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I-16129 Genova, Italy.
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Several Fe–Ga mixed oxide samples denoted as Fe12xGax (x~0, 0.10, 0.25, 0.50, 0.75, 0.90) have been

synthesised by a conventional coprecipitation method at controlled pH, dried at 363 K for 24 hours and

calcined at 673 K and 1073 K for 3 hours. All samples were characterised by X-ray diffraction, chemical

analyses, thermogravimetry and differential thermal analysis (TG-DTA) and FT-IR and UV-VIS

spectroscopies. It was found all materials formed a solid solution, a-(Fe,Ga)2O3, in the entire Fe/Ga

compositional range until 673 K. Samples calcined at 1073 K gave rise to biphasic systems for xw0.5 due to

the different structure of b-Ga2O3 compared to a-Fe2O3. Surface acidity of samples was studied by pivalonitrile

molecule adsorption on a pressed pellet of each material, and weak Lewis acidity was found in all cases, it

not being possible to distinguish between both types of cation site on the surface, and Brönsted acidity that

increased with increasing Ga content. Methanol molecules were also adsorbed, showing an increase of reactivity

for those samples with very low Ga content.

Introduction

Gallium oxides present structures very similar to those of the
a- and c-series of their Al counterparts with almost equal
stability ranges. However, b-Ga2O3 is, in this case, the most
stable crystalline phase upon calcination at 873 K from
a-Ga2O3.1 The additional stability is attributed to preferential
occupation of distorted tetrahedral and octahedral sites by
Ga3z ion in a distorted ccp structure of oxygen ions. This
tendency is also observed for Fe3z ions in the Fe3O4 structure.2

As an immediate consequence the b-Ga2O3 structure is 10%
less dense than the corundum structure, a-Ga2O3, which gives
rise to solid solutions with many oxides of suitable cations.

As for its applications, Ga-based mixed oxides have been
reported to be very active and selective catalysts in light alkane
dehydrogenation.3–5 These catalytic properties have attracted
much attention and so Al–Ga mixed oxides have been used as
catalysts with good performances in NOx abatement by light
hydrocarbons.6 Also, Ga has been inserted in numerous zeolite
frameworks in order to generate Brönsted acid sites.7,8 It
improves significantly the selectivity of these aluminosilicates in
the catalytic conversion of olefins and paraffins to aromatics9,10

and the Cyclar process where C3–C5 alkanes are transformed
into aromatics and hydrogen. In previous works, we have
studied Mn–Fe11 and Al–Mn mixed oxides12 as dehydrogena-
tion catalysts and the resulting solid solutions with low Fe and
Al contents exhibit notable improvements in catalytic activity
and selectivity.

Nevertheless, few investigations have been performed to
better know the solid state chemistry and surface of Fe–Ga
mixed oxide system.13 In earlier studies we have prepared
mixed oxide systems of trivalent cations, such as Fe–Cr14 and
Al–Fe,15,16 finding different grades of reciprocal solubility to

depend mainly on cationic radius, and more recently Fe–Ga
mixed precipitate powders17 in order to improve the synthesis
method and to produce thus better catalytic precursors.

In this work, we report our results on the structural
characterization of several samples of the Fe–Ga mixed
oxide systems with different Fe : Ga compositions synthesized
by coprecipitation. Additionally, we have analyzed the surface
by probe molecule adsorption in order to determine the acid
site distribution and thus hypothesise potential catalytic
applications.

Experimental

Samples have been prepared by coprecipitation, by mixing
two aqueous solutions containing required amounts of the
precursor salts Fe(NO3)2?9H2O and Ga(NO3)3?9H2O and
adding NH4?HCO3 up to pH~7.5; then stirring continuously
for 24 hours at 343 K, filtering and drying the gel at 393 K for
24 hours. A full characterization of the Fe–Ga hydroxides has
been reported elsewhere.18 Nitrates and residual organic
compounds were decomposed, in air, in a furnace at 673 K
for 3 hours and finally separate portions of each sample were
calcined in air at 1073 and 1273 K for 3 hours. Samples will
be denoted hereinafter as Fe12xGax (with x~0, 0.10, 0.25,
0.50, 0.75, 0.90). The chemical analyses were performed with a
Plasma II Perkin-Elmer emission spectrometer after dissolution
of the precipitates in an HF–HNO3 mixture. Experimental data
are in very close agreement with the sample nominal compo-
sition (Fe/Ga experimental atomic ratio: 1, 8.92, 3.06, 0.97,
0.31, 0.13, 0; Fe/Ga nominal atomic ratio: 1, 9, 3, 1, 1/3, 1/9, 0).

The XRD spectra were recorded on a Siemens D-500
diffractometer (Cu Ka radiation, Ni filter; 35 kV, 35 mA). Cell
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parameters were calculated with dedicated least squares
software.

The FT-IR spectra were recorded using a Nicolet Magna 750
Fourier Transform instrument. For the region 4000–350 cm21

a KBr beam splitter was used with a DTGS detector. For the
FIR region (600–50 cm21) a ‘‘solid substrate’’ beam splitter
and a DTGS polyethylene detector were employed. KBr
pressed disks (IR region) or a polyethylene solid support (FIR
region) were used. The FT-IR spectra arising from pivalonitrile
adsorption over pressed disks of each sample pretreated at
623 K were recorded after outgassing upon heating at different
temperatures.

The UV-VIS spectra were recorded with a Jasco V-570
spectrophotometer in the region 200–2500 nm using pressed
disks of the samples and a polymer as a reference.

Results and discussions

Characterization of powders upon calcination at 673 K

XRD. As reported in a previous study,18 the Fe–Ga mixed
hydroxides decompose at 673 K giving rise to monophasic
materials in the entire compositional range, denoted as
a-(Fe,Ga)2O3, with significant variations of crystallinity. This
is due to the isomorphous structural character of both pure
oxides (a-Fe2O3, ICDD no. 33-664 and a-Ga2O3, ICDD no.
6-503) and the similar cationic radii.18 We show in Table 1, as a
resume of this previous study, the cell parameters, volume and
% Fe in a-Ga2O3 of Fe–Ga samples calcined at 673 K. The
behavior of the Fe–Ga mixed oxides is confirmed by the unit
cell parameters and volume calculated for all samples (Table 1).
The volume tends to increase, in parallel with the c parameter,
with increasing iron content according to the higher Fe3z

radius and suggesting a continuous substitution between both
cations in the corundum type structure. Meanwhile, the a
parameter varies irregularly, giving rise to small variations of
volume. The % Fe in the a-Ga2O3 structure has been calculated
by application of Vegard’s law. This procedure allows, for a
wide range of mixed oxide systems, reciprocal solubilities to be
calculated successfully, but some deviations are also known.19

Thus, at low Ga contents, theoretical values from the virtual
composition are in agreement with the Fe solubility in
a-Ga2O3, while some deviations are found for values calculated
from the a unit cell parameter for higher Fe contents.

Skeletal FT-IR spectroscopy. The FT-IR spectrum of the Fe
sample shows well-defined absorption bands near 233, 303,
392, 444 and 535 cm21 and two shoulders near 667 and
691 cm21 (Fig. 1), assigned to a-Fe2O3, in good agreement with
the spectra reported elsewhere.15,20 Upon adding Ga, all
features shift to higher wavenumbers and change significantly
in shape becoming more broad, and the weaker signals become
indistinguishable from the Fe1.5Ga0.5 sample (Fig. 1c), accord-
ing to the crystallinity loss reported in XRD. Similar effects
have already been reported in Fe–Al systems15 and they are
associated with progressive Fe substitution by Ga in the
structure. For the 1 : 1 Fe : Ga composition, the spectrum is still
similar to that of the Fe sample with three main features at 544,
470 and 322 cm21, but higher Ga content causes a marked
transformation in the spectrum with the band at 470 cm21

increasing in intensity (Fig. 1e) and the bands attributed to
the a-Ga2O3 phase becoming distinguishable. All of them
are identified from the Fe0.2Ga1.8 sample, whose spectrum is

Table 1 Cell parameters, volume and % Fe in the a-Ga2O3 structure calculated by Vegard’s law for FexGa12x samples calcined at 673, 1073 and
1273 K

Ga Fe0.2Ga1.8 Fe0.5Ga1.5 Fe1.0Ga1.0 Fe1.5Ga0.5 Fe1.8Ga0.2 Fe
T/K Phase/C.P./%S a-Ga2O3 a-(Fe,Ga)2O3 a-Fe2O3

673 a~b/Å 4.984(0) 4.987(2)/7 4.998(4)/35 4.990(10) 4.993(1) 5.025(2) 5.024(1)
c/Å 13.452(1) 13.475(6)/8 13.503(14)/18 13.659(21)/73 13.709(20)/91 13.731(10)/98 13.736(3)
V/Å3 289.4 290.3 292.2 294.5 295.9 300.7 300.3

Phase/C.P./%S b-Ga2O3 b-Ga2O3/a-Fe2O3 a-Fe2O3

1073 a/Å 5.802(7) 5.803(4) 5.823(13) 5.802(9)
b/Å 3.039(4) 3.043(3) 3.048(5) 3.036(9)
c/Å 12.225(18) 12.251(25) 12.875(23) 12.199(18)
V/Å3 209.5 210.2 210.5 209.1
a~b/Å 5.014(5) 5.029(8) 5.024(4) 5.022(3) 5.029(2)
c/Å 13.525(22)/27 13.570(35)/44 13.688(14)/88 13.699(15)/92 13.721(13)
V/Å3 294.4 297.2 299.2 299.4 300.5

Phase/C.P./%S b-Ga2O3 GaFeO3 a-Fe2O3

1273 a/Å 5.823(6) 5.830(10) 8.718(9) 5.031(2) 5.018(7)
b/Å 3.043(4) 3.056(6) 9.390(13) 5.031(2) 5.018(7)
c/Å 12.239(11) 12.284(17) 5.069(5) 13.661(6)/78 13.765(22)
V/Å3 210.6 212.1 414.9 299.4 300.2

Note: %S~%Fe in a-Ga2O3; C.P.~cell parameter.

Fig. 1 FT-IR spectra of powders calcined at 673 K. a) Fe, b)
Fe1.8Ga0.2, c) Fe1.5Ga0.5, d) Fe1.0Ga1.0, e) Fe0.5Ga1.5, f) Fe0.2Ga1.8

and g) Ga.
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practically analogous to that of the Ga sample. The latter
presents absorption bands near 343, 497, 576, 668 and 775
(shoulder) cm21 in good agreement with the spectra previously
reported by Burkholder et al.21

Electronic spectra. As reported in Fig. 2, the UV-VIS
spectrum of the Fe sample displays a main absorption at
352 nm with additional shoulders near 252, 450 and 515 nm.
Weaker features are found at higher wavelengths near 641 and
869 nm. According to previous studies,22 the absorption bands
at 252 and 515 nm can be related reasonably to O22AFe3z and
Fe3zAFe3z charge-transfer of octahedral Fe3z, respectively.
Meanwhile, the features at 641 and 869 nm can appear or not
depending on the synthesis method,14,23 and are related to
Fe3z in an octahedral environment on the surface. Otherwise,
the bands at 352 and 450 nm have a more difficult interpreta-
tion since their positions vary significantly as a function of
Fe3z compound.

This spectrum is modified substantially by increasing the Ga
content, resulting in a broad absorption maximum near 352 nm
for the 1.5 : 0.5 Fe : Ga composition (Fig. 2c) which can not be
related to the presence of Ga if the spectrum of the Fe-free
sample is observed. Thus, these spectra can be explained as
electronic transitions implying that the Fe3z cations are in an
environment which may be influenced by the presence of Ga3z

due to the difference between the radii of Fe3z and Ga3z

cations (X and Y, respectively), in good agreement with
previous works.13 Further increasing the Ga content has a
notable influence on the intensity of the spectral features
described above (Fig. 2d); then from Fe1.5Ga0.5 the intensity
decreases once more until practically no absorption bands are
visible in the Ga sample. The band situated at 237 nm in this
last spectrum is probably due to oxygen absorption as a
consequence of the experimental conditions. The behavior of
the Ga-rich samples can be clearly related to an effect of
isolation of Fe3z cations in the b-Ga2O3 structure, which tends
to make all the features of the Fe3z electronic spectrum
disappear, as observed by us in the Al–Fe oxide system.15,16

Characterization of powders upon calcination at 1073 K

XRD. The behavior of the materials calcined at 1073 K is
shown in Fig. 3. In general, calcination at 1073 K has resulted
in notably increased crystallinity for all the samples without
significant variations between them, as already observed at

673 K. Unique phases are found for the pure Fe and Ga
samples, attributed to a-Fe2O3 (ICDD, no. 33-664) and to
b-Ga2O3 (ICDD, no. 11-370), respectively. Meanwhile, the XRD
patterns for the Fe–Ga mixed oxide samples from Fe1.8Ga0.2 to
Fe1.0Ga1.0 (Fig. 3a–d) are consistent with an a-Fe2O3 phase
with a high Ga3z content, denoted as a-(Fe,Ga)2O3 above.
Otherwise, the samples with higher Ga contents are biphasic,
fully consistent with a-(Fe,Ga)2O3 and b-Ga2O3 phases. For
Fe0.5Ga1.5 (Fig. 3e), the a-(Fe,Ga)2O3 phase is still present in a
higher percentage than Ga, as seen qualitatively from intensity
values, but further increasing the Ga content dramatically
changes this ratio (Fig. 3f).

Unit cell parameters and volumes of the samples are reported
in Table 1. They display a tendency to decrease with increasing
Ga content until 0.5 : 1.5 Fe : Ga, indicating the formation of a
solid solution in this composition range. The solubility of Ga in
the Fe2O3 structure, calculated from the c parameter by
Vegard’s law, is for all samples very similar to the virtual
composition (Table 1). Then, the appearance of a new non-
isostructural phase, b-Ga2O3, prevents further exchange
between the cations by diffusion and no variations are observed
in the cell parameters for samples richer in Ga. Therefore,
increasing the temperature significantly improves the solubility
of Ga in a-Fe2O3.

In order to establish the stability range of the above solid
solutions, the samples were calcined at 1273 K (Fig. 4). The
XRD patterns resemble, in part, the picture described at
1073 K, i.e., solid solutions denoted as a-(Fe,Ga)2O3 occur up
to the Fe1.5Ga0.5 sample. Beyond this composition, the XRD
pattern changes completely and a new phase appears for 1 : 1
Fe : Ga (Fig. 4d), fully consistent with the perovskite GaFeO3

Fig. 2 Electronic spectra in the UV-VIS region of powders calcined at
673 K. a) Fe, b) Fe1.8Ga0.2, c) Fe1.5Ga0.5, d) Fe1.0Ga1.0, e) Fe0.5Ga1.5, f)
Fe0.2Ga1.8 and g) Ga.

Fig. 3 XRD patterns of powders calcined at 1073 K. a) Fe, b)
Fe1.8Ga0.2, c) Fe1.5Ga0.5, d) Fe1.0Ga1.0, e) Fe0.5Ga1.5, f) Fe0.2Ga1.8

and g) Ga.

Fig. 4 XRD patterns of powders calcined at 1273 K. a) Fe, b)
Fe1.8Ga0.2, c) Fe1.5Ga0.5, d) Fe1.0Ga1.0, e) Fe0.5Ga1.5, f) Fe0.2Ga1.8

and g) Ga.
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phase (ICDD no. 26-673). This fact is due to the stoichiometric
reaction between the two oxides:

Ga2O3zFe2O3A2FeGaO3 (1)

FeGaO3 is still present together with b-Ga2O3, as a minor
constituent, for the Fe0.5Ga1.5 sample and suddenly disappears
for lower Fe contents. Therefore, Fe3z remains in the b-Ga2O3

structure giving rise to a solid solution for Fe contents lower
than 10% at 1273 K.

Skeletal FT-IR spectroscopy. The FT-IR spectra of samples
calcined at 1073 K are compared in Fig. 5. The spectrum of
the Fe oxide sample is similar to that discussed at 673 K but
with slightly increased intensity and so better resolved bands
are found (Fig. 5a). The addition of Ga induces a progressive
loss of intensity until the Fe1.5Ga0.5 sample, with a parallel shift
of all vibrational modes towards higher wavenumbers. The
FIR region loses resolution and no bands are distinguished.
Additionally, a new band becomes defined at 497 cm21 and it is
assigned to b-Ga2O3 by comparison with other spectra. These
modifications are due to changes in the shape and size of
particles, as discussed in XRD where a progressive broadening
of peaks is described. Further Ga addition (Fig. 5d and e) leads
to transitional spectra in which typical features of the b-Ga2O3

phase are not defined yet. In particular, the FIR region presents
a unique band at 311 cm21. For the composition 0.2 : 1.8
Fe : Ga the picture changes fully with all adsorption bands
attributed to the b-Ga2O3 phase becoming visible, in agree-
ment with the XRD patterns. This spectrum and that of the
Ga sample are completely consistent with those reported
elsewhere.24,25

Electronic spectra. The electronic spectra of samples cal-
cined at 1073 K are shown in Fig. 6. For the Ga-free sample, all
features agree with the assignments previously discussed at
673 K. Only the band at about 450 nm (6A1A4T2(4D),
tetrahedral Fe3z) is not clearly identified; upon further
calcinations it is found to be probably due to the a-Fe2O3

structure. However, the Ga containing samples decrease
notably in intensity, though the trend of absolute intensity is
similar to that of the samples calcined at 673 K. As a
consequence, the absorption bands at 450 and 515 nm overlap
for low Ga contents (Fig. 6b and c) and they transform into

only a well-defined band at about 450 nm when the amount of
added Ga3z increases. This behavior suggests that Ga3z acts
to isolate Fe3z in the a-Fe2O3 structure and therefore Fe3z

intercationic transitions are prevented, as seen in analogous
systems.15,16

Otherwise, the features of the b-Ga2O3 phase start to be
identified from the 1 : 1 Fe : Ga composition in the XRD
pattern and FT-IR spectra. On the other hand, Fe3z exhibits a
tendency to occupy tetrahedral sites in the mixed samples, as
deduced from the intensity increase of the band at about
480 nm assigned to tetrahedral Fe3z. This fact indicates that,
in contrast to the iron sample, in the solid solution structure
Fe3z ions also occupy tetrahedral coordination sites, as
reported for spinel-type structures.13

Surface characterization of samples calcined at 673 K

Study of the hydroxyl groups on the surface. Fig. 7 shows the
spectra of the surface hydroxyl groups on all samples, in
particular, those of Fe oxide and Ga oxide have been pretreated
at 623 and 673 K. Upon outgassing at 623 K, six bands become

Fig. 5 FT-IR spectra of powders calcined at 1073 K. a) Fe, b)
Fe1.8Ga0.2, c) Fe1.5Ga0.5, d) Fe1.0Ga1.0, e) Fe0.5Ga1.5, f) Fe0.2Ga1.8

and g) Ga.

Fig. 6 Electronic spectra in the UV-VIS region of powders calcined at
1073 K. a) Fe, b) Fe1.8Ga0.2, c) Fe1.5Ga0.5, d) Fe1.0Ga1.0, e) Fe0.5Ga1.5,
f) Fe0.2Ga1.8 and g) Ga.

Fig. 7 FT-IR spectra of powders activated previously at 623 K. a) Fe
(623 K), b) Fe (673 K), c) Fe1.8Ga0.2, d) Fe1.5Ga0.5, e) Fe1.0Ga1.0, f)
Fe0.5Ga1.5, g) Fe0.2Ga1.8 and h) Ga (623 and 673 K).
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evident in the spectrum for the pure Fe sample (Fig. 7a) at 3684
(shoulder), 3667, 3646, 3627, 3590 (shoulder) and 3480
(shoulder) cm21. The two bands at lower wavenumbers
disappear upon further heating to 673 K, while the relative
absorbances for the other bands are inverted. As reported
previously,16,26 the former, lower wavenumber bands are
typical of a-Fe2O3, haematite, and are attributed to stable
free OH groups (terminal OHs on octahedral cations and
bridging OHs) and hydrogen-bonded, possibly clustered,
hydroxyl groups, respectively. The addition of small amounts
of Ga decreases significantly the transmittance in this region,
and the spectrum appears very perturbed. However, it is still
possible to distinguish three hydroxyl groups at about 3731,
3666 and 3647 cm21. Only that at higher wavenumbers is
assignable to traces of c-Fe2O3, maghemite, concentrated on
the surface in agreement with the poorly crystalline materials
found in XRD patterns. c-Fe2O3 is a typical impurity in this
kind of synthesis,15 though it was not identified by XRD. For
the 1 : 1 Fe : Ga sample, the spectrum once again becomes
more resolved (Fig. 7e), with two bands at 3665 and 3646
(shoulder) cm21 being identified as well as another weaker one
at 3540 cm21, which are still analogous to those of a-Fe2O3

discussed above. Upon further Ga addition, the position and
intensity of the bands due to hydroxyl groups start to be similar
to those of the Ga sample. This surface is characterized by two
kinds of well defined OHs at 3690 and 3660 (stronger) cm21

shifted by ca. 20 cm21 with respect to those of a-Fe2O3. There-
fore, the surfaces of the samples change significantly when Ga
is added, with OH groups on octahedral cations and bridging
OH groups being present, the latter being present in greater
proportion.

Study of the adsorption of pivalonitrile. In previous papers it
has been shown that very weak bases such as nitriles (CN) can
be used for the study of strong Lewis acid sites.27,28 The CN
group interacts with a cation or OH group on the catalyst
surface, shifting the CN stretching band in agreement with the
acid site strength. Meanwhile, interactions with the free OH
groups produce a shift of the sharp nOH band to lower wave-
numbers, as a measure of the Brönsted acidity.

Taking into account the above comments, the FT-IR spectra
arising from pivalonitrile adsorption for all Fe–Ga oxide
samples (previously activated at 673 K) before and after
outgassing at r.t. are compared in Fig. 8A and B, respectively.
Only a band at 2235 cm21 is found in the FT-IR spectrum
for pivalonitrile vapor (Fig. 8A), which shifts toward higher
wavenumbers and loses intensity significantly after interacting

with the samples with a Ga content v0.5 (Fig. 8A, a–b). For
higher Ga contents, an additional band appears at about
2268 cm21, which shifts to higher wavenumbers with increasing
Ga content, and becomes more intense than that at 2236 cm21

for the Ga oxide sample where a splitting is observed
(Fig. 8A, g). By comparison with the pivalonitrile vapor
spectrum (Fig. 8A), the bands can be related to physisorbed
pivalonitrile species (2244 cm21) and to an interaction with a
unique Lewis acid site (2274 cm21), except for the Ga oxide
sample where at least two types of Lewis acid sites are found at
2278 cm21 and 2268 cm21. These data are in good agreement
with the picture shown in the OH group study. After
outgassing at r.t. (Fig. 8B), samples with a low Ga content
(Fig. 8B, a–c) do not show the band at lower wavenumbers
suggesting the elimination of physisorbed pivalonitrile. On the
other hand, in the samples with high Ga content the band at
2274 cm21 remains and increases progressively in intensity
together with a small shoulder at 2239 cm21 for the Fe0.5Ga1.5

and Fe0.2Ga1.8 samples. Meanwhile, an additional strong band
appears at 2201 cm21 in the Fe1.0Ga1.0Oy sample. Further
temperature increases produce the disappearance of all bands
observed at 423 K. These data suggest that the strength of
Lewis acidity increases with the Ga content, situating the band
at 2274 cm21 between those reported previously for V2O5

(2280 cm21) and for TiO2 anatase (2265 cm21). Accordingly,
Lewis acid sites are weak because all pivalonitrile molecules are
evacuated in the 423–473 K temperature range.29

The mode of pivalonitrile adsorption is found to be vertical
as observed in Fig. 9A, where no perturbations are observed in
the CH stretching and deformation region between the peaks
corresponding to pivalonitrile vapor and the other ones.
Finally, FT-IR spectra in the OH stretching region are
compared after pivalonitrile adsorption at r.t. for all samples
in Fig. 9B. The nOH stretching band shifts to lower wavenum-
bers from 3650 cm21 for the Fe oxide sample (Fig. 9B, h) to
3350 cm21 for the samples with low Ga content (Fig. 9B, a).
This fact indicates the occurrence of Brönsted acidity on the
sample surface which tends to increase when the Ga content
increases29 up to the Fe0.5Ga1.5 sample. Moreover, for these
samples at least two types of Brönsted acid sites can be
identified at about 3500 and 3380 cm21 (Fig. 9B, d–f), while for
samples with high Fe content (Fig. 9B, b,c) the OH stretching
region appears fully unresolved in good agreement with the
crystallinity losses discussed in XRD analyses. For samples
with high Ga content (Fig. 9B, g), Brönsted acidity disappears
almost totally (Lewis acidity is predominant on the surface as
explained above) and Ga2O3 hydroxyl groups on the surface

Fig. 8 FT-IR spectra arising from pivalonitrile adsorption for all powders at r.t. before (A) and after outgassing (B). a) Fe, b) Fe1.8Ga0.2, c)
Fe1.5Ga0.5, d) Fe1.0Ga1.0, e) Fe0.5Ga1.5, f) Fe0.2Ga1.8 and g) Ga.
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are again observed in this region and are shifted upwards with
respect to those for the Fe2O3 sample (see Fig. 7). This behavior
was also observed in a-(Fe,Ga)OOH18 and it is related to the
ionic potential increase in the Ga3z cation which tends to make

the Ga–O bond distance and also the vibration frequency
between Ga and O atoms decrease.

Study of the methanol adsorption. Methanol molecules were
adsorbed on the surface of all FexGa12x samples in order to
deepen the knowledge of the reactivity of the Fe–Ga mixed
oxides. FT-IR spectra obtained for the Fe1.8Ga0.2 sample at r.t.
and after outgassing at different temperatures are compared in
Figs. 10 and 11, as a representative example. At r.t. a doublet
is found at 1033 and 1069 cm21 together with a band situated
at 1365 cm21 (Fig. 10a), which can be associated with the dOH

deformation and the nOH stretching bands of physisorbed
methanol vapor in good agreement with the data reported
by other authors.30,31 Moreover, the nOH stretching band of
surface OHs next to 3600 cm21 appears without significant
changes after methanol adsorption together with the nCH

stretching bands at 2800 and 2900 cm21 in the 2600–4000 cm21

region (Fig. 11). A slight increase of temperature produces the
sudden disappearance of the band at 1034 cm21, while that at
1067 cm21 does so progressively. In parallel, a doublet appears
at 1360 and 1370 cm21 as well as a very sharp band at
1590 cm21. Both features are associated with formate species,
nas(COO), d(CH) and ns(COO), respectively.32 On the other
hand, the surface hydroxyl region disappears as a result of the
interaction of methanol with the surface and a significant shift
is observed, with a wide band appearing at 3400 cm21. This
indicates the formation of H bonds and subsequent Hz loss
from the surface OH giving rise to methoxy species on the
surface. After heating at 573 K, methanol converts fully to
carbonate species and CO2 (Fig. 10g) and the surface hydroxyl
region appears well-defined again. The behavior observed for
other samples shows that the methanol–surface interaction is
stronger with increasing Ga content, with the dOH deformation
band of methanol vapor appearing at higher wavenumbers.
Nevertheless, the reactivity increases for low Ga contents,
the highest activity being found for Fe1.8Ga0.2 where formate
species are detected at 423 K.

These results indicate that Fe–Ga mixed oxides are suitable
catalysts for the total oxidation of volatile organic compounds
(VOCs). The increase in the activity of the Ga-doped samples
(with respect to the Fe pure oxide) seems to be related to the
increase in the Lewis acid strength, which implies that adsorbed
methoxy species undergo a stronger interaction with the
catalyst surface and are oxidized to CO2 via formate–carbonate
intermediates at lower temperatures. The presence of Brönsted
acid sites probably has no effect on the catalytic pathway
because methanol oxidation initiates with the H abstraction

Fig. 9 FT-IR spectra arising from pivalonitrile adsorption for all powders in the CH (A) and OH (B) stretching regions at r.t. a) Fe, b) Fe1.8Ga0.2, c)
Fe1.5Ga0.5, d) Fe1.0Ga1.0, e) Fe0.5Ga1.5, f) Fe0.2Ga1.8, g) Ga and h) Fe sample before the pivalonitrile adsorption.

Fig. 10 FT-IR spectra arising from methanol adsorption on the
Fe1.8Ga0.2Oy sample in the 900–2000 cm21 region at different tempera-
tures. a) Activation at 623 K, b) r.t., c) ev. 373 K, d) ev. 423 K, e) ev.
473 K, f) ev. 523 K and g) ev. 573 K (ev.~outgassing).

Fig. 11 FT-IR spectra arising from methanol adsorption on the
Fe1.8Ga0.2Oy sample in the 2600–4000 cm21 region at different
temperatures. a) Activation at 623 K, b) r.t., c) ev. 373 K, d) ev.
423 K, e) ev. 473 K, f) ev. 523 K and g) ev. 573 K (ev.~outgassing).
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from the hydroxyl group and formation of adsorbed methoxy
species on Lewis acid sites.

Conclusions

The main conclusions found in this study are summarized
below:

Fe–Ga mixed oxides synthesized by coprecipitation at
controlled pH give rise to solid solutions in the entire range
of Fe/Ga compositions, denoted as a-(Fe,Ga)2O3.

These solid solutions show good stability up to 800 uC and
for Fe/Ga ratiosv3, due to the a–b phase transition of gallium
oxide, which changes notably the structure.

Electronic spectra vary notably in intensity with increasing
Ga content as a consequence of the progressive diffusion of
Ga3z into the a-Fe2O3 structure.

FT-IR spectra confirm the occurrence of Fe–Ga solid
solutions with a significant broadening of all bands, which
does not allow one to identify the bands of the Fe or Ga oxide
spectra.

The surface of these materials is mainly made up of OH
groups on octahedrally coordinated and bridging cations, with
the latter being qualitatively more important, the FT-IR peaks
of which shift towards higher wavenumbers with increasing Ga
content.

Fe–Ga mixed oxides show weak Lewis acid sites whose
strength increases upon increasing the Ga content. Also,
Brönsted acid sites are present as indicated by the shifting of
the band at 3600 cm21 to 3300 cm21 for the a-Ga2O3 sample,
as a consequence of the formation of H bonds.

Methanol adsorption shows that samples with low Ga
content exhibit higher reactivity, with the the methanol-to-
formate conversion detected at 423 K, almost 80 K lower than
for the other samples.
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