JOURNAL OF MATERIALS SCIENCE 40 (2005) 2013—-2021

Solid state characterization of coprecipitated
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Powders with composition (Al,Ga 1_4),03 ( x =0, 0.25, 0.50, 0.75, 1) have been prepared by
coprecipitation from aluminum nitrate and gallium nitrate and have been charaterized after
drying at 373 K and calcination at 673, 1073 and 1473 K, using XRD, DTA, FT-IR and diffuse
reflectance UV-VIS and BET surface area and porosity measurements. At 373 K Al
compounds are essentially amorphous and for the Gag 75 Alg.os5 sample a solubility of 12%
of AI** in the diaspore type «-GaOOH has been calculated. In samples calcined at 673 and
1073 K for the Al-rich ones a poorly crystalline defective spinel-type phase y-Al,03 has
been found while the Ga-rich materials are composed of the metastable corundum type
phase «-Ga,03 and the thermodynamically 8-Ga,03 at 673 and 1073 K respectively. Al3*
added to «-Ga,03 tends to hinder the « — B phase transition of gallium oxide. At 1473 K
mixed oxides give rise the thermodynamically stable «-Al,O3; and 8-Ga,03; phases.
Reciprocal solubilities of Ga and Al in their oxides have been calculated.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

At least three polymorphs of gallium oxide are reported
and largely described in the literature. In contrast to
what happens for the oxides of other trivalent elements
such as Al, Fe and Cr sesquioxides, the corundum type
hexagonal phase «-Ga; O3, which is fequently reported
to be formed at low temperature [1, 2], is not thermo-
dynamically stable. The “disordered” cubic defective
spinel -Ga;Oj is also reported to exist as a metastable
phase [3] and considered to be isostructural with y-
Al;O3. The thermodynamically stable form of gallia
is B-Gay O3 [4, 5], whose structure derives from a de-
fective spinel structure but cations and vacancies are
ordered and monoclinic distortion occurs. S-Ga,0O3
is isostructural with 8-Al,O3, which is, in contrast, a
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metastable form of alumina. Gallium oxide has been
proposed as a main component of gas sensors due to its
semiconducting properties [6, 7], as transparent con-
ductor [8, 9] and as a phosphor due to its luminescent
properties [10].

Alumina gallia mixed oxides are today the object of
increasing interest in the field of heterogeneous catal-
ysis. They have in fact been reported to be excellent
catalysts for the selective catalytic reduction of nitro-
gen oxides by methane [11] and for alkane selective de-
hydrogenation [12—15]. According to high-temperature
studies, the solubility of gallia in corundum is limited
to less than 20% at/at, while the solubility of alumina in
B-Ga,0sis larger, up to more than 70% at/at [16]. On
the other hand, most of alumina-gallia systems used in
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catalysis are prepared by impregnation (i.e., are consti-
tuted by alumina-supported gallia) or are poorly crys-
talline gamma-type phases.

Following a systematic study on mixed oxides of
trivalent elements prepared in powder form, we in-
vestigated recently the GayO3/Fe;O3 [17] and the
Gay03/Mn, 03 systems [18]. We previously found that
a complete solubility exists between «-Ga;03, and a-
Fe, 03, but that the corundum type solid solutions con-
vert into 8-Gay O3-type solid solutions for Ga rich com-
positions, while they are stable in the alpha form for Fe
rich compositions. Interestingly, the equimolar compo-
sition is a monophasic alpha-phase at 673 K, splits into
an alpha phase and a beta phase at 1073 K and is again
monophasic with the perovskite GaFeOs; structure at
1273 K. In the case of the Ga;03/Mn,0O; system we
found that the presence of Mn ions tends to favor the
formation of the 8-Ga;O3 phase also at low tempera-
ture and that a large solubility of Mn>* in this phase
occurs with a decrease of the cell volume. In contrast,
the presence of Ga®* tends to favor the formation of
the spinel Mn30O,4 with respect to Bixbyite «-Mn,Os.

To complete our investigation on the mixed oxides of
trivalent elements, we reconsidered the Ga;03/Al,03
system which has already been the object of several
studies.

2. Experimental

Al-Ga mixed oxides, denoted as (Al,Ga;_,),03 (with
x = 0, 0.25, 0.50, 0.75 and 1), have been prepared
by a coprecipitation method from AI(NO3)3; 9H,0 and
Ga(NO3)3-9H,0, adding ammonium hydroxide until
pH ~ 8, then aged for 24 h under continuous stirring
and gentle heating, washed with distilled water, dried
overnight at 373 K and milled. Portions of each sample
were taken and calcined for 3 h at 673, 1073, 1473 K
in a Nabertherm furnace.

The XRD analyses have been performed on a
Siemens D-500 Diffractometer (Cu K radiation, Ni fil-
ter; 30 mA, 40 kV) equipped with the Diffract AT V3
software package. Cell parameters were calculated with
adedicated least square software. Particle size were cal-
culated according to the Scherrer formula [19].

DTA analyses were performed in dynamic air at-
mosphere from 298 to 1373 K with heating rates of
10 K/min on a Perkin Elmer DTA instrument.

FT-IR spectra were recorded in the range 4000—
400 cm~! with a Nicolet Avatar 360 spectrometer using
the KBr dilution technique. DR-UV-Vis spectra were
obtained with a Shimazdu 2401 PC instrument with a
BaSO, reference.

Specific surface areas were measured by N, adsorp-
tion at the liquid nitrogen temperature (77 K) on a con-
ventional volumetric apparatus according to the BET
method. From the desorption branch of the isothermal
representation, the pore size distribution was estimated
by the BJH method [20].

3. Results

3.1. Characterization of the precipitates

The structural parameters of the precipitates, together
with those of the calcined oxides are summarized in
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Figure 1 XRD patterns of the precipitates: (a) Al Gay, (b) Alp.75Gag 25,
(c) Alo.50Gag 50, (d) Alg.25Gag 75, and (e) AlpGay.

Table I. Chemical analyses, performed on the oxides
calcined at 1073 K, provide evidence for the presence
of an excess of Al with respect to the nominal ones in
all mixed preparations.

In all XRD patterns of the precipitate, sharp diffrac-
tion peaks characteristic of ammonium nitrate (ICDD
file no 8-0452) are observed in all case except Ga. In the
XRD patterns of the pure Ga and Gag 75 Alg 5 materials,
Fig. 1, the ®-GaOOH phase (Diaspore-type, ICDD file
no 26-0674) is observed, whereas Al-rich precipitates
are amorphous in all samples. Calculated cell param-
eters for the «-GaOOH phase decrease slightly in the
mixed material, which indicates the formation of a solid
solution of AI** ions into the Ga hydroxide. According
to Vegard’s law [21] and the literature cell parameters
of pure -AlIOOH (diaspore) a solubility of 12% is cal-
culated from a parameter. This value is notably lower
than the Al content of this sample, which indicates that
an amorphous (XRD undetected) Al compound also
segregates as an additional phase.

The overall aspect of the FT-IR spectra for these ma-
terials (Fig. 2) is rather complex due to the large amount
of different species present. However, some consid-
erations can be made. Thus, bands appearing above
2800 cm™! (not shown) are characteristic of stretching
modes of NH: and OH species. A very intense band at
about 1390 cm~! and another sharp one at 830 cm™!
are assigned to the v(NO) and §(ONO) modes of ni-
trate groups, respectively, according to the presence
of ammonium nitrate in the samples. A sharp band at
1720 cm~! is attributed to the symmetric deformation
mode of ammonium cations, (Ssy(NHI). The main dif-
ferences among the spectra are found in the region be-
low 1200 cm~! characteristic of MO and OH lattice
vibrations in the oxo-hydroxides.

Thus, in the spectrum of the pure Al sample (Fig. 2a)
absorptions at 740, 614 and 480 cm™' are in com-
plete agreement with those reported in literature for
a complex Al and ammonium hydroxide precipitates
[22]. The higher number of the OH in plane defor-
mation bands (appearing here at 1070, 1051, 970 and
890 cm~!) and their shifts with respect to those in the
reference work are probably due to the different com-
position of the Al hydroxide.



TABLE I Structural characteristic of the Al-Ga samples

Cell parameters A

Al/Ga Volume Crystal
Sample T (K) atomic ratio Phases a b c A% size (A)
Al Gay As obtained amorphous
Aly75Gag o5 amorphous
Aly.s0Gag 50 amorphous
Alp25Gag 75 amorphous 4.5493 9.7548 2.9531 131.05 334
GaOOH
AlpGa, GaOOH 4.5695 9.8105 2.9734 133.29 279
A1|Ga0 673 )/—A]203
Al 75Gag 25 y-AlL O3
Alg 50Gao 50 y-AlL O3
Alg25Gag 75 a-Gap O3 4.9568 13.3677 284.44 171
AlpGa, a-Gap O3 4.9787 13.4322 288.34 190
Al;Gag 1073 0 y-Al, O3 7.9028 493.56 94
Alp.75Gag 25 3% 4.48% y-Al, O3 7.9439 501.30 70
Al 50Gag 50 1*1.61F y-Al, O3 8.0222 516.27 67
Alp25Gag 75 0.33% 0.53% B-Gay03 12.1892 3.0199 5.7886 206.78 244
(103.96)
O(—G3203 364
AlpGa; 0 B-Ga,03 12.2604 3.0326 5.8077 209.72 260
(103.77)
Al;Gag 1473 a-Al,O3 4.7558 12.9741 254.13 546
Alp.75Gag 25 a-Al,O3 47861 13.0400 258.68 592
B-Gay O3
Alp.s0Gag 50 B-Gay O3 11.5951 2.9892 5.8854 195.80 478
(106.29)
Alp25Gag 75 B-Gay O3 12.0086 3.0006 5.7294 200.51 401
(103.78)
AlpGa; B-GayO3 12.1905 3.0439 5.7888 208.64 462
(103.75)

NH4NOj3 (ICDD file no 8-0452): a = 4.942 b = 5.438 ¢ = 5.745 (Orthorhombic).
GaOOH (ICDD file no 6-0180): a = 4.580 b = 9.800 ¢ = 2.970 (Orthorhombic).

y-Al,O3 (ICDD file no 29-0063): a = 7.924 (Cubic).

«-Gap03 (ICDD file no 74-1610): a = 4.9825 ¢ = 13.4330 (Rhombohedral).

B-Ga, 03 (ICDD file no 76-0573): @ = 12.2300 b = 3.0400 ¢ = 5.8000 8 =103.7 (Monoclinic).
«-Al,O3 (ICDD file no 82-1468): a = 4.7589 ¢ = 12.9919 (Rhombohedral).

0-Ga, 03 (ICDD file no 35-0121): @ = 5.620 b = 2.906 ¢ = 11.790 8 = 103.79 (Monoclinic).

(*) Nominal atomic ratio.
(™) Experimental atomic ratio.

When Gais added up to a 50% limit (Fig. 2b and c) the
component at 740 cm~! gradually shifts to 707 cm™!
and that at 614 cm™! increases greatly in intensity and
shifts to 555 cm™!, whereas at 480 cm™! completely
disappears. These facts probably evidence the partial
solubility of Ga into the amorphous Al hydroxide phase.
In parallel, a broad band develops at 953 cm™! with
a shoulder at 1050 cm~!: these bands probably evi-
dence the beginning of the crystallization of the oxy-
hydroxide phase. The features in the vibrational spec-
tra change dramatically by further addition of Gallium.
Thus, the spectrum for the pure sample (Fig. 2e) dis-
plays absorption bands at 1011, 954, 690, 640, 506 and
415 cm™!, in very good agreement with those reported
in literature for the «-GaOOH phase [23, 24]. The spec-
trum for the mixed sample Aly,5Gag7s (Fig. 2d) is
much less resolved due to the partial replacement of
Ga’* cations by AI’* ones within the GaOOH lattice
and the likely presence of amorphous material.

An extensive discussion on the predicted vibrational
modes for an x-MOOH compound with goethite or di-
aspore structure (orthorhombic unit cell, in space group
Pbnm = Déﬁ (no 62), Z = 4) has been reported by
Gallardo Amores et al. [25] as well as in previous stud-

ies [26, 27]. According to that work, we propose all
of our samples are composed by goethite like com-
pounds, being the shifts in the bands due to the differ-
ent electronegativities of Al and Ga and bond lengths
(neglecting the effects of particle aggregations). The
bands below 750 cm™! are related to MO stretches of
MOg octahedra; those in the range 950-1100 cm™! to
in plane OH deformation modes.

DTA curves recorded in air for the precipitates previ-
ously dried at 100°C are shown in Fig. 3. The Ga-free
and mixed precipitates (Fig. 3a—d) present a broad en-
dothermic step in the range 100-260°C, attributed to
desorption of adsorbed water, NH; and NO, species,
and then a very intense and sharp exothermic peak at
300°C for the pure Al sample and shifted to lower tem-
perature (280°C) for the mixed samples. According to
literature data [28] and XRD analyses, that is associ-
ated with the NH4NO3 decomposition. In the case of
the Alg25Gag 75 and Al-free compounds (Fig. 3d and e)
a clear endothermic peak is observed at 420 and 410°C
respectively, assigned to oxyhydroxide «-GaOOH de-
composition give rise to o-Ga;O3 [22]. These data
show that AI*T tends to hinder the «-GaOOH to «-
Ga,Osphase transition.
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Figure 2 FT-IR spectra of the precipitates: (a) Al; Gay, (b) Alp.75Gag 25,
() Alp.s0Gag 50, (d) Alo.2sGag 75, and (e) AlpGay .
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Figure 3 DTA curves of precipitates powders: (a) Al;Gag, (b)
Al .75Gag 25, (¢) Alp.50Gag 50, (d) Alg.25Gag 75, and (e) AlpGay.

The DTA curve relative to the Ga pure sample
(Fig. 3e) show a quite different picture. In fact, the sam-
ple after drying appears like «-GaOOH phase, which
decomposes to metastable form «-Ga,O3 at 410°C K.
Finally a weak exothermic feature is detected at 720°C,
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Figure 4 XRD patterns of the oxides calcined at 673 K: (a) Al; Gay, (b)
Al 75Gag 25, (¢) Alp.s0Gao 50, (d) Alg.25Gag 75, and (e) AlpGay.

which is associated with the phase transition from
a-GayO3 toward its thermodynamically stable form,
ﬂ—GazO3.

3.2. Characterization of the mixed oxides
3.2.1. XRD

The X-ray diffraction patterns of the samples calcined
at 673 K are shown in Fig. 4. The broad features in
the patterns for the Al-rich materials (Fig. 4a—c) corre-
spond to a poorly crystalline defective spinel-type phase
y-Al,03 [29, 30] ICDD file no 29-0063). The Ga-rich
materials (Fig. 4d and e) are, conversely, highly crys-
talline and are composed of the corundum type phase
«-Gay 03 (ICDD file no 74-1610). Its characteristic re-
flections are notably shifted towards higher d-spacings
for Gag 75Alp 25 in the mixed sample (with the respect
to the pure one) according to the dissolution of AlI**
cations within the corundum type structure. The solu-
bility calculated with Vegard’s law from the a parameter
is 10%, the value calculated from ¢ parameter is slightly
higher (15%). Both values are significantly lower than
the experimentally measured Al content in the sample,
which suggests co-presence of another Al-rich amor-
phous phase in order to fulfill the nominal composition
of the material. No additional peaks characteristic of a
long range arrangement of A1+ and Ga* cations in the
solution phase are detected in the diffraction pattern of
the Alp25Gag 75 sample (Fig. 4d), which indicates that
the replacement of both cations is random.

In Fig. 5 the diffraction patterns of the oxides cal-
cined at 1073 K are reported. In those of Al-rich mate-
rials (Fig. Sa—) y-Al,O3 appears as only phase with a
slightly higher degree of crystallinity than in the sam-
ples calcined at 673 K. No traces of other alumina va-
rieties, like 6 or 7, are detected both in the pure and
the mixed samples. An increasing of the a cell param-
eter (Table I) and consequently a systematic shift of
the reflections to higher d-spacings is observed upon
increasing the Ga-content, according to the difference
between the ionic radii of A’ and Ga’* (0.50 and
0.62 A, respectively). This fact indicates that Ga enters
the spinel-type structure in a substitutional solid solu-
tion. The pure Ga sample (Fig. 5e) is composed of the
thermodynamically stable 8-Ga, O3 phase (ICDD file
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Figure 5 XRD patterns of the oxides calcined at 1073 K: (a) Al;Gay,
(b) Alg.75Gag .25, (c) Alg.s0Gag 50, (d) Alp25Gag.75, and (e) AlgGa;.

no 76-0573). Doping with AI** (Fig. 5d) results in the
minority formation of the «-Ga, 03, evidencing the in-
hibiting effect of Al on the thermodynamically driven
o — f phase transition of gallium oxide. An anal-
ogous behavior has been previously reported for the
Fe;03-Ga,03 system [14]. A solid solution of A’
is also formed for the 8 variety as deduced from the
shifts of its reflection peaks to higher d-spacings in the
pattern for the Gay7s Algys mixed sample (Fig. 5d).
Vegard’s law has been applied taking as a reference for
6-Al,03 the ICDD card no 35-0121 (monoclinic sym-
metry, space group A2/m [12]). Thus, a value of 15% of
Alinto 8-Ga, 03 is calculated. It must be also taken into
account that the «-phase observed in the same graphic
very likely corresponds to a (Al, Ga), O3 composition.
Therefore, the solubility of Al into Ga oxide definitely
increases at 1073 K.

At 1473 K aluminum oxide has undergone the y —
o structural transition. It is detected for Ga-content up
to 25% (Fig. 6a and b). The unit cell of «-Al,O3 ICDD
file no 82-1468) expands upon adding Ga, evidencing
the formation of a solid solution phase. Solubility cal-
culated from a parameter is approximately 14%. On the
other hand, -Ga; O3 is the only gallium oxide detected
in all samples up to a 75% Al composition (Fig. 6¢c—e).
This agrees with the high temperature data reported by
Mizuno et al. [13].
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Figure 6 XRD patterns of the oxides calcined at 1073 K: (a) Al;Gay,
(b) Alp.75Gag.2s, (¢) Alg.s0Gag 50, (d) Alo25Gag 75, and (e) AloGa;.

The solubility of Al into this phase, evaluated from
the Vegard’s law, is almost total (31%) in the sam-
ple Alp25Gag7s and reaches a limit of 40% in the
Algs0Gag sosample. These data show that reciprocal
solubilities are strongly enhanced by increasing the
treatment temperature. Opposite to the Ga-Fe [14] sys-
tem, no binary compounds are obtained by high temper-
ature reaction between Al and Ga oxides, in agreement
again to previous studies [16].

3.2.2. Skeletal FT-IR spectroscopy
The vibrational spectra of the samples calcined at 673 K
are compared in the range 1200400 cm~! in Fig. 7.
That for the pure Al sample (Fig. 7a) is typical of y-
alumina [31, 32], in agreement with XRD data. It dis-
plays a broad absorption in the region 500—-1000 cm ™",
which is characteristic of aluminas with spinel related
structures [11, 33] and it is assigned to AlO4 tetrahe-
dra [34]. Components are located at approximately 480
(sh), 615 (maximum), 735 (sh) and 900 cm™! (sh). An
additional band at about 1070 cm™!, which is not de-
tected in the other samples of the series, could be related
to the presence of traces of Al hydroxide not detected by
XRD analyses. When Ga** is added up to 50% limit
(Fig. 7b and c), the spectra become more unresolved
and the bands tend to shift to lower wavenumbers. The
same effect has been reported for related systems [3,
35] and is attributed to the dissolution of Ga** into
alumina.

On the other side of the compositional range, the
spectrum of the pure Ga sample (Fig. 7e) displays
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Figure 7 FT-IR spectra of the oxides calcined at 673K: (a) Al;Gay, (b)
Al .75Gag 25, (€) Alp.50Gag.50, (d) Alp.25Gag 75, and (e) AlpGay .
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absorptions at 420, 515, 577, 660 cm~!, Accord-
ing to XRD analyses, it corresponds to the a-Ga,03
phase. The hexagonal-rhombohedral «-M;0O3; com-
pounds crystallize in the ng = R3c group with two
formula units per unit cell [1]. The analysis of the factor
group predicts six IR-active fundamental modes [36].
However, the interpretation of skeletal IR spectra of
powders is complex due to the sensitivity to crystal
shape, particles aggregation and matrix material. By
comparison with the spectra of single crystals of «-
Al,O3 [37] and «-Fe,O3 [38] as well as powder sam-
ples [15] the following assignment of the bands in the
spectrum of «-Gay O35 is proposed: v4 (symmetry Ey) at
420 cm™!, vs (Ey) at 515 ecm™, vy (Apy) at 577 cm™ !,
v (E,) at 660 cm™!.

The spectrum of the mixed oxide containing 25%
nominal Al (Fig. 7d) is much less resolved and dis-
plays a broad absorption at higher wavenumbers, i.e.
up to 950 cm~!. We attribute the latter feature to the
co-presence of a spinel-type Al-rich phase which es-
capes XRD analyses rather than to fundamental modes
in particle with extreme morphologies. However, the
solid solution «-(Al,Ga), 03 phase must be still present
as the maximum of the main absorption falls very close
to that of the «-GayOs.

The skeletal spectra of the Al-rich samples calcined
at 1073 K (Fig. 8a—c) are very similar to those of the
samples calcined at 673 K. That for the pure sample
(Fig. 8a) displays a broad absorption in the region 500—
950 cm~! and is typical of y-Al,Oj3, though the main
maximum is shifted to 560 cm~! and the shoulder near
500 cm~! is more pronounced maybe as a result of
the enhanced crystallinity or to higher homogeneity in
the morphology of the material. When Ga’* is added
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Figure 8 FT-IR spectra of the oxides calcined at 1073: (a) Al;Gay, (b)
Alg.75Gag 25, (¢) Alp.s0Gag 50, (d) Alp.25Gag 75, and (e) AlpGay .
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(Fig. 8b and c), the features in the spectra shift slightly
downfield according to the formation of the solid so-
lution of Ga** cations in the corundum type structure.
Further addition gallium leads to dramatic changes in
the spectra. Thus, that for the gallium pure sample
(Fig. 8e) displays absorptions at 755, 685 and 476 cm™!
and is in good agreement with those reported in litera-
ture for B-Gay 03 [39, 40]. The components in the re-
gion 400-600 cm~! correspond to bending vibrations
whereas those above 600 cm™! are assigned to GaO,
tetrahedral stretching modes [20]. In the spectrum of
the Aly5Gag 75 sample (Fig. 8d), the bands are signif-
icantly shifted to higher wavenumbers and broadened
due to the formation of the a random solid solution of
AP* in 8-Ga,0;. The enlargement of the absorption at
t0 900 cm ™! points out the co-presence of the corundum
type structure detected by XRD.

3.2.3. Electronic spectra

The electronic spectra of the oxides calcined at 673 K
are shown in Fig. 9. That of the pure Al sample (Fig. 9a)
displays an absorption edge below 240 nm with a max-
imum 210 nm and residual absorption up to 320 nm.
No transitions in the visible region are observed due
to the 2s?p® configuration of AI**. According to litera-
ture, this spectrum is characteristic of y-Al,O3 and the
energy gap calculated (5.18 eV) is very close to that pre-
viously reported [41]. y-Al,O3 has a defective spinel
structure which A3+ cations present both octahedral
and tetrahedral coordination. Thus, the main band in
the spectrum is related to O~ — AI’* charge transfer
transitions and the residual absorption at higher wave-
lengths might be related to the low crystallinity of the
sample. When a 25% gallium is added (Fig. 9b), a more
pronounced maximum shifts slightly to lower energies
is observed and the residual absorption next to the main
component increases moderately. These facts evidence
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Figure 9 DR-UV spectra of the oxides calcined at 673K: (a) Al;Gay,
(b) Alg75Gag .25, (¢) Alg.s0Gag .50, (d) Alo25Gag 75, and (e) AlgGa;.



the formation of a solid solution phase, which results
in the distortion of the structure (as observed by XRD).

On the other side of the compositional range, the
spectrum of the pure gallium sample (Fig. 9e), com-
posed after XRD by the «-Ga; O3 phase, exhibits an ab-
sorption edge centered at 230 nm together with a weak
absorption tail at higher wavelengths. In the corun-
dum structure of «-GayOs3, gallium ions occupy only
octahedral holes. A discussion on the dependence on
the symmetry of charge transfer transitions in zirconia
polymorphs (one of which has a cubic structure with
the metal in octahedral coordination, as the corundum
structure) has been previously published [42]. Accord-
ing to the reference work, and assuming that bonding
in gallium oxide is mainly ionic, the main band in the
spectrum is attributed to a charge transfer transition
from approximately the 2p level of O%>~ to the €, shell
of Ga’*. Doping with Al (Fig. 9c and d) gives rise to
the shift of the absorption maximum below 200 nm (i.e.
beyond our detection range) and to a systematic strong
enhancement of a second component at higher wave-
lengths. All these facts can be interpreted on the basis
of the significantly lower crystallinity of the solid solu-
tion phase of Al into 8-Ga;03. The notorious shift in
the position of the main band must be due to a great dis-
tortion of the structure and electronic distribution when
AI** enters the lattice and the occurrence of the sec-
ond component is related to the loss of the degeneracy
of the molecular levels subsequent to the change to a
lower symmetry form [22].

The spectra of the oxides calcined at 1073 K (reported
in Fig. 10) follow a more definite trend. In that of pure
Al sample (Fig. 10a), composed after XRD of the de-
fective spinel y-Al,O3, the main band due to O?>~ —
AT charge transfer transitions falls now below 200 nm
and only residual absorption is observed throughout the
UV region. These changes are likely related to the pres-
ence of small amounts of transitional aluminas (like
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Figure 10 DR-UV spectra of the oxides calcined at 1073 K: (a) Al; Gay,
(b) Alp.75Gag.2s, (¢) Alg.s0Gag 50, (d) Alo25Gag 75, and (e) AloGa;.

0- or §-Al,03) not detected by XRD. In fact, the en-
ergy gap of alumina increases systematically as long
as the y — o phase transition occurs. Typical values
reported in literature are about 7 eV for y-Al,O3; and
8.8 eV for corundum [21]. Addition of gallium (Fig. 10b
and c) results in shifting both the absorption edge and
tail to lower energies due to lower crystallinity and to
the formation of the solid solution phase. The spectrum
of the pure gallium sample (Fig. 10e) displays a broad
absorption band below 270 nm. The differences with
respect to the pure material calcined at 673 K (Fig. 9¢)
are probably due to that in the former AI’T exists in both
tetrahedral and octahedral coordination (in fact, tetrahe-
dral coordination is predominant). The spectrum of the
Alg25Gag 75 sample (Fig. 10d) is dramatically changed,
as the absorption tail above 270 nm increases signifi-
cantly in intensity. That is attributed mainly to the for-
mation of a very distorted corundum type a-(Al,Ga), O3
solid solution phase detected by XRD, as previously
explained.

These spectra clearly evidence that the formation of
solid solution greatly change the electronic properties
of the materials with respect to the pure phases. This is
specially stressed in the case of the Al-doped gallium
oxides.

3.2.4. Specific surface area trend

The morphological characteristics of the samples cal-
cined at 673 and 1073 K are compared in Table II. The
mixed oxides calcined at 673 K present relatively high
specific surface areas in the range 150-230 m?/g, except
the pure gallium sample, whose surface area is notably
lower (50 m?/g) according to its high crystallinity. The
addition of gallium to alumina results in a moderate de-
crease of the pore volume available to the gas (from 227
to about 170 m?/g), in spite of the lower crystallinity of
the solid solution phases, as observed by XRD.

The isothermal plots of the pure Al and Ga sam-
ples (not shown here) correspond to the type IV of the
BDDT classification [43], characteristic of non porous
or macroporous materials, with an H2-type (according
to the IUPAC classification) hysteresis loop which is
typical of most inorganic oxides with undefined pore
sizes distributions and shapes. When gallium is added
up to 50% limit, the hysteresis loop tends to disappear

TABLE II Morphological characteristics of the samples calcined at
773 and 1073 K

Surface Pore Pore mean
Temperature area volume diameter
Sample (K) (m%/g) (ml/g) (nm)
Al Gay 673 227 0.14 1.68
Aly75Gag 25 157 0.08 0.63
Alg.50Gao 50 167 0.06 1.08
Al 25Gag 75 171 0.09 1.60
AlpGa, 50 0.11 1.56
Al Gay 1073 147 0.19 2.09
Alg75Gag 25 98 0.07 1.61
Aly.s0Gag 50 108 0.11 1.61
Al 25Gag 75 64 0.07 1.71
AlpGa,; 24 0.03 2.05
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(according to the lower surface area of the samples) and
the isothermal profiles turn consequently into the type
II, associated to low-porosity absorbents.

Calcination at 1073 K gives rise to a decrease in the
specific surface areas, as expected, and now range from
147 m?/g for the pure Al sample to 24 m?/g for the pure
Ga one. The areas of the mixed materials follow the
same trend as above, i.e. they decrease with respect to
the pure Al sample but they are significantly higher than
that of the pure Ga sample. A moderate shift of the pore
mean diameter to higher values (1.60-2.10 nm) is also
observed.

The isothermal plots correspond to the type IV of the
BDDT with an H2-type hysteresis loop except for the
pure gallium sample which present an profile II.

4. Conclusions

The data reported above show that Al compound precip-
itates and dried at 373 K are essentially amorphous in all
samples, whereas in the pure Gallium and Gag 75Alg 25
materials The diaspore-type phase GaOOH is observed.
In the mixed sample AI** into the Ga hydroxyde gives
rise a solid solution.

The samples calcined at 673 K correspond to a poorly
crystalline defective spinel-type phase y-Al,O3 for the
Al-rich compounds and a metastable corundum-type
phase - Ga,Osfor the Ga-rich ones. By calcination at
1073 K y-Al,Osis also observed as only phase with a
slightly higher degree of crystallinity than in those cal-
cined at 673 K, while the pure Ga sample is composed
of the thermodynamically stable 8-Ga,Osphase. The
addition of aluminum (25% at/at) results in the stabi-
lization of « — B phase transition of gallium oxide but
a minority formation of the «-Ga,Osis detected.

Calcination at 1474 K pure and mixed oxides giverise
the thermodynamically stable «-Al,O3 and B-Ga;0s
phases. Gallium and Aluminum prove a reciprocal sol-
ubility in their oxide and hydroxydes compounds. The
nominally 1:1 oxide, which has a significant excess of
Al (Al/Gaau.r. 1, 6) still is detected as 8-Ga, 03, 6-Al,03
phase

The specific surface areas of the pure Al and mixed
oxides calcined up to 1073 K are characteristic of meso-
porous materials, thus present relatively high specific
surface area due to the poorly crystalline defective
spinel-type phase y-Al,O3 presence. The addition of
gallium to alumina generally results in a decrease of the
surface area values, becoming for the pure Ga notably
lower than those, according to its high crystallinity.
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