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a b s t r a c t

The design and control of the surface is extremely important for the development of heterogeneous
catalysts because surface properties always play a key role in catalytic performance. Therefore, it is of
great interest to investigate the evolution of the surface state during the preparation of a catalyst. Mixed
oxides are a particularly important group of catalytic materials. This work studied Fe2O3–MoO3 as a
model system, investigating the surface states jointly influenced by the thermal spreading of MoO3 and the
solid-state reaction that produces Fe2(MoO4)3 during heat treatment. X-ray photo-electron spectroscopy,
scanning electron microscopy and 57Fe Mössbauer analysis were used to characterize the evolution of the
surface and the bulk of solids, and the oxidation of methanol to formaldehyde was also used as a probe
hermal spreading
ron oxide

olybdenum oxide
-ray photoelectron spectrum (XPS)
ethanol oxidation

reaction. It was found that the evolution of the surface layer takes place mainly as follows: (i) a small
amount of MoO3 can be dispersed onto the surface of Fe2O3 via grinding; (ii) the thermal spreading of
MoO3 and the solid-state reaction start almost simultaneously at around 400 ◦C, leading to the coexistence
of MoO3 and Fe2(MoO4)3 species on the surface of Fe2O3 grains; (iii) further thermal spreading and the
solid-state reaction yield a shell of Fe2(MoO4)3 encapsulating the remaining Fe2O3 grains, but a small
amount of MoO3 remains on the external surface of the resulting Fe2(MoO4)3 shell; (iv) when the MoO3

e Mo
grains run out, the surfac

. Introduction

Mixed oxides are a particularly important group of catalytic
aterials. They can be conventionally prepared via solid-state

eactions, which usually occur at the intergranular contacts of
he reactant components. Sometimes, one component can spread
pontaneously onto the surface of the other component along the
ontacting boundaries during heat treatment. This phenomenon is
alled “thermal spreading” or “solid-solid wetting” [1–5], and the
riving force is the surface free energy. As a preferred means of
ass transfer, thermal spreading greatly facilitates the solid-state

eaction, and the reaction can take place on the entire surface of
he stationary component, instead of at the intergranular contacts
nly. As a result, the remaining stationary component will be gradu-
lly encapsulated by the resulting new compound. Although phase
nalyses are almost routine in the study of mixed oxides, the infor-

ation obtained may not directly relate to the catalytic results. It
as well known that the surface, rather than the bulk, of a solid

atalyst plays a key role in its catalytic performance [6]. Therefore,
he surface design and its control are most important in catalyst
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O3 species also disappears.
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development, and it is of great interest to investigate the evolution
of the surface state during catalyst preparation.

Fe–Mo mixed oxides are well known catalysts for the oxida-
tion of hydrocarbons and alcohols, particularly for the commercial
oxidation of methanol to formaldehyde [7–13]. In the literature
[1,4,14–18], the thermal spreading of MoO3 has attracted consid-
erable interest, being used as a “green” way to disperse MoO3
on various supporting materials such as Al2O3, TiO2, SiO2, MgO,
SnO2 etc without generating waste gases or liquids. In these stud-
ies, the solid-state reaction, and particularly the surface evolution
during preparation, has not usually been the main concern. This
work studies the Fe2O3–MoO3 mixture as a model system in order
to investigate the evolution of the surface layer, which is jointly
influenced by the thermal spreading of MoO3 and the solid-state
reaction giving Fe2(MoO4)3. In addition to XPS, SEM and 57Fe Möss-
bauer analyses, as a very sensitive surface analysis technique, the
catalytic oxidation of methanol to formaldehyde was also employed
as a probe for the surface analysis.
2. Experimental

Fe2O3 (AR, 99.95%) and MoO3 (AR, 99.95%) with a molar ratio of
1:1 was ground mechanically, with some anhydrous ethanol added
to help the grinding. After being dried at room temperature, the

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:huangy@njut.edu.cn
dx.doi.org/10.1016/j.molcata.2008.11.033


r Catalysis A: Chemical 302 (2009) 48–53 49

m
b
d
h
T
1
t
o
F
v
d

M
g
w
c
C
t
s
1
u
r
K
e
e
s
T
h
r
w
K
w
1
s
a
d
g
T
S
f
s
t
2
w

i
s
p
t
m
v
a
a
w
g
T
w
e
M

3

t
i
d

Y. Huang et al. / Journal of Molecula

ixture (denoted as “FeMo-RT”) was divided into several parts to
e treated at different temperatures. The resulting samples were
enoted as FeMo-300, FeMo-400, FeMo-500 and FeMo-600, with
eating temperatures of 300, 400, 500, and 600 ◦C, respectively.
he calcination was done in air with a temperature ramp rate of
.5 ◦C/min up to the target temperature, which was then main-
ained for 5 h. Higher heating temperatures were not used because
f MoO3 sublimation. For comparison with the effect of grinding,
e2O3 and MoO3 with the same ratio were also mixed by shaking
iolently in a glass bottle for 1 min, and the resulting mixture was
enoted as “FeMo-SH”.

The specific surface areas were measured with an ASAP 2020
icromeritics analyzer using nitrogen adsorption at liquid nitro-

en temperature. The degassing pre-treatment for each sample
as done at 200 ◦C for 2 h. X-ray diffraction (XRD) analysis was

onducted using a Siemens D8 Bruker-Axs III diffractometer with
u-K� radiation operating at 40 kV and 30 mA. A scanning elec-
ron microscopy (SEM) study was carried out with a QUANTA-2000
ystem. The 57Fe Mössbauer analyses were performed using a VIS-
170-MO spectrometer with a 25 mCi 57Co/Pd radiation source
nder constant acceleration mode, and the isomer shifts (IS) were
eferenced to �-Fe. The XPS analyses were performed with a
ratos Axis Ultra spectrometer (Kratos Analytical, Manchester, UK)
quipped with a monochromatised aluminium X-ray source (pow-
red at 10 mA and 15 kV). The sample powders were pressed into
mall stainless steel troughs mounted on a multi-specimen holder.
he pressure in the analysis chamber was around 10−6 Pa. The
ybrid lens magnification mode was used with the slot aperture,
esulting in an analyzed area of 700 �m × 300 �m. The pass energy
as set at 40 eV, and the charge stabilization was achieved with a
ratos Axis device. The energy resolution determined by the full
idth at half maximum (FWHM) of the Ag 3d5/2 peak was about

.0 eV. The following sequence of spectra was recorded: survey
pectrum, C 1s, O 1s, Fe 2p and Mo 3d. Finally, C 1s was recorded
gain to check the stability of charge compensation and the possible
egradation of the samples during the analyses. The binding ener-
ies were referenced to 1s peak of adventitious carbon at 284.8 eV.
he spectra were decomposed with a CasaXPS program (Casa
oftware Ltd., UK) with a Gaussian/Lorentzian (70%/30%) product
unction and after subtraction of a linear baseline. The XPS inten-
ities were calculated using atomic sensitivity factors provided by
he spectrometer manufacturer. Peak areas of Fe 2p (including Fe
p1/2, Fe 2p3/2 and their shake-up peaks), Mo 3d5/2 and O 1s bands
ere used to quantify Fe, Mo and O.

Catalytic oxidation of methanol to formaldehyde was carried out
n a fixed-bed quartz micro-reactor (i.d. 12 mm) operating at atmo-
pheric pressure under continuous flow. The catalyst powders were
ressed and sieved to 40–60 mesh, and 0.5 g catalyst was used each
ime after dilution with quartz grains (20–40 mesh) to 2 ml. A ther-

ocouple was placed in the middle of the catalyst bed, and the
oid volume in the reactor was filled with quartz chips in order to
void homogeneous reactions. The feed gas was formed by bubbling
mixture of nitrogen and oxygen through a methanol saturator,
hich was cooled with an ice-water bath. The flow rates of nitro-

en, oxygen and the methanol vapor were 40.6, 7.5 and 1.9 ml/min.
he catalytic reaction was performed at 260 ◦C, and the products
ere analyzed on-line by a Shimadzu GC-2014 gas chromatograph

quipped with TCD and separation columns of Porapak-N and 5A
olecular Sieve.

. Results
Apart from the original MoO3 and Fe2O3, the Fe2(MoO4)3 is
he only new phase observed in FeMo-500 and FeMo-600 accord-
ng to XRD analysis (JCDPS 31-642), and the MoO3 phase almost
isappears in FeMo-600. The 57Fe Mössbauer analysis was also per-
Fig. 1. Mössbauer spectra of Fe–Mo oxides.

formed on FeMo-400, FeMo-500 and FeMo-600, and the results are
exhibited in Fig. 1 and Table 1. Obviously, the spectra of FeMo-500
and FeMo-600 can be assigned to a sextet and doublet patterns,
which must be assigned to �-Fe2O3 and Fe2(MoO4)3, respectively
[19]. A very weak peak can be recognized in the FeMo-400 spec-
tra at the same position as Fe2(MoO4)3, indicating that a small
amount of Fe2(MoO4)3 began to be formed in FeMo-400. The divi-
sion of iron between Fe2O3 and Fe2(MoO4)3 can be estimated by
the corresponding relative areas listed in Table 1. About 14% of the
source Fe2O3 has been converted in FeMo-500; the Fe2O3 conver-
sion (ca. 28%) in FeMo-600 is close to the theoretical maximum
(33%).

XPS responses of all the samples can be ascribed to the elements
Fe, O, Mo and the adventitious C; no other elements were detected.
The binding energies (BE) of Mo 3d5/2, Fe 2p3/2 and O 1s are around
233, 711 and 530.5 eV, which can be assigned to Mo6+, Fe3+ and O2−

species. No molybdenum species other than Mo6+ was observed.
The Fe 2p bands are the characteristic signals of Fe3+, which are
composed of four peaks, i.e. Fe 2p3/2, Fe 2p1/2 and their shake-up
peaks [20].

Fig. 2 compares the Mo 3d and Fe 2p bands between FeMo-SH
and FeMo-RT. Both were mechanical mixtures of Fe2O3 and MoO3,
but the former was mixed by shaking and the latter by grinding. It
was found that the Mo 3d band of FeMo-RT is significantly stronger
than that of FeMo-SH. Fig. 3 compares the Fe 2p and Mo 3d spectra
for FeMo-RT, FeMo-300, FeMo-400, FeMo-500 and FeMo-600. The
intensity of Mo 3d for FeMo-500 was found to be the strongest, and
the intensity of Fe 2p for FeMo-500 and FeMo-600 the weakest. The
surface atomic ratio results are listed in Table 2, where RMo/Fe and
RO/Fe are denoted as the surface atomic ratio of Mo/Fe and O/Fe. The
RMo/Fe of FeMo-RT is larger than that of FeMo-SH, indicating that
the grinding led to a dispersion of MoO3 onto the Fe2O3 surface.
The RMo/Fe changed little for FeMo-300, slightly increased to 0.70
for FeMo-400, and sharply increased to 2.4 for FeMo-500, followed
by a decrease to 1.7 for FeMo-600. A similar trend can be observed
for RO/Fe. According to the atomic ratios measured by XPS, the sur-
face elemental concentrations of Mo, Fe and O can be calculated,
and the results are demonstrated in Fig. 4. For reference, the nom-

inal concentrations of these elements are shown with the dashed
horizontal lines. It is observed that the surface concentrations of Mo
are higher than the nominal ones, especially in the case of FeMo-
500 and FeMo-600. The surface concentrations of Fe revealed the
opposite situation. Significant deviations between the surface and
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Table 1
Mössbauer results of Fe–Mo samples.

Sample QS (mm/s) IS (mm/s) HF (kOe) Line width (mm/s) Relative area (%)

FeMo-400 0.20 0.37 515 0.30 >99
– 0.41 – – <1

FeMo-500 0.21 0.37 514 0.33 86
0.19 0.41 – 0.36 14

FeMo-600 0.20 0.37 515 0.29 72
0.17 0.41 – 0.32 28

Fig. 2. Mo 3d and Fe 2p XPS spectra of (a) FeMo-RT and (b) FeMo-SH.

Fig. 3. Mo 3d and Fe 2p XPS spectra of (a) FeMo-RT, (b) FeMo-300, (c) FeMo-400, (d) FeMo-500, and (e) FeMo-600.

Table 2
Results of XPS.

Sample RMo/Fe RO/Fe FWHM of Mo 3d5/2 (eV) Binding energy (eV)

Mo 3d5/2 Fe 2p3/2 O 1s

FeMo-SH 0.45 2.7 1.02 233.1 710.8 530.5
FeMo-RT 0.60 3.2 0.99 233.0 710.7 530.4
FeMo-300 0.58 3.1 1.02 233.1 710.8 530.5
FeMo-400 0.70 3.4 1.09 233.1 710.8 530.6
FeMo-500 2.4 7.4 1.34 233.0 711.8 530.7
FeMo-600 1.7 5.7 1.15 232.7 711.8 530.6

RMo/Fe and RO/Fe are the atomic ratio of Mo/Fe and O/Fe measured by XPS.
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Fig. 4. Effect of the treatment temperature on the atomic surface concentrations of
Mo, Fe and O.

Fig. 5. SEM micrographs of (a) MoO3 as purchased, (b) MoO3 after grinding, (c) FeMo-
lysis A: Chemical 302 (2009) 48–53 51

nominal oxygen concentrations were only observed with FeMo-500
and FeMo-600.

SEM micrographs are shown in Fig. 5. The Fe2O3 component
presents fine grains, and the original MoO3 as-purchased was flake-
like crystals, which can be broken into strip-like pieces and powders
via grinding. No significant differences can be observed between
the FeMo-RT, FeMo-300 and FeMo-400 samples. In FeMo-500,
the MoO3 strips look spindle-shaped, as if partially melted, and
accordingly the “Fe2O3” grains became larger. In FeMo-600, most
of the MoO3 grains disappeared and the “Fe2O3” grains grew fur-
ther.

Catalytic oxidation of methanol was carried out at 260 ◦C. The
HCHO and H2O were the only products detected over all the cata-
lysts Therefore, the conversion of methanol or the yield of HCHO can
be used to denote the catalytic activity of each catalyst. For compar-
ison with FeMo-300, pure Fe2O3 and pure MoO3 were also tested
after a heat treatment at 300 ◦C for 5 h. It was found in Table 3 that
pure MoO3 and pure Fe2O3 are almost inactive (the corresponding
methanol conversions are only 4.6% and 3.7%); while FeMo-300 is

highly active (the methanol conversion reaches 71.3%). Table 3 also
indicates that FeMo-400 is the most active catalyst in this work. A
significant decrease in activity was observed for FeMo-500, and the
activity of FeMo-600 was further reduced, down to even less than
half that of FeMo-500.

SH, (d) FeMo-RT, (e) FeMo-300, (f) FeMo-400, (g) FeMo-500, and (h) FeMo-600.
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Fig. 6. Scheme of the surface evolution starting with

. Discussion

During grinding, the softer grains can be pulverized and some
f them may be dispersed onto the surface of other grains [20,21].
herefore, it is not surprising that some MoO3 can be dispersed
nto the Fe2O3 surface during grinding and that the RMo/Fe of FeMo-
T measured by XPS is higher than that of FeMo-SH. As shown in
able 3, the FeMo-300 catalyst, which is composed of MoO3 and
e2O3 phases, is much more active than any of its two components.
his may be attributed to the formation of an active layer on the
e2O3 surface, where some MoO3 presents. For example, there can
e a diffusion of Mo6+ into the Fe2O3 surface [22].

An increase in the heating temperature from 300 to 400 ◦C leads
o an increase in RMo/Fe from 0.58 to 0.70, indicating that more

oO3 has been dispersed onto Fe2O3 surface. Meanwhile, a very
mall amount of Fe2(MoO4)3 began to be formed, preferably, on the
e2O3 surface. Most likely, the surface layer of Fe2O3 grains in FeMo-
00 could be composed of: (i) Fe2(MoO4)3, (ii) Fe2(MoO4)3–MoO3,
iii) Fe2(MoO4)3–Fe2O3, or (iv) Fe2(MoO4)3–MoO3–Fe2O3. Since the
Mo/Fe of FeMo-400 measured by XPS is only 0.70, the cases (i) and
ii) must be excluded, otherwise the RMo/Fe of FeMo-400 will be
eyond 1.5 (i.e. the nominal Mo/Fe ratio in Fe2(MoO4)3).

Further increase in the treatment temperature promoted both
he thermal spreading of MoO3 and the solid-state reaction, and
he cooperation of these two processes gradually builds up a shell
f Fe2(MoO4)3 on the remaining Fe2O3 grains. Such a model of the
ormation of Fe2(MoO4)3 shell on Fe2O3 surface has been reported
y House et al. [23,24]. As indicated by Mössbauer results, about
4% of Fe2O3 and the consequent 42% of MoO3 have been trans-
ormed in FeMo-500. In this case, the surface of the Fe2(MoO4)3
hells will be composed of “Fe2(MoO4)3” or “Fe2(MoO4)3–MoO3”.
he RMo/Fe of FeMo-500 has been increased by a factor of up to 2.4,
ut it is still not too far from the nominal atomic ratio of Mo/Fe in
e2(MoO4)3, indicating that the concentration of excessive MoO3
n the Fe2(MoO4)3 shells cannot be high, namely, the rate of the
oO3 spreading is close to the rate of MoO3 consumption by the

eaction.
With the running out of the MoO3 component, the thermal

preading of MoO3 or the formation of Fe2(MoO4)3 would not

evelop anymore, leaving the remaining Fe2O3 grains encapsulated
y a thick shell of Fe2(MoO4)3. Accordingly, the RMo/Fe of FeMo-600
easured by XPS is 1.7, which is very close to the nominal atomic

atio of Mo/Fe in Fe2(MoO4)3. Moreover, Fig. 4 indicates that the
urface elemental concentrations of Mo, Fe and O measured by XPS

able 3
atalytic activities of the catalysts for selective methanol oxidation.

atalysts Surface area (m2/g) Methanol conversion (%)

e2O3 4.14 3.7
oO3 1.27 4.6

eMo-300 2.25 71.3
eMo-400 2.17 75.3
eMo-500 1.25 62.5
eMo-600 1.31 29.1
grains in a mixture of Fe2O3:MoO3 = 1:1 (mol/mol).

are 20%, 12% and 68%, respectively, which are almost the same as
those in Fe2(MoO4)3: 18%, 12% and 70%.

Fe–Mo mixed oxides have been intensively studied as cata-
lysts for the oxidation of methanol to formaldehyde, and it was
well established that Fe2(MoO4)3 is not active unless enriched
by MoO3 on its surface [8,11,25]. That is, a surface layer com-
posed of “Fe2(MoO4)3” or “Fe2(MoO4)3–Fe2O3” is not active. This
makes the probe reaction a powerful technique for surface anal-
ysis. Indeed, Table 3 indicates that FeMo-600 is much less active
than other Fe–Mo catalysts. As discussed above, the surface layer
of the Fe2O3 grains in FeMo-400 is possibly composed of (i)
“Fe2(MoO4)3–Fe2O3” or (ii) “Fe2(MoO4)3–MoO3–Fe2O3”, and the
surface layer of the Fe2(MoO4)3 shells in FeMo-500 is possibly com-
posed of (i) “Fe2(MoO4)3” or (ii) “Fe2(MoO4)3–MoO3”. Now, the
possibility (i) for both catalysts should be excluded because the
activities of FeMo-400 and FeMo-500 are more than twice that of
FeMo-600. Although the surface layers composed of “Fe2O3–MoO3”
and especially of “Fe2O3–Fe2(MoO4)3–MoO3” were found to be
highly active, they are simply an intermediate state and their rela-
tively low stability may limit any industrial feasibility.

5. Conclusion

A mixture with Fe2O3:MoO3 = 1:1 was studied as a model cat-
alytic system. The state of the surface layer on the Fe2O3 grains
during heat treatment was jointly influenced by the thermal
spreading of MoO3 and the solid-state reaction. The surface evo-
lution can be illustrated in Fig. 6:

(i) A small amount of MoO3 can be dispersed onto the surface of
Fe2O3 via grinding;

(ii) The thermal spreading of MoO3 and the solid-state reaction
start almost simultaneously at around 400 ◦C, leading to the
coexistence of MoO3 and Fe2(MoO4)3 species on the surface of
Fe2O3 grains;

iii) Further thermal spreading and solid-state reaction yield a shell
of Fe2(MoO4)3 encapsulating the remaining Fe2O3 grains, but a
small amount of MoO3 remains on the surface of the resulting
Fe2(MoO4)3 shell;

(iv) When the MoO3 grains run out, the surface MoO3 species also
disappears.
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