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The dispersion of on various metal oxide supports and has been studied by Mo� ss-Fe2O3 (SiO2 , c-Al2O3 , CeO2 , ZrO2 TiO2)
bauer spectroscopy and XRD. The vacant sites on the surface of the support signiÐcantly inÑuence the form of the iron oxide. For
silica-supported iron oxide, Fe3` cations concentrate readily to form crystalline particles, owing to the lack of vacanta-Fe2O3
surface sites on silica. However, for other metal oxide supports, such as and which have vacantc-Al2O3 , CeO2 , ZrO2 TiO2 ,
surface sites, Fe3` cations are preferentially incorporated into the vacant surface sites and the chemical surroundings of these
Fe3` cations, incorporated in di†erent types of surface sites, are di†erent. Crystalline particles appear after all usablea-Fe2O3
vacant sites have been occupied by Fe3` cations.

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 catalytic applications but
also because of the diversity of explanations of the nature and
structure of the dispersed metal oxides on various supports. It
has been established that the support strongly inÑuences the
nature and extent of the metalÈsupport interaction. For
example, many metal oxides have a much higher capacity for
the formation of atomically dispersed species on c-Al2O3 1h4
than on silica, and the physical and chemical properties of the
highly dispersed surface species are usually drastically di†er-
ent from those of the corresponding bulk phases. Although
supported metal oxide systems have been much studied, the
exact nature of the interaction between metal oxide and
support in many systems is still not yet clearly understood.
Several surface models concerning the interaction between
metal oxide and supports have been proposed in the past two
decades,5 and these can be divided into two categories : one
suggesting that, under appropriate conditions, metal oxide
might cover the surface of the support with the formation of a
monolayer on the surface,6 and one proposing that the metal
ions are incorporated into the vacant sites on the surface of
the support.7h9 In previous studies, using X-ray photoelectron
spectroscopy (XPS), ion scattering spectroscopy (ISS), laser
Raman spectroscopy (LRS), IR, EPR and photoacoustic spec-
troscopy etc., it has been concluded10h12 that some metal ions,
such as Mo6`, Ni2`, Co2` etc., can be incorporated into the
vacant sites on the surface of As is well known, iron-c-Al2O3 .
based catalysts have been widely used for many industrial
reactions such as ammonia and F-T synthesis. For supported
iron catalysts, it has been concluded13,14 that the form of the
dispersed iron oxide on the support signiÐcantly inÑuences the
reduction properties and, hence, the catalytic properties of the

catalyst. However, few studies of the dispersion of Fe2O3loaded on metal oxide supports have been made.15 Mo� ss-
bauer spectroscopy is a very sensitive technique for studying
the chemical state of iron. According to the basic theory of
Mo� ssbauer spectroscopy,16 for the supported samples,Fe2O3if the Fe3` cations are incorporated into the vacant surface
sites of the support and exist as isolated Fe3` ions, then these
iron species will exist as paramagnetic Fe3` cations ; if Fe3`
cations concentrate to form crystalline particles, theFe2O3iron species may exist as magnetic and/or superparamagnetic

Here, the forms of the dispersed supported onFe2O3 . Fe2O3various metal oxide supports have been studied by Mo� ssbauer
spectroscopy and XRD.

Experimental

Materials

(Shanghai, A.R.), (Merk, Darmstadt, A.R.) andSiO2 c-Al2O3(Shanghai, A.R.) supports are commercial reagents. TheZrO2 support was prepared by thermal decomposition ofCeO2 (Shanghai, A.R.) at 823 K for 5 h. TheCe(NO3)3 É 6H2O TiO2support was prepared by calcining the hydrolysis product of
Ti(n- (Shanghai, A.R.) at 823 K for 5 h.C4H9)4A series of supported iron oxide samples was prepared by
impregnating metal oxide supports with an aqueous solution
of iron nitrate, drying at 373 K and calcining at 723 K for 2 h.
The loading, possible preferentially exposedFe2O3 SBET ,
planes and surface vacancy densities of the various supports
are listed in Table 1. XRD measurements were performed on a
Rigaku D/max-rA di†ractometer using Cu-Ka radiation. BET
surface area measurements were carried out on a Micro-
meritics ASAP 2000 instrument adsorption at 77 K).(N2

Table 1 Some support parameters

Fe2O3 loadinga
SBET possible preferentially vacancy

support /m2 g~1 low(1) high(2) exposed planes ref. densitya

SiO2 377 0.5 2.9 È È È
c-Al2O3 213 0.7 2.2 (110) 10 3.4
CeO2 76 0.5 2.4 (111) 11 1.2
ZrO2(t) 39 0.6 2.4 (111) 12 1.6
TiO2(a) 31 0.5 2.8 (001) 13 1.2

t : tetragonal ; a : anatase. a 10~2 mmol m~2.
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Mo� ssbauer spectroscopy was performed with a constant accel-
eration spectrometer using a 10 mCi7 Co/Pd source. All
spectra were computer-Ðtted to a Lorentzian lineshape with a
least-squares Ðtting procedure, and the isomer shifts (d) were
given with respect to the centroid of a-Fe at room tem-
perature. For the ceria-supported samples, 57Fe-enriched iron
containing 83% 57Fe was used.

Results and Discussion
XRD results for various samples are shown in Table 2. Mo� ss-
bauer spectra of supported on silica, measured at dif-Fe2O3ferent temperatures, are shown in Fig. 1, the corresponding
Mo� ssbauer parameters are listed in Table 3. It is well known
that silica has a three-dimensional tetrahedral network of
linked tetrahedra and there are no vacant sites in theSiO4bulk phase or on the surface of silica. However, on the real
silica surface, a few vacant sites might exist owing to surface
defects. From Fig. 1 and Table 3 it is clear that only a sextet
assigned to magnetic crystalline particles is observeda-Fe2O3

Table 2 XRD results

sample crystal structure present

SiO2-1 SiO2 and a-Fe2O3SiO2-2 SiO2 and a-Fe2O3c-Al2O3-1 c-Al2O3c-Al2O3-2 c-Al2O3 and a-Fe2O3CeO2-1 CeO2CeO2-2 CeO2 and a-Fe2O3ZrO2-1 ZrO2ZrO2-2 ZrO2 and a-Fe2O3TiO2-1 TiO2TiO2-2 TiO2 and a-Fe2O3

Fig. 1 Mo� ssbauer spectra of (a) SiO2-1, room temperature ; (b) SiO2-1,77 K; (c) room temperatureSiO2-2,

in the Mo� ssbauer spectrum measured at room temperature for
the high-loading sample, indicating that most of theSiO2-2Fe3` cations in this sample exist as large crystalline a-Fe2O3particles. XRD analysis conÐrms that a crystalline a-Fe2O3phase is formed in this sample. For the low-loading sample

the Mo� ssbauer spectra, measured both at room tem-SiO2-1,
perature and at 77 K, are composed, respectively of a doublet
and a sextet assigned to Fe3` cations. The relative area of the
sextet in the spectrum measured at 77 K obviously increases
compared to its counterpart measured at room temperature,
while the relative area of the doublet decreases, suggesting
that most of the Fe3` cations in sample exist as mag-SiO2-1netic or superparamagnetic crystalline particles. Verya-Fe2O3few Fe3` cations may be incorporated into the surface defects
of silica and exist as paramagnetic Fe3` ions. XRD results
also show that the crystalline phase is formed in thisa-Fe2O3sample. These results suggest that Fe3` cations supported on
silica readily concentrate to form crystalline particles,a-Fe2O3owing to the lack of vacant surface sites on silica. Similar
results were obtained by Rodrigo et al.17 and Zhang et al.18
They studied the and systems, respec-MoO3/SiO2 NiO/SiO2tively, and found that the dispersion capacity of andMoO3 ,
NiO on silica was very low and that crystalline phases were
readily formed.

Mo� ssbauer spectra of supported on c-alumina mea-Fe2O3sured at di†erent temperatures are shown in Fig. 2 ; the corre-
sponding Mo� ssbauer parameters are listed in Table 4. It is
well known that c-alumina has a defective spinel-like structure
with many octahedral and tetrahedral vacancies on the
surface. On the assumption that (110) planes are preferentially
exposed on the surface,19 the surface vacancy density of c-
alumina is ca. 3.4 ] 10~2 mmol m~2. However, according to
the “ incorporation model Ï,7 the available vacant surface sites
may be no more than 1.62] 10~2 mmol m~2 for c-alumina-

Fig. 2 Mo� ssbauer spectra of (a) room temperature ; (b)c-Al2O3-1,
77 K; (c) room temperaturec-Al2O3-1, c-Al2O3-2,

Table 3 Mo� ssbauer parameters of sample andSiO2-1 SiO2-2

Mo� ssbauer parameters
iron relative

sample temperature d/mm s~1 D/mm s~1 H/kOea species area (%)

SiO2-1 ambient 0.37 0.23 512 Fe3` 31
0.34 0.76 0 Fe3` 69

SiO2-1 77 K 0.47 0.32 537 Fe3` 45
0.43 0.90 0 Fe3` 55

SiO2-2 ambient 0.37 0.22 511 Fe3` 100

a 1 Oe\ 79.578 A m~1.
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Table 4 Mo� ssbauer parameters of sample andc-Al2O3-1 c-Al2O3-2

Mo� ssbauer parameters
iron relative

sample temperature d/mm s~1 D/mm s~1 H/kOe species area (%)

c-Al2O3-1 ambient 0.33 0.72 0 Fe3` 100
c-Al2O3-1 77 K 0.44 0.95 0 Fe3` 100
c-Al2O3-2 ambient 0.36 0.22 505 Fe3` 38

0.34 0.85 0 Fe3` 62

supported owing to the shielding e†ect produced byFe2O3the capping oxygen anions, i.e. crystalline iron oxide will
appear if the loading is more than 0.81 ] 10~2 mmolFe2O3m~2. It is clearly shown, from Fig. 2 and Table 4, that the
Mo� ssbauer spectra, measured both at room temperature and
at 77 K, for the low-loading sample consist only ofc-Al2O3-1a doublet assigned to paramagnetic Fe3` ions. XRD results
also show that no crystalline iron oxide phase is detected in
this sample. Both results suggest that most of the Fe3` ions in
the sample have been incorporated into the vacantc-Al2O3-1surface sites of c-alumina. However, with increased Fe2O3loading, a sextet, corresponding to magnetic crystalline a-

particles, also appears in the Mo� ssbauer spectrumFe2O3measured at room temperature for the high-loading sample
the crystalline phase is also detected byc-Al2O3-2, a-Fe2O3XRD. These results suggest that Fe3` cations dispersed on

c-alumina are preferentially incorporated into the vacant
surface sites of the support and exist as isolated paramagnetic
Fe3` ions, and the residual Fe3` cations concentrate forming
crystalline particles, after the vacant sites have beena-Fe2O3occupied. Similar results have been obtained by Chen and
Zhang7 in many c-alumina-supported metal oxide systems.

Mo� ssbauer spectra of supported on ceria, zirconiaFe2O3(tetragonal) and titania (anatase) measured at di†erent tem-
peratures are shown in Fig. 3È5, respectively. On the assump-
tion that the (111), (111) and (001) planes are preferentially
exposed on the surface of ceria,20 zirconia (tetragonal)21 and
titania,22 the surface vacancy density is ca. (1.2, 1.6 and
1.2)] 10~2 mmol m~2, respectively. According to the
“ incorporation model Ï,7 crystalline iron oxide will appear if
the loading is more than (0.6, 0.8 and 0.6) ] 10~2Fe2O3mmol m~2 for iron oxide supported on ceria, zirconia and
titania, respectively. From Fig. 3È5, and their corresponding
Mo� ssbauer parameters, it is seen that the Mo� ssbauer spectra
of low-loading samples, measured both at room temperature
and at 77 K, are composed of a doublet assigned to paramag-

Fig. 3 Mo� ssbauer spectra of (a) room temperature ; (b)CeO2-1,77 K; (c) room temperatureCeO2-1, CeO2-2,

netic Fe3` ions, and the Mo� ssbauer spectra of high-loading
samples measured at room temperature consist of a doublet
assigned to paramagnetic Fe3` ions and a sextet assigned to
magnetic crystalline particles. XRD results also showa-Fe2O3that, for the low-loading samples, no crystalline iron oxide
phases are detected, but for all the high-loading samples, the
crystalline phase is detected. The above resultsa-Fe2O3clearly suggest that, as for Fe supported on c-alumina, Fe3`
cations dispersed on ceria, zirconia and titania (anatase) are

Fig. 4 Mo� ssbauer spectra of (a) room temperature ; (b)ZrO2-1,77 K; (c) room temperatureZrO2-1, ZrO2-2,

Fig. 5 Mo� ssbauer spectra of (a) room temperature ; (b)TiO2-1,77 K; (c) room temperatureTiO2-1, TiO2-2,
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preferentially incorporated into the surface vacant sites of the
support and exist as isolated paramagnetic Fe3` ions. The
residual Fe3` cations form crystalline particles whena-Fe2O3all the vacant sites have been occupied. Dong and Chen have
studied the dispersion of supported on andMoO3 CeO2 ,23
they conÐrm that Mo6` cations are preferentially incorpor-
ated into vacant sites of the support, and crystalline MoO3particles are formed after all the vacant sites have been
occupied.

All the above results suggest that the vacant surface sites of
the support signiÐcantly inÑuence the dispersion state of

supported on metal oxides. Fe3` cations dispersed onFe2O3many metal oxides are preferentially incorporated into the
surface vacant sites of the support. However, it is well known
that di†erent metal oxide supports might have di†erent types
of vacant surface sites. For example, two types of vacant
surface sites (tetrahedral and octahedral) exist on the surface
of c-alumina,7 but only one type (cubic) exists on the surface
of ceria.23 For the isolated Fe3` cations incorporated into the
di†erent kinds of surface vacant sites, the Mo� ssbauer param-
eters of these Fe3` cations located in di†erent chemical
environments will be di†erent. To obtain the ultraÐne struc-
ture of these isolated Fe3` cations, Mo� ssbauer spectra of

supported on some metal oxide supports with low ironFe2O3loading were re-measured over a very narrow velocity region.
Mo� ssbauer spectra of sample and mea-c-Al2O3-1 CeO2-1sured at room temperature are shown in Fig. 6, the corre-
sponding Mo� ssbauer parameters are listed in Table 5. It is
clear that two doublets with di†erent Mo� ssbauer parameters
are observed for c-alumina-supported iron oxide. The doublet
with d \ 0.32 and quadrupole splitting, D\ 0.98 can be
assigned to the Fe3` cations located in the surface tetrahedral
sites,24 while the doublet with d \ 0.36 and D\ 0.61 can be
assigned to the Fe3` cations located in the surface octahedral
sites.24 Ying et al.24 studied the structure of some natural
garnets by Mo� ssbauer spectroscopy, and indicated that the
Mo� ssbauer parameters of the Fe3` cations located in octa-
hedral sites are d B 0.39 and DB 0.64, while d B 0.21 and
DB 1.29 for the Fe3` cations located in the tetrahedral sites.
However, for ceria-supported only a doublet withFe2O3 ,

Fig. 6 Mo� ssbauer spectra of (a) (b) both at roomc-Al2O3-1 ; CeO2-1,temperature

Table 5 Mo� ssbauer parameters of sample andc-Al2O3-1 CeO2-1

Mo� ssbauer parameters
iron relative

sample d/mm s~1 D/mm s~1 H/kOe species area (%)

c-Al2O3-1 0.32 0.98 0 Fe3` 55
0.36 0.61 0 Fe3` 45

CeO2-1 0.34 0.80 0 Fe3` 100

d \ 0.34 and D\ 0.80 is observed, indicating that only one
type of surface Fe3` cation, located in the surface cubic
vacancies, exists in this sample. These results also show that
the Fe3` cations on these supports have been incorporated in
the vacant surface sites, and the chemical environments of
these Fe3` cations, incorporated in di†erent types of vacant
surface sites are di†erent.

Conclusion

From the above results, it can be concluded that the vacant
surface sites of the support signiÐcantly inÑuence the disper-
sion of supported on various metal oxides. For silica-Fe2O3supported iron oxide, Fe3` cations form crystalline a-Fe2O3particles owing to the lack of vacant surface sites on silica.
However, for the other metal oxide supports such as c-Al2O3 ,

and which have vacant sites on the surface,CeO2 , ZrO2 TiO2Fe3` cations are preferentially incorporated into the vacant
sites, and the chemical environments of these Fe3` cations
incorporated in di†erent kinds of vacant surface sites are dif-
ferent. The residual Fe3` cations form crystalline a-Fe2O3particles when all vacant sites have been occupied.
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