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Abstract

This paper reports the development of a solvo-combustion synthesis route using acetylacetone as the novel fuel and ethanol as the solvent, with
water excluded from the system. MoO; and Sm,Oj; materials synthesized by this route were characterized by various physicochemical
techniques. X-ray diffraction (XRD) analysis revealed that the as-prepared materials contained a-MoO35 and cubic Sm,0O3 began to crystallize at
500 °C. Scanning electron microscopy (SEM) analysis indicated that MoOj particles possessed a plate shape, whereas Sm,O5 particles formed
foam-like agglomerates. The Sm,O5 materials exhibited surface areas at least 2 times greater than those of the MoO; materials. The nature of
each oxide and the reagents used in the synthesis played important roles in determining the resulting morphology and surface area. This solvo-
combustion route is expected to be suitable for the synthesis of complex oxides with attractive specific surface areas.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The development of alternative chemical processing methods
allows for the preparation of materials with the desired particle
shapes and sizes and enables a decrease in the synthesis
temperature, improving the homogeneity of the resulting materials.
These factors in turn determine the overall physicochemical
properties of the material [1-5]. Recently, innovation in synthesis
strategies for the production of oxide nanocrystals has been one of
the most important issues in research on advanced materials.
Several soft chemical methods such as the sol-gel, hydrothermal
and solvothermal methods as well as solution combustion have
been employed to synthesize finer and more homogeneous
powder materials at low temperature [6—10]. Because the aqueous
phase in bulk solution promotes rapid growth of oxide
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nanoparticles, the nonaqueous sol-gel and solvothermal routes
are attractive for the synthesis of well-defined oxide particles
under mild conditions [5,11-13].

Thus, solution combustion syntheses have garnered much
interest because of their versatility, simplicity and ability to rapidly
synthesize a wide variety of advanced materials. This method
generally involves a self-sustained reaction mainly featuring an
aqueous solution containing a fuel and an oxidizer. The particle
sizes and morphologies of oxide materials have been reported to
depend to a significant degree on fuel type and the steps of the
reaction. Organic compounds such as urea, glycine, citric acid,
alanine, ethylene glycol, hexamine, hexamethylenetetramine,
methylcellulose and sucrose are commonly used as fuels in
combustion processes. Therefore, the influence of fuel type in
the combustion reaction process is a key parameter in advanced
materials research [9,10,14-25]. Kondawar et al. recently obtained
ZnFe,O4 oxide by a method referred to as solvo-combustion,
however, water was used as the principal dissolvent during the
synthesis [26]. To the best of our knowledge, MoO; and Sm,O3
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have not been prepared by a solution combustion synthesis system
of acetylacetone and ethanol without water.

MoO; and Sm,O; are promising materials for modern
technological applications in many fields. MoOj5 exhibits good
catalytic properties for hydrocarbon oxidation and hydrodesulfur-
ization, and it is an important material for the development
of sensors as well as electrochromic and photochromic devices
[27-32]. Sm,O5 is one of the most attractive rare-earth oxides due
to its potential applications in solar cells, nanoelectronics,
semiconductor glass, biochemical sensors and nanomagnets
[12,33-36]. The conventional soft chemistry synthesis methods
used to prepare these oxides include sol-gel, hydrothermal and
templating processes [12,27,35]. The development of new meth-
odologies to produce oxides from simple and readily available
starting materials in a few synthesis steps, while ensuring high
yield and good physicochemical properties, is a significant
challenge for synthetic chemists.

In this study, a new solvo-combustion route was explored for
the synthesis of MoO5; and Sm,O5 powders, using acetylacetone
as the fuel and ethanol as the solvent and excluding water. The
physicochemical characteristics of the oxides were examined by
several analytical techniques. The results are discussed in terms of
single phase formation, morphology and surface area. Further-
more, this approach is compared with other conventional methods
of synthesis.

2. Experimental
2.1. Solvo-combustion synthesis

Ammonium molybdate tetrahydrate and samarium (II) acetate
hydrate (99.9% Sigma-Aldrich) were used as chemical reagents to
obtain MoO; and Sm,03, respectively. For MoO; synthesis in
particular, 0.99 mmol of ammonium molybdate tetrahydrate was
placed in a flask and dissolved in 0.15 mol of acetylacetone with
0.26 mol of ethanol. The mixture was stirred and refluxed until the
temperature reached 70 °C. Then, 1 mL of nitric acid was added
and the flask was immediately placed onto a hot plate at 180 °C to
rapidly evaporate the solvents. During evaporation, the sample
spontaneously ignited, and in a few minutes, a black and spongy
powder was obtained. Sm,O; was synthesized by the same
process, but using 5.7 mmol of samarium (III) acetate hydrate as
a chemical reagent. The as-prepared powders were ground and
thermally treated in air for 6 h at different temperatures.

2.2. Characterization

Phase crystallization and complete removal of organic
material were determined by differential thermal analysis and
thermogravimetric (DTA/TGA) analysis using a SDT Q600,
TA Instruments apparatus at a heating rate of 10 °C min '
under air flow.

The crystal structure was analyzed by XRD using a Bruker D8
Advance diffractometer with CuKa radiation (1=1.5406 A). XRD
data were collected at room temperature from 10° to 70°, with a

step interval of 0.02° and a counting time of 0.5 s step ™ .

The presence of organic functional groups was determined by
Fourier transform infrared spectroscopy (FTIR) analysis using
Nicolet 380 FTIR Thermo Electron Corporation equipment. The
spectra were recorded in the range of 400-4000 cm ™.

Sample morphology was observed using a JEOL 6490 LV
scanning electron microscope. All samples were attached to an
aluminum sample holder using carbon tape and placed in the
SEM chamber.

The specific surface area was determined by the Brunauer—
Emmett—Teller method (Sggr) using nitrogen adsorption iso-
therms with Quantachrome NOVA 2000e equipment; samples
were degassed for 1 h at 300 °C prior to the analysis.

3. Results and discussion
3.1. Thermal analysis

Fig. 1 shows typical DTA/TGA curves for as-prepared MoO;
and Sm,0O; samples. The MoO; DTA curve presents two
exothermic peaks, a small peak at 260 °C and a broad asymme-
trical peak from 300 to 570 °C with a maximum at 480 °C, which
was attributed principally to the decomposition of remaining
organic precursors. This asymmetric peak also exhibits a shoulder
at 415 °C that could be related to the crystallization of a-MoOj5
according to previous work [29]. However, it can be assumed
that the crystallization of MoOj takes place as a gradual process
from 415 °C covering a range of around 150 °C. Finally, an
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Fig. 1. DTA/TGA profiles of as-prepared samples: (a) MoO; and (b) Sm,03.
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endothermic process was detected at 790 °C due to the sublima-
tion of MoOs. The Sm,O3; DTA curve exhibited two exothermic
processes, which presented broad peaks with maxima at 430 and
540 °C principally associated with the decomposition of remaining
organics.

The TGA curves demonstrate that each oxide undergoes
several weight losses events before crystallization. For MoO3,
a slight weight loss was observed from 30 to 260 °C, after
which a rapid change in the rate of weight loss occurred up to
approximately 530 °C. From 550 to 690 °C the curve was flat,
indicating that the decomposition of the organic material was
complete. The total weight loss was approximately 20%; the
sublimation of MoO; was then observed at approximately
700 °C. For Sm,Os3, an initial weight loss of 5% occurred from
30 to 400 °C, which was associated with the removal of water
adsorbed by the material due to its foam-like morphology and
the beginning of the decomposition of residual organic
material. Then, a second pronounced weight loss was observed
up to 650 °C due to the complete decomposition of organic
compounds, representing a weight loss of 28%. No reaction or
mass loss was observed over the temperature range from 650
to 800 °C.

3.2. XRD

Fig. 2 presents XRD diffractograms of MoO;. The as-prepared
material exhibits a set of well-defined reflexions that were indexed
as the thermodynamically stable orthorhombic a-MoOj phase
(PDF no. 00-035-0609). It was also identified low intensity
reflexions at 26.0° and 37.0° (26) associated to MoO, phase
(PDF no. 03-065-5787). The crystallization of a-MoO5 and MoO,
from the as-prepared material was due to the exothermic condi-
tions established during combustion. As annealing temperature
was increased to 300 and 400 °C, the reflexions associated to
MoO, phase disappeared and only reflexions corresponding to a-
MoOj; phase were observed. From 500 to 600 °C, the degree of
crystallinity was observed to increase.
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Fig. 2. XRD patterns of MoO; materials thermally treated at different temperatures.
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Fig. 3. XRD patterns of Sm,O; materials thermally treated at different
temperatures.

Fig. 3 shows the diffractograms of a Sm,O5 sample subjected
to different thermal treatments. According to the XRD results,
cubic SmyO3 can be obtained by a simple and fast solvo-
combustion route at a moderate temperature. At 400 °C, an
amorphous structure material was obtained. Upon annealing at
500 °C, X-ray diffractogram showed some reflexions indicating
that the crystallization process was initiated. Some of the
reflexions were associated to the SmyO5 cubic phase (PDF no.
01-086-2479), but it was also detected low intensity reflexions at
27.1° and 31.4° (26) attributed to Sm,0,CO; phase (PDF no. 00-
028-0994). The presence of Sm,O,CO; phase was clearly
confirmed in the FTIR analysis, see Fig. 4. Previous reports
indicate that Sm,O,CO; is an intermediate compound that loses
CO, to produce stable Sm,O3 [37]. When the temperature was
increased to 600 °C, cubic Sm,O; was obtained as a single
phase. Further increase in the annealing temperature promotes a
higher degree of crystallinity. The XRD results for both com-
pounds agree well with those obtained by other conventional soft
chemistry methods reported in the literature [12,27,29-31,33-35],
indicating the reliability of this synthesis method.

3.3. FTIR

Fig. 4(a) presents FTIR spectra of as-prepared and thermally
treated MoO;3; materials. The as-prepared material and the
material annealed at 300 °C showed bands at 1610, 1410 and
1265 cm ™', which can be assigned to residual acetyl groups
resulting from the decomposition of acetylacetone during the
combustion process; these bands disappeared as the tempera-
ture was increased. On the other hand, characteristic Mo—O
bands due to lattice vibrations were observed in samples
thermally treated from 300 to 600 °C. The band at approxi-
mately 975cm™' was related to terminal oxygen atoms
(Mo=0), whereas the bands at 810 and 540 cm~ ! were
associated with double and triple bridged oxygen atoms
(Mo —0), respectively. The band at approximately 430 cm ™'
represents O —Mo —O bending [38,39]. FTIR spectra of the
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Sm,0O3; material are shown in Fig. 4(b). The materials
thermally treated at 400 and 500 °C exhibit bands at 1505
and 1385cm™!, which were assigned to the splitting of
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Fig. 4. FTIR spectra of (a) MoO; and (b) Sm,03 thermally treated at different
temperatures.
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asymmetric stretching bonds of metal carbonate. The other
band observed at 845 cm ™! was related to carbonate ions [1],
corroborating the XRD observation of the presence of
Sm,0,CO5 as a secondary phase. As the temperature was
increased from 600 to 800 °C, bands were observed at 530,
475 and 420 cm ™', These bands are characteristic of metal—
oxygen vibrations associated with Sm — O bonds, in agreement
with the XRD results regarding the presence of a well-
crystallized Sm,0;5 phase.

3.4. SEM

Fig. 5 presents SEM images of the MoO; and Sm,Oj;
materials synthesized in this study. The as-prepared MoOj;
materials and those annealed at 300 °C exhibited the agglom-
eration of particles of several micrometers. In the as-prepared
MoO3;, a heterogeneous morphology mainly constituted of
long fiber shaped particles was observed, see Fig. 5(a). For the
material annealed at 300 °C, it was revealed the presence of
well-defined plate-like crystals of various sizes with random
orientation, see Fig. 5(b). As the temperature was increased at
600 °C, the particles grew exhibiting plate shape with several
microns in size, as shown in Fig. 5(c). In contrast, the Sm,03
materials did not significantly change when increasing the
annealing temperature, see Fig. 5(d), (e) and (f). These images
show the formation of foam morphology agglomerates with
the presence of pores of different sizes within the structure.
These morphological features are associated with the nature of
the combustion reaction, namely the rapid generation and
release of gas. The clear morphological differences observed
between the MoO; and Sm,0; materials indicate that the
nature of the oxide and the reagents used during the synthesis
are important factors that determine the final morphology.

UANL lIC

Fig. 5. SEM images of MoOj: (a) as-prepared and thermally treated at (b) 400 °C and (c) 600 °C; and Sm,O5: (d) as-prepared and thermally treated at (e) 500 °C

and (f) 800 °C.
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3.5. Specific surface area

Table | reports the surface areas calculated for the MoO;
and Sm,0O3 materials. According to the Spgr results, the
Sm,05; materials exhibited surface areas at least 2 times
greater than those of the MoO; materials. This disparity
indicates that material morphology plays an important role
in determining textural properties. Spg7 tends to decrease as
the annealing temperature increases. The as-prepared
MoO; samples and those thermally treated at 300 and
400 °C showed a similar surface area of approximately
14 m? g~ '. When the temperature was increased to 500 and
600 °C, the surface area decreased to 11.4 and 8.1 m? g_l,
respectively. This decrease in surface area resulted from the
increase in crystallinity and particle growth at elevated
temperatures.

The Sm,05 materials showed surface areas ranging from 15
to 28 m* g~ '. The materials thermally treated from 300 to
600 °C exhibited a similar surface area of approximately
25 m> g_l. However, the surface area decreased above
700 °C due to the enhanced growth of Sm,Oj3 particles.

Table 1
Specific surface area (Spz7) of MoO; and Sm,05 processed at different thermal
treatments.

Temperature (°C) Sper (m> g™ ")

MoO; Sm,03
As-prepared 14.2 24.8
300 14.2 25.1
400 14.9 28.5
500 11.4 253
600 8.1 24.7
700 - 19.5
800 - 15.2

As prepared black
powder

Non aqueous Solution

’ MoO; nuclei

/0\/0\ Acetylacetone @ sm,0; nucei

—OH Ethanol

3.6. Crystallization reaction mechanism

Fig. 6 presents the proposed mechanism of formation of the
MoO; and Sm,O; materials synthesized by solvo-combustion
reactions. First, each chemical reagent was dissolved in the
mixture ethanol/acetylacetone/nitric acid and the complex pre-
cursors are formed. This step creates a uniform reactants mixture
at the molecular level. Mo7034_ and Sm>* ions interact with the
acetylacetone fuel in different ways. The Mo,0%; ion has no
affinity for the formation of a complex with acetylacetone. In
contrast, the Sm>* ion forms a stable complex with acetylacetone,
which determines the course of the subsequent stages formation,
as shown in the first step in Fig. 6. This acetylacetone chelation
plays an important role in the reaction, affecting the reactivity of
the reagents and intermediates as well as the reaction rates and
leading to a difference in crystal growth between the two ions.

The combustion reaction provides enough energy for
nucleation, and the gases generated by the reaction inhibit
particle growth. Fine black powders were yielded by each
synthesis procedure, indicating the presence of residual carbon
and secondary organic groups due to the total decomposition
of acetylacetone.

After the combustion process, the MoO3 phase was obtained in
crystalline form, whereas Sm,O; was amorphous, and both
materials were surrounded by an organic matrix network. The
residual organic material was eliminated by thermal treatment,
which also promoted the crystallization process of both com-
pounds, as indicated by XRD, DTA/TGA and FTIR analyses.

On the other hand, the crystalline materials exhibited
different morphologies, with MoO;3; growing into plate-
shaped particles and Sm,O; maintaining a porous structure.
Additionally, both materials exhibited favorable specific sur-
face areas. In fact, the Sprr values for some of the MoO5; and
Sm, O3 materials synthesized in this study are superior to many
values reported for these oxides prepared by other synthesis
methods [30,31,33].

Plates-like MoO;

Foam-like Sm,0,

E==dMoO; plates

. Organic matrix

Fig. 6. Schematic illustration of the process of formation of MoO3; and Sm,05 structures.
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Table 2
Comparative results of MoO3 and Sm,0O3 synthesized by different methods.

Synthesis strategy Chemical reagents Steps/total Phase/surface Morphology Ref.
reaction time (h) area (m? g D)
Hydrothermal Na,MoO, - 2H,0, EDTA, water, HCI1 4/53 h h-MoOs;, 7.5-35— Irregular yuba-like [27]
35.6 particles, floral and flakes
Solution reaction (NH4)6Mo0,0,4 - 4H,0, urea, PEG200, EDTA, 3/6h ®-MoOs3, 0.87-5-5.7 Semi-sphere, rod, sheet [31]
Sorbitol, water
Probe sonication route (NH4)sM070,4 - 4H,0, urea, sodium dodecyl sulfate, water 4/12 h o and h-MoO;, NR  Nanorods [29]
Cation exchange and Na,MoO, - 2H,0, HCI, HNO; 3/2h F-MoO;, 20, NR [30]
evaporation a-MoOs, 14
Surfactant assisted Sm(NO3); - 6H,0, polymethyl methacrylate, Pluronic F127,  4/24 h Cubic Sm,03, 28.2— Wormhole-like mesopores [33]
templating sucrose, L-lysine citric acid, water, ethanol 32-32.
(a) Reverse micelles, Sm(NOj)3, (a) non-ionic and anions surfactant. (a) 4/13 h, Cubic and (a) Spherical, plates, [34]
(b) hydrothermal Cyclohexane, isooctane, water, tri-ethyl amine, (b) 3/3h monoclinic Sm,O3, (b) rod
(b) CTAB, tri-ethyl amine NR
Nonaqueous sol-gel ~ Samarium acetylacetonate, benzyl alcohol 3/4h Cubic Sm,03, NR  Well-defined disks [12]
Ultrasound assited Sm(NO3); - 6H,0, ethanol, mesoporous silica 4/13 h Cubic Sm,03, 166 NR [35]

NR=Not reported.

Common synthesis methods involve vacuum drying, time-
consuming reactions, high pressure and in some cases the use
of templates [12,27,29-31,33-35], as described in Table 2.
The solvo-combustion route presented in this work has great
advantages such as: simple execution, few synthesis steps,
short reaction time, the use of simple readily available raw
materials, and high yields in the range of 90-95%. This route
uses acetylacetone as the solvent, ligand and fuel material.
Additionally, acetylacetone is used directly in liquid form, in
contrast to commonly used solid fuels such as urea and
glycine, which need to be dissolved in water prior to reaction.
Furthermore, acetylacetone has a higher heat of combustion
(—6.15 kcal/g) [40] than urea (—2.98 kcal/g) and glycine
(—3.24 kcal/g) [41]. Based on the merits of this innovative
route, the method is expected to be suitable for the synthesis of
complex oxides with high specific surface areas and unique
morphologies. Moreover, materials synthesized through this
route may have applications in important technological pro-
cesses including catalysis, sensors, piezoelectric materials and
optical devices.

4. Conclusions

A facile and rapid solvo-combustion method was developed to
synthesize MoO5; and Sm,O5; materials using acetylacetone as the
fuel and ethanol as the solvent. Both materials were obtained as a
single crystalline phase above 600 °C with high surface areas and
unique morphologies. The nature of the oxide and the raw
reagents is an important factor in determining the final morphol-
ogy and surface area of MoO; and Sm,Os; materials. This
innovative route could be suitable for the synthesis of other
oxides with attractive physicochemical characteristics.
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