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In constant, search for micro/mesoporous materials, gallium phosphates, have attracted continued inter-
est due to the large pore size reported for some of these solids in comparison with analogous aluminum
phosphates. However up to now, the porosity of gallium phosphates collapsed upon template removal or
exposure to the ambient moisture. In the present work, we describe high-surface thermally stable mes-
oporous gallium phosphates synthesized from gallium propoxide and PCl3 and different templating
agents such as amines (dipropylamine, piperidine and aminopiperidine) and quaternary ammonium salts
(C16H33(CH3)3NBr and C16PyCl). These highly reactive precursors have so far not been used as gallium and
phosphate sources for the synthesis of gallophosphates. Conceptually, our present synthetic procedure is
based on the fast formation of gallium phosphate nanoparticles via the reaction of gallium propoxide
with PCl3 and subsequent construction of the porous material with nanoparticles as building blocks.
The organization of the gallophosphate nanoparticles in stable porous structures is effected by the tem-
plates. Different experimental procedures varying the molar composition of the sol–gel, pH and the pre-
treatment of gallium precursor were assayed, most of them leading to satisfactory materials in terms of
thermal stability and porosity. In this way, a series of gallium phosphates with surface are above
200 m2 g�1, and narrow pore size from 3 to 6 nm and remarkable thermal stability (up to 550 �C) have
been prepared. In some cases, the structure tends to show some periodicity and regularity as determined
by XRD. The remarkable stability has allowed us to test the catalytic activity of gallophosphates for the
aerobic oxidation of alkylaromatics with notable good results. Our report reopens the interest for gallo-
phosphates in heterogeneous catalysis.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The synthesis of porous phosphates received much interest
since Wilson et al. discovered the microporous crystalline alu-
minophosphates [1]. Soon after that, Parise [2–5] extended the
synthesis of these phosphates to gallium phosphates. Structural
analogues of AlPO molecular sieves were synthesized using the
structure-directing agent protocol [6]. Over the time, a large family
of open-framework phosphate-based structures has been reported
[7] of which gallium phosphates were extensively investigated.
Since the first structures were synthesized [2], the exploration of
gallophosphates via the fluoride method [8] led to the discovery
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of a large architectural diversity of open-framework structures
including the extra-large pore cloverite [9] and DIPYR-GaPO [10]
structures, the Mu-n [11–14], ULM-n [15] or cyclam-GaPO [16]
types. In these solids, gallium can adopt 4-, 5- or 6-fold
coordination.

Different routes have been used to prepare gallium phosphates
[17] such as the hydrothermal treatment of a gallophosphate mix-
ture containing water, an organic structure-directing agent and
fluoride. Fluoride was found in the synthesized material as termi-
nal Ga–F groups or occluded in small structural units, acting as a
stabilizer of the building units [18]. Among the preparative vari-
ables considered to improve the stability of these materials were
the nature of gallium and phosphorous precursors. In most of the
studies, Ga2O3 or GaO(OH) was considered as a gallium source
and H3PO4 or P2O5 as a phosphorous source [19]. Ionothermal syn-
thesis of microporous gallium phosphates [20,21] has also been re-
ported for LTA structures. These syntheses were carried out via a
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hydrothermal treatment using an ionic liquid (IL) [[Emim]Br or a
deep-eutectic solvent composed of choline chloride and tetrahy-
dro-2-pyrimidinone] as structure-directing agent and fluorhydric
acid. These results indicated that higher reaction temperature
was beneficial to crystal formation and attributed this effect to
the lower viscosity of IL and high growth ratio of the crystal at
the optimized temperature.

Experiments done by Caro’s group [22] for the synthesis of
GaPO4-LTA following Kessler’s method [23] showed that under
the applied hydrothermal conditions, the first stage is the forma-
tion of quartz-type GaPO4 that then transforms into zeotype
GaPO4-LTA.

Nevertheless, several works also described the preparation of
gallium phosphates in the absence of fluorine [24]. Wragg and
Morris [25] reported the synthesis of a gallium phosphate D4R unit
containing occluded oxygen by a solvothermal method using a
mixture of pyridine and water as the solvent. It shows an ionic
structure containing discrete [H8Ga4P4O21]2� anions hydrogen-
bonded into an open structure with pyridinium ions as the charge
balancing cations. This structure was obtained using phosphoric
acid, gallium sulfate, and pyridine as reactants. Surprisingly, simi-
lar synthetic procedures containing fluoride failed to form materi-
als containing the D4R unit.

Various mesoporous oxides, sulfides, and phosphates have been
synthesized based on surfactant templating strategy [26–28]. It is
usually considered that synthesis of these materials follows differ-
ent self-assemble mechanisms, and templates used in the prepara-
tions could control their structures and morphologies [29–31].
Therefore, choice of templates becomes a key issue for synthesis
of these mesoporous materials. The organic templates used to pre-
pare ordered gallium phosphates structures led to a wide range of
atomic arrangement types including isolated clusters, chainlike
structures, layered networks and three dimensional frameworks
[24]. Among the various organic structure-directing agents, diam-
inoalkanes exhibit the strongest templating effect [32]. Amphi-
philic triblock copolymer F127, [(EO)106(PO)70(EO)106]–OH was
also reported in the synthesis of gallium phosphate using a hydro-
thermal route [25].

In contrast with zeolitic aluminosilicates or aluminophos-
phates, the removal of template from gallium phosphates is in
most cases accompanied by a collapse of the inorganic framework.
This has hampered up to now any possibility to use porous gallo-
phosphates in heterogeneous catalysis. Computer simulation to
analyze various gallophosphate forms of zeolites confirmed the
instability of these structures upon template loss, unlike their alu-
minophosphate counterparts [33]. Therefore, only very few GaPO
structures were reported to exhibit any thermal stability [7]. Re-
cent studies confirmed important changes of the lattice parameter
of gallium phosphate with respect to temperature [34,35].

The instability of the gallium phosphates toward moist air sug-
gested an inherently different flexibility of the network that allows
easy coordination of water and a low-temperature phase transition
to lower symmetry in these structures [35]. However, most of
these host frameworks involve OH groups or H2O molecules so that
they are not really pure oxides [36].

Another attempt to prepare gallium phosphates is that pro-
posed by Bonhomme et al. [37] which refers to the synthesis of a
3D-gallophosphate (NH4)3Ga2(PO4)3. These structures can be pre-
pared using hydrothermal synthesis from Ga2O3 and (NH4)2HPO4

and consist of GaO5 bipyramid and PO4 tetrahedron units. They
are indeed microporous materials, but also with a weak thermal
stability.

Zeolites and other micro- and mesoporous materials have
important applications as adsorbents, solid catalysts as well as ri-
gid host frameworks which include guest species [38,39]. Besides
the field of heterogeneous catalysis and inclusion materials, there
are also some emerging potential applications of porous materials
in nanotechnology to develop solar cells, electroluminescent de-
vices and sensors [40–44]. In all these fields, there is a continuous
need for novel high surface area, stable porous hosts that can over-
come the limitations of the current materials in terms of limited
available pore sizes, difficult synthesis, controlled crystal morphol-
ogy and ability to form thin films. Considering the diversity of
structures of pore size range, gallium phosphates can complement
and fill a gap currently not covered by porous aluminosilicates.
However, up to now and as it has been commented above, the
structural instability of gallophosphates has impeded any applica-
tion of these materials in heterogeneous catalysis or nanotechnol-
ogy, remaining them as a simple curiosity.

In view of what precedes, the aim of the present work was to
investigate the synthesis of thermally stable mesoporous gallium
phosphates and their application as heterogeneous catalysts. Our
approach has been to use totally unexplored new gallium and
phosphate sources that are considerably more reactive than those
used before, expecting that this high reactivity will transform these
molecular compounds into small nanoparticles that will act as the
real building blocks of the porous material. The effects of various
organic templates like quaternary ammonium salts and amines
on the synthesis and properties of gallium phosphate were studied.
The template effect of amines for materials with metals of the
same periodic table group was reported in the synthesis of phos-
phates like indium [45] or aluminum phosphates [46] These prece-
dents encouraged us to use different amines as templates for the
synthesis of gallium phosphates. The data presented below firmly
support that our concept is of general use and can serve to finally
develop porous gallophosphate with activity as heterogeneous
catalysts.
2. Experimental methods

Mesoporous gallium phosphates were synthesized by two sol–
gel protocols. The differences between these procedures result
from the pretreatment of the gallium precursor, the nature of the
template and the molar composition of the sol–gel. In both synthe-
ses, gallium iso-propoxide (AlfaAesar) and PCl3 (AlfaAesar) were
used as precursors. In the first protocol, 70 mL solution of
0.224 M Ga(OC3H7)3 in mixture of THF and propanol (molar ratio
1:2) was refluxed at 70 �C for 3 h, cooled at room temperature,
and mixed with 1.95 g of PCl3 under vigorous stirring. To the
resulting solution, one of the following templates or their solutions
was added drop-wise: (i) dipropylamine till a pH of 6–7 was
reached (GM1); (ii) an alcoholic solution of C16H33(CH3)3NBr ob-
tained by dissolving 3.2 g of C16H33(CH3)3NBr in 20 g of n-propanol
(GM2); (iii) an alcoholic solution of N-cetylpyridinium chloride
(C16PyCl) obtained by dissolving 1.52 g of C16PyCl in 20 g of 2-pro-
panol (GM3); and (iv) finally, an aqueous suspension of C16PyCl ob-
tained by mixing of 1.52 g C16PyCl in 20 g H2O. The pH was
adjusted at 6–7 by adding 25% aqueous solution of (CH3)4NOH
(GM4).

In contrast to the previous protocol using quasi-neutral condi-
tions, in the second protocol, acetic acid was used to decrease
the pH of the gel solution. Thus, 75 mL of n-butyl alcohol was
added to 70 mL of a 0.12 M solution of Ga(OC3H7)3 in THF. To this
solution, 2.53 g of PCl3 was added under vigorous stirring. After
1 h, the resulting solution was treated with 6 mL of CH3COOH
and stirred vigorously for 23 h. Then, 2.95 g of piperidine (GM-5)
or 2.85 g of 4-aminopiperidine (GM6) was added and mixed for
3 h. Table 1 compiles the preparation conditions in which these
materials have been synthesized.

All mixtures were autoclaved in a microwave-oven for 1 h at
60 �C, then 1 h at 80 �C and finally 3 h at 100 �C. The obtained



Table 1
Synthesis conditions of six gallophosphates prepared in this work.

Sample Surfactant Ga:P:s:t:a:wa pH Solvents of precursors/surfactant
Molar ratio of the gel

GM1 Dipropylamine 1.0:1.0:2.4:1.9:20.0:0 6–7 THF-n-propanol no solvent
GM2 C16H33(CH3)3NBr 1.0:1.0:0.6:1.9:38.7:0 6–7 THF-n-propanol/n-propanol
GM3 C16PyCl 1.0:1.0:0.3:1.9:38.7:0 6–7 THF-n-propanol/2-propanol
GM4 C16PyCl 1.0:1.0:0.3:1.9:20.0:78.2 6–7 THF-n-propanol/water
GM5 Piperidine 1.0:2.2:4.1:47.9:108.6:0 3 THF-n-butanol-acetic acid/no solvent
GM6 Amino-piperidine 1.0:2.2:3.3:47.9:108.6:0 3 THF-n-butanol-acetic acid/no solvent

a Ga: Ga(OC3H7); P: PCl3; s: surfactant, t: THF, a: alcohol (n-propanol or n-butanol), w: water.
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solids were washed in distilled water, dried at 110 �C under vac-
uum, and then gently calcined 6 h at 550 �C (rate 0.6 �C per min-
ute). This temperature corresponds to the thermal stability of
these materials.

The resulting materials were characterized using elemental
analysis, nitrogen adsorption–esorption isotherms at �196 �C,
thermal analysis, XRD, XPS, CP/MAS 71Ga and 31P NMR, in situ FTIR,
SEM, TEM and EXAFS.

The elemental analysis was conducted on a Perkin–Elmer 2400
elemental analyzer. Inductively coupled plasma analysis was per-
formed on a Perkin–Elmer Optima 3300DV ICP instrument. Nitro-
gen contents were determined by combustion analysis using a
LECO equipment. Thermal analysis was performed with a TGA
(Perkin–Elmer Pyris Diamond TG/DTA apparatus) using �10 mg
samples heated in platinum or alumina crucibles at 10 �C min�1.

Gas adsorption measurements were performed with a Microm-
eritics ASAP 2020 sorption analyzer. Surface areas have been ob-
tained by N2 adsorption at the nominal temperature of liquid
nitrogen (�196 �C) on all materials previously out-gassed at
120 �C in vacuum for 12 h. The specific surface areas and the pore
size distributions were calculated from the Brunauer–Emmett–
Teller (BET) equation and from the adsorption isotherm using the
Barrett–Joyner–Halenda (BJH) method, respectively.

Powder X-ray diffraction (XRD) patterns were recorded on a
Siemens D 5000 diffractometer using the Cu Ka radiation (wave-
length 1.5406 Å). The patterns were collected ranging 2h from
1.5� to 75� with a step size of 0.1� and a time step of 1.0 s. XPS spec-
tra were recorded at room temperature using a SSX-100 spectrom-
eter, Model 206 from Surface Science Instrument. The pressure in
the analysis chamber during the analysis was 1.33 mPa. Mono-
chromatized Al Ka radiation (hm = 1486.6 eV) was used. It was gen-
erated by bombarding the Al anode with an electron gun operated
with a beam current of 12 mA and acceleration voltage of 10 kV.
The spectrometer energy scale was calibrated using the Au 4f7/2

peak centered at 83.98 eV. Charge correction was made with the
C 1s signal of adventitious carbon (C–C or C–H bonds) located at
284.8 eV. An estimated error of ±0.1 eV can be assumed for all
measurements.

FTIR spectra were collected with a Nicolet 4700 IR spectrometer
from ThermoElectron. The samples were compressed into self-
supporting disks (10–15 mg cm�2). Spectra were collected at room
temperature at a resolution of 1 cm�1 using 50 scans for each
measurement. A background spectrum was recorded before mea-
surements. This was automatically subtracted, and the reported
spectra are the result of the subtraction.

CP/MAS 71Ga and 31P NMR spectra were collected with a Bruker
Avance 750 MHz spectrometer, at room temperature, using a
4-mm double resonance probe head. The sample holder was spun
with a frequency up to 15 kHz. Chemical shifts for 71Ga resonances
were referred to the 71Ga resonance of external Ga(NO3)3 1 M,
while for 31P resonances chemical shifts were referred to the 31P
resonance of H3PO4 85% solution. The spectra deconvolution was
made employing Dmfit [1] program.
X-ray absorption data were collected at beam line X18B,
National Synchrotron Light Source, Brookhaven National Labora-
tory. The beamline is equipped with a Si(1 1 1) channel cut mono-
chromator with detuning and deglitching capabilities. Two ion
chambers were placed coaxially with the beam, in front and behind
the sample, to measure the intensities of the incident (I0) and
transmitted (IT) beams. A third ion chamber was used to record
the spectrum of the internal reference sample consisting of a gal-
lium foil in order to determine the absorption edge of Ga
(10,367 eV) for each spectrum. Approximately 45 mg sample was
pressed into a rectangular wafer (ca. 1.5 � 1 cm) to form 0.5-
mm-thick pellets. The thickness of pellets satisfied the condition
that the absorption edge step, Dlx, at the Ga K absorption edge
was smaller or equal to 1. Extended X-ray Absorption Fine Struc-
ture (EXAFS) spectra were recorded in the transmission mode from
200 eV below to 1000 eV above the Ga K edge. The analysis of the
X-ray adsorption spectra followed the procedures described in de-
tail in previous contributions [47]. The EXAFS spectra were cali-
brated to the edge energy of the gallium foil internal reference.
The background removal and edge-step normalization were per-
formed using the FEFFIT code [48].

High-Resolution Transmission Electron Microscopy (HR-TEM)
images of the samples were collected on a Tecnai F20 200 kV
microscope from Philips. The instrument is equipped with a field
emission gun and provides accelerating voltages of up to 200 kV.
The point resolution and the line resolution were 0.24 and
0.12 nm, respectively, at a focal length of 1.7 mm. The solid sam-
ples were dispersed in pure ethanol by sonication, and approxi-
mately 0.05 ml of this suspension was dropped on a copper mesh
coated with an amorphous holey carbon film. The ethanol evapo-
rated at room temperature prior to the TEM analysis performed
at 200 kV accelerating voltage. The Fourier transform was obtained
using the tools of the Gatan software package for TEM data acqui-
sition and processing. Scanning electron microscopy (SEM) was
performed using a Philips XL-20 microscope.

Aerobic oxidation of toluene using GM gallophosphates as solid
catalysts were carried out in a magnetically stirred 50-mL Teflon-
lined autoclave, equipped with an electric furnace and a tempera-
ture control with a sensibility of 0.2 �C. Typical reaction conditions
used 0.12 mol toluene and 0.3 g catalyst. After the temperature
reached 150 �C, under a continuous stirring, oxygen was charged
to the reactor at a pressure of 3 bar. The pressure was kept con-
stant during the reaction (4 h) by supplying additional volume of
oxygen gas. Prior to reaction, the catalyst was calcined under he-
lium flow (30 mL cm�3) at 300 �C for 2 h. The reaction products
were analyzed by a GC–MS Thermo Electron Trace GC–DSQ system
after the separation of the catalysts by filtration. The conversion
and product distribution were evaluated with calibration curves.

3. Results

As commented in the introduction, our synthesis of GaPO4 re-
lies in the use as precursors of gallium propoxide and phosphorous
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trichloride. These precursors have not been previously used in the
preparation of gallophosphates. After contacting these two pre-
cursors, a structure-directing agent is added under quasi-neutral
pH (GM1–4) or under acidic conditions (GM5 and GM6). Table 1
indicates the codes of the six samples under study and summa-
rizes the synthesis conditions employed in the preparation of
each material. The template method is usually considered as a
general methodology to design and synthesize ordered mesopor-
ous solids. With aim of modifying the porosity and structure of
GaPO4, we selected one common amine (dipropylamine) and
two less common amines as piperidine and 4-aminopiperidine
(firstly reported as template for the synthesis of oxides in this pa-
per). As it will be demonstrated below, the properties of the
resulting phosphates were influenced by the nature of the quater-
nary ammonium salts, the type of the cations (C16H33(CH3)3NBr
and C16PyCl), the solvent (alcohol or water) and organic electro-
lyte ((CH3)4NOH).

After the synthesis, we proceeded to characterize the textural
and spectroscopic properties of the mesoporous gallophosphates
GM1–6 with the aim to obtain information about the influence of
the structure-directing agent and synthesis conditions on the prop-
erties of the resulting materials.
Table 2
Textural characteristics of the gallium phosphates after calcination at 550 �C.

Sample Surface area
(m2 g�1)

Pore size
(nm)

t-Plot micropore
area (m2 g�1)

Pore volume
(cm3 g�1)

GM1 160.0 5.8 20.0 0.40
GM2 215.0 3.9 0.0 0.32
GM3 198.0 3.7 0.0 0.22
GM4 164.0 4.0 28.0 0.31
GM5 40.0 2.3 and

10.5
3.7 0.15

GM6 180.0 3.2 0.0 0.31

Fig. 1. Adsorption (+)/desorption (o) isotherms of the in
3.1. Thermal analysis

Thermal analysis curves indicated for all these materials a con-
tinuous mass loss till about 385 �C. This loss corresponds to the to-
tal decomposition of the directing agent occluded within the
material. The subsequent increase of the temperature till 550 �C
was not accomplished by any change in the mass loss. Thus, the
thermal analysis indicates that the gallophophates GM1–4 and
GM5–6 are thermally stable up to temperatures above 550 �C. This
high decomposition temperature is quite remarkable and unprece-
dented, particularly considering that the porosity of the material is
maintained. The color all of the calcined materials is yellow.
3.2. Textural characterization

After template removal by calcination at 550 �C, all the GM
samples exhibit porosity with notable pore volumes corresponding
to mesopores with absent or minor microporosity. The isotherms
of the samples measured at �196 �C were irreversible type IV iso-
therms according to the IUPAC with a hysteresis loop at a lower
closing point at p/p0 = 0.42, indicating the formation of mesopores.
Table 2 compiles the textural characteristics of samples calcined at
550 �C. As it can be seen there, only samples GM1 and GM4 exhibit
some significant microporosity. The nitrogen adsorption–desorp-
tion isotherms given in Fig. 1 demonstrate that the hysteresis loops
depend on the nature of the surfactant and the preparation proce-
dure. For the samples GM2 and GM3, the hysteresis loops were of
the IUPAC H2-type, which is associated with a more complex pore
structure in which network effects like interconnections are
important (Fig. 1b and c) [49,50]. By using small surfactants, as
dipropylamine for GM1, or an aqueous solution of surfactant for
GM4, the shape of the loops was changed, indicating changes in
the pore structure (Fig. 1a and d). This change was more evident
for GM4, where the hysteresis loop better approximated the IUPAC
H4-type. Hysteresis loops of type H4 are given by slid-shaped
vestigated samples and the pore size distribution.



V.I. Parvulescu et al. / Journal of Catalysis 278 (2011) 111–122 115
pores, but in this case, the contribution of the micropores becomes
important (Table 2) [51].

Concerning GM5 and GM6 prepared using acetic acid, changing
both the surfactant to piperidine ones and the synthesis pH value
led to a more complicate texture (Fig. 1e). Thus, the hysteresis
loops for GM5 and GM6 prepared in the presence of piperidine
and amino piperidine, respectively, corresponded to H3 loops usu-
ally given by aggregates of platy particles containing slit-shaped
pores [51].

Regardless the actual profile of the isothermal gas adsorption
what must be remarked is that all the GM samples prepared here
from Ga(OPr)3 and PCl3 exhibit a remarkable narrow pore size dis-
tribution (Fig. 1).

3.3. FTIR spectra

IR spectroscopy is a useful technique to determine the func-
tional groups present in a solid. In the present case, this spectros-
copy clearly establishes the formation of phosphate anions by
hydrolysis of the PCl3 precursor. Thus, FTIR spectra (spectra not
shown) presented for all the samples bands at 1076 cm�1 due to
the vibration of P–O bonds and at 631 and 511 cm�1 assigned to
Ga–O and O–P–O bonds, respectively, in gallium phosphate [52].

3.4. MAS NMR results

3.4.1. 31P and 71Ga MAS NMR spectra of GM samples
Non-calcined samples showed a 31P MAS NMR resonance signal

in the range �0.5 to �1.0 ppm and a shoulder at �12.0 ppm (Fig. 2,
Table 3). According to Haouas et al. [53], the line at �0.5 to
�1.0 ppm can be assigned to free unbound phosphoric acid, while
Fig. 2. 31P MAS NMR spectra of GM3 (A) and GM4 (B) samples: (a) uncalcined; (b)
calcined at 550 �C, recorded with a rotation frequency of 15 kHz; 950 scans.

Table 3
Summary of the chemical shift and integral of the peaks in 31P and 71Ga MAS NMR spectr

Sample 31P 31P 31P

GM1d �0.5 [69] �12 [26]
GM1c �6.0 [100]
GM2d �0.5 [73] �12 [27]
GM2c �6.0 [100]
GM3d �0.5 [69] �12 [31]
GM3c �6.0 [100]
GM4d �1.0 [82] �12 [18]
GM4c �6.0 [100]
GM5d 25 [17] �1.0 [68]
GM5c �6 [100]
GM6d 25 [19] �1.0 [66]
GM65 �6 [100]

a The superscripts d and c correspond to dried and calcined, respectively. The numbe
the shoulder to tetrapodally coordinated phosphate groups. After
calcining at 550 �C, the two lines shifted to around �6.0 ppm,
which might indicate a reorganization of the phosphorous species
around gallium, leading to the formation of bipodally coordinated
gallophosphates species (Scheme 1).

These values rule out the formation of detectable nitride groups
in the gallophosphates. According to previous studies, when nitro-
gen is incorporated in phosphates, the resonance signal at
�14.0 ppm is shifted upfield (around �23 ppm) and its intensity
decreases. Simultaneously, two other peaks appeared, centered
around �5.0 and 13.0 ppm [54,55]. In the present case, only a
well-centered line at �6.0 ppm was measured. Additionally, the
band at 13.0 ppm typical for P(O2N2) tetrahedra was always ab-
sent, pointing to the absence of a mild nitridation of PO4 tetrahedra
[56].

Fig. 3 gives the 71Ga MAS NMR spectra of GM3 and GM4 sam-
ples. Uncalcined samples exhibit lines centered at �171, 27, 157
and 312 ppm for GM3 and �179, 20, 158 and 308 ppm for GM4,
respectively (Table 3). The signal in the range 6–20 ppm is due to
Ga coordinated by oxygen [53],and in this case, it can be assigned
to bipodal phosphate species. Thus, the band located around
157 ppm and 20–27 ppm can surely correspond to two different
coordination states of Ga in the dicoordinate phosphate, possibly
Ga(O4) tetrahedra and Ga(O6) octahedra, respectively. For compar-
ison, in oxide compounds, Ga(O4) groups give rise to a signal
around 200 ppm, and Ga(O6) groups appear in the spectra around
0 ppm [45]. These two peaks in the range 160–157 and 27–
20 ppms correspond to the vast majority of the Ga present in the
samples, while the smaller peak at �171 ppm characteristic of 6-
fold coordinated Ga corresponds to a minor population of this me-
tal ion. By comparing with the values of �110 to 118 ppm recorded
for tetracoordinated Ga site in GaPO4 cristobalite [57–59], it can be
proposed that the peak recorded at �174 to �179 ppm would cor-
respond to similar tetracoordinated Ga ion in GaPO4 [84].

Calcination caused just a small shift of the line centered in the
range 20–27 ppm. The upfield shift from 12 to 6 ppm upon calcina-
tion of GM samples is consistent with the reorganization described
in Scheme 1.

As for 31P MAS NMR results, the recorded 71Ga MAS NMR spec-
tra provided no information about the insertion of nitrogen into
the gallophosphate structure. This is fully consistent with the lack
of significant N content in the materials as determined by chemical
analysis [54].

Figs. 4 and 5, and Table 3 show the 31P and 71Ga MAS NMR spec-
tra and the corresponding d values for the GM5 and GM6 samples.
In the 31P MAS NMR spectra, the dried samples show a line located
at �1.0 ppm, like for the GM samples, one at �27 ppm and another
at 25 ppm. The band at 25 ppm is assigned to the phosphonium in
a high electron coordination surrounding [60].
a for GM samples.a

71Ga 71Ga 71Ga 71Ga

311 [8] 157 [26] 24 [46] �174 [12]
311 [10] 160 [29] 10 [49] �174 [12]
309 [10] 157 [30] 21 [48] �176 [12]
309 [11] 160 [31] 7 [49] �176 [9]
312 [8] 157 [32] 27 [49] �171 [11]
312 [9] 160 [30] 12 [49] �171 [12]
308 [11] 158 [25] 20 [51] �179 [13]
308 [12] 160 [27] 6 [47] �179 [14]
�27 [15] 308 [11] 158 [32] 20 [45]

308 [12] 160 [30] 6 [47]
�27 [15] 308 [10] 158 [33] 20 [45]

308 [12] 160 [31] 6 [46]

r in brackets indicates the relative area of the peaks.



Scheme 1. Reorganization of phosphorous species during calcination with the formation of dicoordinated phosphate.

Fig. 3. 71Ga MAS NMR spectra of dried (a) and calcined at 550 �C (b) GM3 (A) and
GM4 (B) samples, recorded with a rotation frequency of 15 kHz and accumulating
950 scans.

Fig. 5. 71Ga MAS NMR spectra of calcined at 550 �C GM6, recorded with a rotation
frequency of 15 kHz using 950 scans.
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The decreased value of the band at �27 ppm, by comparing
with that at �12 ppm for GM1–4 samples, may account for a de-
creased value of the Ga–O–P bond angle in dried samples [61].
After calcination, the 31P MAS NMR spectra of these samples were
identical with those found for GM1–4 samples, suggesting the
same reorganization of the coordination sphere around Ga as that
described in Scheme 1. This reorganization is manifested by the
appearance of a single band located at �6.0 ppm.
Fig. 4. 31P MAS NMR spectra of dried (a) and calcined (b) at 550 �C GM6 recorded
with a rotation frequency of 15 kHz using 950 scans.
71Ga MAS NMR spectra (Fig. 5) of the GM6 sample showed the
same bands as for GM1–4 ones, and the calcination exhibited the
same effects (Table 3).
3.5. XRD

Typical XRD patterns of GM1–4 samples are shown in Fig. 6.
They correspond to materials lacking a well-defined periodic struc-
ture [52]. However, the patterns presented in Fig. 6 showed at
small angles (2H < 3) a peak characteristic for materials with some
degree of ordered mesoporous structure. This peak is particularly
well developed for GM4 (see Fig. 6c). It is worth commenting that
the low-angle does not decrease in intensity, but shifts toward
higher angles, upon calcination at 550 �C, this indicating that the
structure is preserved and shrinks after the thermal treatment
and equilibration to the ambient. This behavior is remarkable com-
pared to other gallophosphates that promptly become amorphous
upon template removal, especially when exposed to moisture.
Structure shrinkage upon calcination is a general phenomenon in
porous materials and derives from the sintering of the building
blocks, typically related to structural stability. In the case of GM5
and GM6 samples, no clear low-angle diffraction peak was ob-
served indicating their amorphous (but mesoporous) structure
(see Supplementary Material).

From the XRD patterns of GM1, GM2 and GM4 and their nar-
row pore size distribution, it can be proposed that these gallo-
phosphates exhibit a wormhole framework structure analogous
to some mesoporous materials constituted by nanoparticles
[62–64].



Fig. 6. XRD patterns of GM1 calcined (a), GM2 calcined (b), GM4 calcined (c), and
GM4 dried (d).
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3.6. EXAFS

The near-edge region of the normalized, background subtracted,
and phase corrected Extended X-ray Absorption Fine Structure
(EXAFS) spectrum of the synthesized GM3 sample is shown in
Fig. 7a, along with the spectra recorded for commercial GaN and
Ga2O3 samples used as reference materials. Similar spectra were
obtained for all GM samples. The EXAFS spectrum of the phosphate
sample in the R space is compared with that of the gallium oxide in
Fig. 7b.

The spectrum of GM3 presents a white line, centered at
10,370.5 eV and two structures around 10,375 and 10,387.5 eV,
respectively, which is in a good concordance with data reported
previously by Tourtin et al. [65] for gallium phosphates. The
Ga2O3 spectrum presents a white line located at 10,372 eV and a
second structure at 10,391 eV.

EXAFS spectra of Ga2O3 and GM samples showed some simili-
tude. However, the relative intensities of the first two peaks in
the R space, as well as the second peak located at different R posi-
tions suggest that although the structures are similar, the gallium
Fig. 7. The EXAFS spectrum of GM3 sample and GaN and Ga2O3 reference sample
phosphate has a distorted structure. This conclusion is also sup-
ported by the EXAFS spectra of the two compounds plotted in
the k space (not shown) that show similar, but still significantly
different features.

In the case of GM samples, the first peak centered around 1.75 Å
characterizes the tetrahedral environment of the gallium by oxy-
gen (2 Ga–O, 1.81 Å, and 2 Ga–O, 1.82 Å) [65,66]. The second coor-
dination sphere is constituted by four phosphorus atoms
characteristic of the Ga–O–P bridges and corresponded to a peak
located at 2.82 Å (4 GaP, 3.085 Å) [65,66]. For Ga2O3, the first peak
is broadened, while the second shell assigned to Ga–O–Ga bridges
(3.04–3.45 Å) [65] is evidenced by a higher peak, around 2.88 Å,
due to the higher backscattered amplitude of gallium atoms in
comparison with the phosphorus one in GaPO4 (Ga–O–P bridges).

In conjunction with the XPS results showing the presence of a
P5+ peak, these data suggest that the synthesized compounds are
gallium phosphates with a distorted Ga2O3 crystalline structure.
3.7. TEM

The key point of our work is that using reactive Ga(OiPr)3 and
PCl3 as sources in the synthesis of gallophosphate, small GaPO4

nanoparticles will form at initial synthesis stages that latter will
constitute the building block of the structurally robust material.
To demonstrate this issue, TEM images at high resolution were
obtained. These TEM images are presented in Fig. 8, and they
show the presence of well-defined GaPO4 crystallites, hexagonal
in shape, with sizes ranging from 8 to 30 nm (Fig. 8a). These pic-
tures are typical for the GM samples. Electron diffraction of
these crystallites is shown in Fig. 8b and its corresponding Fou-
rier transformed in Fig. 8c. The last image has allowed measur-
ing the lattice spacing of 3.5 and 6.0 Å along the two
directions characteristic for the crystalline structure. This hexag-
onal structure observed in the Fourier transform of the TEM
images of the crystallites is similar to those previously observed
for non-conventional Ga2O3 samples recently reported by Zhan
et al. [67].

The TEM images of some of the GM samples at lower magni-
fication are presented in Fig. 9. The high contrast of the individ-
ual gallophosphate crystallites from which the material is
constituted can be clearly seen in these figures. The packing of
these nanocrystals must lead to a mesoporous texture as indi-
cated by the adsorption data collected in Table 1. These images
s (a), and the EXAFS spectrum in the R space of GM3 and Ga2O3 samples (b).



Fig. 8. TEM image showing the morphology of nanometric crystallites (a), the
electron diffraction pattern (b) and the corresponding Fourier transform (c) of the
GM2 sample.
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are consistent with the high surface area of the materials and a
compatible with our interpretation of the low degree of period-
icity observed in XRD that should correspond to mesoporous
samples with wormhole structure.

The use of the different surfactants results in somewhat dif-
ferent packing of these nanocrystals, influencing the porosity
and structuring of the building blocks at submicrometric length
scale.
3.8. SEM

SEM micrograph of samples GM1–5 is presented in Fig. 10. SEM
characterization confirmed the role of the surfactant and synthesis
procedure on the structure and morphology. As it can be seen
there, GM2 and GM3 show a more homogeneous morphology in
which spherical particles predominate. As in other characterization
techniques, the morphology of the GM5 and GM6 samples was
notably different from that of GM1–4. SEM images are in line with
TEM and adsorption–desorption isotherms, indicating that the acid
conditions in the synthesis and the use of piperidine and 4-amin-
opiperidine are not suitable for orienting gallium phosphate crys-
tallites into organized meso-structures (see Fig. 10e).
Fig. 9. TEM images of calcined samples GM2 (a), GM3 (b) and GM4 (c) s
3.9. XPS

XPS binding energies of Ga3d and P2p levels correspond to
Ga3+ and P5+ in a PO4 surrounding (Table 4) [68–70]. Generally,
XPS binding energies of the Ga3d level in gallium oxide exhibit
higher values [71]. Calcination was accompanied in all cases by
an increase in P/Ga ratios, which at 550 �C approached the val-
ues obtained by chemical analysis of the samples (Table 5).
Actually, calcination is the step leading to the stabilization of
these mesoporous structures, when the template is released
and the external surface probed by XPS corresponds only to gal-
lium phosphate.

Almost no differences were found in this ratio as a function of
the directing agent nature or of the preparation route. The Cl/Ga
ratios indicated that chlorine was not completely removed by
washing or calcination. However, after calcining and washing,
it remains only in traces, which is in a perfect concordance with
chemical analysis of these samples (Table 5). Nitrogen analysis
gave also some insight into the nature of these phosphates. In
as-synthesized samples, nitrogen species were found as part of
the residual template molecules at ca. 401 eV [72,73] and as ni-
tride at ca. 397 eV [68,74]. After calcination at 550 �C (Table 4),
only residual nitride species were present with an intensity
slightly reduced compared with that of uncalcined specimen,
indicating that part of nitrogen is retained as a constitutive spe-
cies in the resulting phosphates. However, this nitrogen content
in the calcined materials is rather low and consistent with pre-
vious reports, indicating that calcination is also leading to the re-
moval of nitrogen (Table 5) [75].

In this regard, the XPS data agree very well with those obtained
from the EXAFS and CP-MAS/NMR measurements. EXAFS data pro-
vided no arguments in the favor of the formation of gallium nitride
or gallium oxide compounds.

3.10. Aerobic oxidation of toluene

As commented earlier, one of possible applications of thermally
stable porous gallophosphates will be their use as solid catalyst.
We were, therefore, interested in testing the catalytic activity of
our GM1–6 samples as heterogeneous catalysts. The reaction se-
lected was the aerobic oxidation of toluene. Benzylic oxidation is
in general of wide use that can be effected with stoichiometric oxi-
dants. However, the use of oxygen as oxidizing reagent is of large
industrial relevance and would require development of suitable
catalysts.

Fig. 11 shows the results in oxidation of toluene on the investi-
gated catalysts. Analysis of the reaction products indicated the for-
mation of only benzyl alcohol and benzaldehyde. Importantly,
benzyl ether typically observed as product was not present in the
reaction mixture. The conversion of toluene was in the typical
howing the presence of crystallites defining worm-like mesopores.



Fig. 10. SEM images of GM samples showing the morphology of the particles constituting the powders. The scale bars of images (a), (d) and (e) is 20 microns, while those of
parts (b) and (c) are 6 and 10 microns, respectively.

Table 4
XPS binding energies, and Cl/Ga and P/Ga ratios.

Samplea Binding energy, eV XPS ratio

Ga3d O1s N1s P2p Cl2p Cl/Ga P/Ga

GM1-d 19.6 530.4 531.4 397.2 401.5 133.4 198.9 4.0 � 10�2 0.13
GM1-c 19.3 530.4 531.4 396.6 133.1 198.7 0.8 � 10�3 0.80
GM2-d 19.3 530.4 531.4 396.6 401.6 133.1 198.7 5.2 � 10�2 0.20
GM2-c 19.3 530.4 531.4 396.6 133.1 198.7 0.9 � 10�3 0.76
GM3-d 19.6 530.4 531.4 397.2 401.5 133.4 198.9 4.0 � 10�2 0.13
GM3-c 19.3 530.4 531.4 396.6 133.1 198.7 0.8 � 10�3 0.73
GM4-d 19.3 530.4 531.4 396.6 401.6 133.1 198.7 5.9 � 10�2 0.20
GM4-c 19.3 530.4 531.4 396.6 133.1 198.7 1.1 � 10�3 0.76
GM6-d 19.8 530.7 396.8 400.6 133.3 199.0 3.3 � 10�2 0.21
GM6-c 19.7 530.6 396.8 133.2 198.9 1.2 � 10�3 0.72

a The letter d or c after the sample code corresponds to dried or calcined, respectively.

Table 5
Composition of mesoporous gallium phosphates obtained by chemical analyses.

Samplea Analytic content, % P/Ga analytic ratio

Ga P N

GM1-d 13.64 6.20 5.08 1.02
GM1-c 19.03 8.11 0.36 0.95
GM2-d 12.54 5.51 4.46 0.99
GM2-c 18.87 8.16 0.31 0.97
GM3-d 12.71 5.84 4.56 1.03
GM3-c 18.62 8.21 0.33 0.99
GM4-d 12.11 5.37 4.61 0.99
GM4-2c 18.71 8.56 0.35 1.03
GM5-d 11.89 5.32 5.27 1.00
GM5-c 13.09 5.81 0.48 0.99
GM6-d 11.97 5.47 5.66 1.02
GM6-c 13.22 5.83 0.52 0.99

a The letter d or c after the sample code corresponds to dried or calcined,
respectively.
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range of those reported for this reaction for highly active solid cat-
alysts. As it is shown in the figure, the catalytic activity of the GM
samples paralleled the surface area of the corresponding GM mate-
rial. Since all of them are mesoporous, it seems that from the cat-
alytic point of view, all the materials contain the same type of
active centers, the difference being mostly on the surface area of
the catalyst. This interpretation is in agreement with the NMR
and EXAFS characterization that shows identical Ga species. The
variations of the preparation procedures modify only the architec-
tures of the spatial ordering constituted in all cases by nanoparti-
cles as primary building blocks.

Fig. 12 shows the product selectivity for each of the six samples.
The dominant product was the benzyl alcohol irrespective of the
catalyst preparation route. GM2 led to the highest selectivity in
benzyl alcohol. The high selectivity to benzyl alcohol is also ex-
plained by the fact these materials exhibit almost no acidity that
can favor the etherification of the resulted alcohols. The absence



Fig. 11. Variation of the conversion of toluene on the investigated gallium
phosphates.

Fig. 12. The variation of the selectivity in the oxidation of toluene.

120 V.I. Parvulescu et al. / Journal of Catalysis 278 (2011) 111–122
of benzoic acid indicates that the catalysts contain adequate sites
to effect the mild oxidation of benzylic sites.
4. Discussion

Several points including our preparation procedure of the GM
gallophosphates, their structure, thermal stability and catalytic ac-
tive deserve especial comments.
4.1. Nature of the precursors and their influence on the synthesis

Most of the gallium phosphate structures that have been syn-
thesized so far have used gallium oxide as precursor. Even in the
presence of HF, the disruption of the Ga–O–Ga bonds to the stage
PCl3 + 3 C3H7OH P(OC3H7)3 + 3 HCl (O)P(OC3H7)3

(O)P(OC3H7)3 + Ga(O
iC3H7) (H7C3O)2(O)P-Ga(O

iC3H7)2 + 2C3H7OH

(HO)2(O)P-Ga(OH)-P(O)(OH)2(HO)2(O)P-Ga(OH)2
(O)P(OC3H7)3

-3 C3H7OH

-3 C3H7OH(O)P(OC3H7)3

(HO)2(O)P-Ga-P(O)(OH)2

P (OH)2(O)

Ga(PO4)3
of species of single gallium atoms is hard to be achieved under
the preparation conditions. The consequence is that not every Ga
atom can develop fully the formation of Ga–O–P bonds required
in gallophosphates. The use of gallium oxide should favor the pres-
ence of Ga–Ox domains in the material.

In the present preparation, the precursors were highly reactive
gallium alcoxide and PCl3. Starting from these compounds, the for-
mation of the Ga–O–P bonds should be easier and dominant min-
imizing the formation of Ga–O–Ga bridges. PCl3 reacts rapidly and
exothermically in the absence of base with propanol, and products
of this substitution reaction are dipropyl phosphonate, propyl chlo-
ride and hydrochloric acid:

PCl3 þ 3C3H7OH! ðC3H7OÞ2PðOÞHþ C3H7Clþ 2HCl

The obtained HCl catalyses the reaction of (C3H7O)3P(O) with
Ga(OC3H7)3 and the formation of dipropyl-gallium dipropyl-
phosphonate, initiating the condensation. The following equation
illustrates a possible primary species having a Ga–O–P bond:

ðC3H7OÞ2PðOÞHþ GaðOC3H7Þ3 ! ðC3H7OÞ2PðOÞ � GaðOC3H7Þ2
þ C3H7OH

Gallium propoxide undergoes in presence of the water traces at
the reflux temperature hydrolysis and condensation to dipropyl-
gallium dipropyl-phosphonate and other species that subsequently
will form the gallophosphate crystallite. This step is promoted by the
presence of amines or TMAOH. The following equations illustrate a
possible sequence leading to the formation of gallophosphate:
31P and 71Ga MAS NMR spectra and EXAFS brought clear evidences
about the formation of Ga–O–P bonds, typical for such mesoporous
gallium phosphate structures. Considering the importance of gal-
lium nitrides in electronics, one point of future interest is to deter-
mine whether the small residual nitrogen content observed in the
samples acts as dopant and introduces electronic states that could
be useful for application of the materials in photocatalysis and in
electronics. The yellow color of the calcined samples suggests that
this possibility is worth of exploration.
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4.2. Role of amines and surfactants

In these syntheses, amines exhibit a dual role: initially they par-
ticipate in the hydrolysis accelerating the formation of gallophos-
phate crystallites and, subsequently, in a longer time scale
producing the spatial organization of the inorganic network of gal-
lium phosphate. When the quaternary salts were used as template,
the hydrolysis agent was TMAOH. In all the syntheses, self-assem-
bly of the templates generates micelles in the liquid phase around
which the growth of the inorganic network occurs. The final solid
particles embed the nanopatches of amines that will imprint the
porosity of the material.

Indeed, the combined protocol of hydrolysis of gallium alcoxide
in the presence of PCl3, assisted by surfactants, followed by a
microwave treatment resulted in stable porous materials even
after calcination at 550 �C that is still unique and opens the way
for the use of gallium phosphates as solid catalysts or host matri-
ces. The advantage of using microwave in comparison with the
conventional heating is the stabilization of gallium phosphate
structures in shorter time. The influence of the heating procedure
on the lattice parameter of gallium phosphate has been recently
studied [34,35]. Using the microwave, heating is fast and homoge-
nous, this leading to a more adequate growth of nanocrystallites
and agglomeration around the template micelles.

To produce stable structures, the role of the template is very
important. Kessler’s group proposed pyridine as the best surfactant
and numerous reports confirmed after that its positive effect. How-
ever, in the procedure reported here, it becomes apparent that the
template plays a minor role in determining the final structure, this
being an additional advantage, since it allows using simple amines.
We have been able to generate stable mesoporous structures
regardless the nature of the template agent. Typical cationic sur-
factants such as quaternary salts C16H33(CH3)3NBr or N-cetylpyri-
dinium chloride afford gallophosphates with similar wormhole
mesopore system as using small amines such as dipropylamine.
According to our simple model to rationalize the formation of
GM materials, a role of the surfactant is the control of the stacking
and aggregation of the nanocrystallites, avoiding the formation of
dense, non-porous materials.

This role of the structure-directing agent derives from widely
accepted interactions including electrostatic charge matching,
hydrogen bonding or dative bond formation between the inorganic
precursor and the polar head groups of the structure-directing sur-
factant micelles [76,77].

As expected, the presence of water favors the formation of the
surfactant self-assembly. Thus, the structure of GM4 (the only
material in which water was added to the medium) exhibits a
higher organization as it was observed by XRD. For GM4, the for-
mation of micropores was also observed (Table 1). Micropores
and a smaller surface area have been determined also for dipropyl-
amine (sample GM1) that was indeed not surprising. No micropore
formation was determined for the samples GM2 and GM3 synthe-
sized with C16H33(CH3)3NBr or C16PyCl solubilized in ethanol.

4.3. Origin of the thermal stability

Based on the images recorded by TEM, we propose that the un-
ique thermal stability of the gallium phosphates synthesized here-
in derive from the fact that the primary building blocks are crystal
nanoparticles and mesoporosity derives from the organization of
these robust nanoparticles around the template. There are ample
precedents in the literature that have used nanoparticles as pri-
mary building blocks to develop mesoporous materials. In this
sense, our gallophosphates will be one additional relevant example
in which crystalline gallium phosphate nanoparticles are formed
in situ during the synthesis.
4.4. Catalytic activity

Preparation of mesoporous gallophosphates has allowed us to
test their catalytic activity for a challenging process of large indus-
trial relevance as the aerobic oxidation of alkylaromatics. The re-
sults attained are promising and clearly show that the
mesoporous gallophosphates offer a large potential in this area. It
is worth reminded that toluene is quite inert against oxidation to
air, and therefore, only few reports on this subject were published
in the literature. For instance, aerobic oxidation of alcohols using
gold catalysts can be efficiently promoted in toluene as solvent
without noticing the formation of products arising from toluene
[78].

For the moment, the oxidation of toluene to benzoic acid uses
homogeneous cobalt catalysts in an air pressurized aqueous acetic
acid mixture and Mn ions with bromide promoters as catalysts
[79]. The use of acetic acid as solvent and promoters led not only
to difficulties in the separation of the catalysts and products but
also to equipment corrosion. As active catalysts for this reaction
were reported metalloporphyrins [80,81], mixed oxides [82],
Pt/ZrO2 [83]. However, these conditions do not allow to stop the
oxidation at the stage of benzyl alcohol. In this context, the results
presented are remarkable and certainly deserve a separate study to
find the scope and limitations of the process.
5. Conclusions

Hydrolysis of gallium alcoxide in the presence of PCl3 assisted
by surfactants, followed by a microwave treatment is leading to
the formation of stable mesoporous gallium phosphates consti-
tuted by crystalline gallium phosphate nanoparticles. The key step
in this process is the prompt formation of Ga–O–P bonds. The for-
mation of Ga–O–P has been demonstrated by 31P and 71Ga MAS
NMR and EXAFS experiments. By using this protocol, the formation
of the Ga–O–P bonds becomes the dominant progressing spontane-
ously to the stage of nanoparticles from 5 to 30 nm. These robust
primary building blocks undergo stabilization and spatial organi-
zation by the template, leading to high surface area and stable
materials. This mechanism results in thermal stable porous gallo-
phosphates that so far have been elusive.

We have shown the potential of these novel mesoporous solids
by performing the aerobic oxidation of toluene. Even though this
aromatic compound is reluctant to undergo benzylic oxidation un-
der mild conditions, our gallophosphates have shown remarkable
activity and selectivity. Furthermore, oxidation shows remarkable
selectivity toward benzylic alcohol. Thus, it can be anticipated that
this report will trigger further research trying to exploit and devel-
op the potential of large-surface area gallophosphates.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jcat.2010.11.021.
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