representative of

ceria supported systems, with different CuO loadings. Table 2 summarizes the binding
energies as well as the surface compositions of the samples as detected by XPS.

The values of the binding energies listed in Table 2 are basically identical to that of Cu2+,
Ce4+ cations and lattice oxygen anions, respectively. To check the dispersion capacity of
CuO, the XPS ratio of Cu/Ce is plotted versus the composition of the samples, and a
breakpoint is observed at a composition of 1.18 mmol CuO/l00m2Ce02 in agreement with
the dispersion capacity determined by XRD. Thus it can be concluded that upon calcination,
CuO is highly dispersed on ceria without any reduction of metal cations in the samples.
The main feature of XPS profiles of CUO/Ce02 samples are the appearance of the shake
up satellites with the spin-orbit split peaks, a representative spectrum is shown in Figure
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Sample

8. The intensity ratio of the satellite to the corresponding CU2P312 main peak is evaluated to
be 0.60, and in comparison, the intensity ratio of a CuO crystallite sample is 0.55. Ithas been
reported that this intensity ratio is sensitive to the coordination environment, the higher the
intensity the lower the coordination number of Cu2+ cations [15]. As it is known that the
Cu2+ cations in CuO crystallites are located in distorted octahedral sites, i.e., in 6
coordination, thus the above result is consistent with the prediction of the incorporation
model that the Cu2+cations are most probably located in a 5-coordination sites on ceria.
Table 2
Binding energies and the surface compositions of the CUO/Ce02 samples measured by XPS

Composition BE (eV) Cu/Ce ratio

mmol CuO/l00 m2Ce02 CU2p3/2 Ce3ds12 01s detected by XPS .

1

2

3

4

5

0.62 933.1 882.7 529.3 0.208
0.83 933.4 882.8 529.5 0.236
1.02 933.5 883.2 529.9 0.294

1.24 933.0 883.4 529.4 0.320
2.10 933.4 882.7 529.6 0.365

975 965 955 945 935 925
(eV)

Figure 8. XPS spectrum of sample 3
in Table 2.

Figure 9. SSIMS spectrum of the
0.61 mmol CuO/l00m2Ce02 sample.
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SSIMS, which is a highly surface-sensitive technique providing the information on the
composition at the utmost layer of the sample, is used in this study to monitor the surface
composition of the CUO/Ce02 samples. Figure 9 shows the SSIMS spectrum of a 0.61 mmol
CuO/l00m2Ce02 sample, according to the incorporation model in this samples about half of
the vacant sites on ceria are occupied by Cu2+cations, hence the surface concentration ratio of
Cu2+to Ce4+ should be 0.5. The ratio of Cu to Ce ions at the surface layer can be estimated
from the following equation[I6-18]:

CCu/CCe = Icu63/YCu : Ice140fYCe

in which C represents the concentration, I the intensity and y the yield factor of the relevant
ions. In order to carry out the calculation a standard sample (mechanical mixture) with a ratio
of CuO to Ce02 equal to 1: 1 is used as a reference for determining the Ycu/YCe value in the
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above equation. Thus the CcuiCce ratio can be obtained from the intensity ratio measured by
SSIMS. For the 0.61 mmol CuOlI00m2Ce02 sample with SSIMS spectrum as shown in
Figure 9, the concentration ratio was estimated to be 0.46; similarly for a 1.22
mmoiCuOlI00m2Ce02 sample the value was 0.96. The results are close to the values
predicted by the model as in the later sample all the vacant sites on the surface of Ce02 are
occupied by Cu2+ ions and the ratio of Cu/Ce is expected to be 1.0.

XPS, LRS and FT-IR have been used to identify the surface molybdenum species
dispersed on ceria. XPS results are similar to those of CuO/Ce02 samples i.e., upon
calcination M06+ containing species are highly dispersed on Ce02 without causing the
reduction of any metal cations, and the dispersion capacity of M003 on ceria measured by
XPS is consistent with that obtained by XRD. The Raman spectra of ceria supported
molybdenum samples with the same loading of 0.6mmol Mo03/100m2Ce02 prepared by
different methods, before and after calcination are displayed in Figure 10, in which sample A
was the mechanical mixture ofMo03 and Ce02, while samples Band C were prepared by the
impregnation of the Ce02 with ammonium paramolybdate solutions at pH values of 2 and 9,
respectively, and samples A', B' and C' were prepared by the calcination of the corresponding
A, B, and C samples at 693 K for 2 h.

818

994

1050 900 750

963

1050 900 750 600

Raman Shift cm-1

Figure 10. Raman spectra of 0.6 mmol Mo03/l00m2Ce02 samples. (A) Untreated
mechanical mixture, (B) and (C) impregnation of Ce02 with ammonium paramolybdate
solutions at pH 2 and 9, respectively. (A'), (B') and (C') correspond to (A), (B) and (C),
respectively, calcined at 693 K for 2h.

Figure 10 contains a series of spectra for Mo03/Ce02 system. The spectrum A of the
mechanical mixture, shows the existence of M003 with its three characteristic peaks at 994,
818 and 668 cm-I It is well known that the M0042- and M070246- species are both existed
and in equilibrium in the molybdate solution used for impregnation, the ratio of these two
species depends on the pH value and the concentration of the molybdenum. With no doubt,
that the impregnation and drying steps would induce modifications on the structure of the
precursors fixed on the support. Thus the differences in spectra B and C are attributed to the
different pH values used upon impregnation; however, it is clear that in neither of these two
samples are M003 crystallites detected. Noteworthy, calcination has a dramatic effect on
these samples, which can be seen in Figure 10. The spectra A', B' and C' are similar, and in
which the new peaks around 968 and 800 cm- l are evident. The fact is that because of the



1301

strong metal oxide-support interactions, sufficient calcination induced the dispersion of the
molybdenum containing species and eliminated the effect of the different precursors used. Our
transmittance FT-IR spectra of the calcined Mo03/Ce02 samples, with Mo0310adings less
than its dispersion capacity, contained a peak at 958 cm-! and a plateau around 800-900 cm-!
due to the adsorption of the oxide support, however, a peak at 798 cm-! is detected by diffuse
reflectance IR. These results imply that the dispersed molybdenum species is active in both
Raman and IR spectra, and is tentatively assigned to the contribution of an asymmetric 7
coordinated molybdenum species formed by the incorporation of Mo6+ into the surface
vacant sites of ceria as expected by the incorporation model. Consequently, the peak at -800
cm-! is tentatively assigned to the contribution of Mo-O-Ce bonding at the surface of the
calcined samples. The results lead to the suggestion that the 7-coordinated molybdenum might
be the major species presented in the calcined Mo03/Ce02 samples with M003 loading
amount less than its dispersion capacity. The above Raman results for the calcined
M003/Ce02 samples basically agree with those of Knozinger et al., who observed bands at
959 and near 790 cm-! but assumed the existence of both poly- and monomeric surface
molybdates in their sample with the assignment of the bands above 900 cm-! to M=O
terminal stretching modes of the molybdenum species while the origin of the band around 790
em-I remained unsolved [19].

The surface structure of the dispersed oxides species supported on "(-alumina has been
extensively investigated by using various techniques, in fact, many authors did provide
evidence to support the incorporation of metal cations into the surface vacant sites of y
alumina. For examples, NiO dispersed on "(-Ah03 has been studied by Jacono et al [10], and
their UV-reflection spectroscopy, magnetic measurements and X-ray analysis results
suggested that Ni2+ cations were incorporated into the tetrahedral and octahedral lattice sites
of "(-alumina with the formation of what they called surface spinel with an average thickness
about 0.1 to 0.4 nm, and the octahedrally coordinated Ni2+species were much easier to be
reduced in comparison with their tetrahedrally coordinated counter parts. Whereas Hercules
and his co-workers employed a variety of the surface techniques, e.g., XPS and ISS [II],
EXAFS [12] and PAS (photoacoustic spectroscopy) [13] to investigate the structure of the
dispersed NiO species, their ISS revealed the coexistence of AJ3+ and Ni2+ on the utmost
surface of "(-alumina and their EXAFS and PAS data proposed that the surface nickel oxide
species were distributed in different coordination environments, i.e., tetrahedrally and
octahedrally coordinated, and noteworthy, the ratio of the tetrahedrally and octahedrally
coordinated Ni2+cations was about 50/50 at a loading amount close to the dispersion capacity
of NiO on y-alumina. The structure of Mo03/y-alumina system has been the subject of
numerous publications, and in their recent review paper, Knozinger and Taglauer attributed
the dispersion of M003 on "(-alumina upon the calcination of their mechanical mixture to the
wetting and spreading of metal oxide on oxide support, and concluded that the presence of
water vapor is not essential for the dispersion of M003 to occur, but the nature of the
molybdenum species formed is determined by the presence or absence of water vapor[2]. As
in the most cases for the preparation of catalysts the systems discussed in this paper were
calcined at ambient atmosphere in the presence of water vapor. In their studies on M003/y
-alumina system, XPS and ISS were employed by Zingg et al. to identify the Mo6+ species
highly dispersed in two different coordination environments with the formation of a hardly
reducible tetrahedrally coordinated Mo(T) and an easily reducible octahedrally coordinated
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Mo(O); the authors concluded that the concentration ratio of Mo(O) to Mo(T) increased with
Mo loadings and approached to a: value about 2: 1 with no discrete compounds formed [14].
Their results emphasized that the geometrical configuration of the dispersed molybdenum
species were determined by the surface sites on y-alumina, and that Ah(Mo04h and M003
crystallites can only appear when the loading ofMo03 is higher than its dispersion capacity.
Similar conclusions are drawn from our LRS results reported previously [4] that the Mo(T)
and Mo(O) species located respectively in the tetrahedral and octahedral sites on the surface
of y-alumina were formed, and the ratio of Mo(O) to Mo(T) was close to 2: 1 at a Mo03
loading close to its dispersion capacity. Apparently the above discussions are also consistent
with the consideration of the incorporation model.
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