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Abstract

Phase pure V,03; micro-crystals with a hexagonal dipyramid morphology were fabricated for the first time via a facile one-step hydrothermal
method. The crystals were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and differential scanning calorimetry (DSC). A hexagonal dipyramid structure of V,0; enclosed by well-grown {012} facets was
obtained by hydrothermally reducing VO(acac), precursor with N,H, - H,O at 220 °C for 48 h. The results indicated that V,05 can be well
crystallized up to micron size with distinguished facets by only one step hydrothermal treatment. The formation mechanism and morphology
evolution for V,05; micro-crystals were discussed. Based on our experiments, the V,05; nuclei formed and grew by a phase transformation
through a dissolution—recrystallization process of VOOH, and the formation of the hexagonal dipyramids was ascribed to the specific adsorption
of Hacac to the {012} facets restraining the growth in the directions normal to the {012} facets. The present work provides a facile method for
preparing phase pure V,0; micro-crystals with hexagonal dipyramid morphology, which can be used as a new powder material for ceramic

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

To synthesize and design inorganic materials with novel and
special morphologies have always been of great interest and one
of the key tasks towards application. Controlling the morphology
of materials particularly at the nano- to macro-scale is necessary
and it is always a challenge to material research scientists, because
well-controlled morphologies may generate unique and in most
cases useful electronic, magnetic, optical and catalytic properties
[1,2]. The morphology of a material can also be designed
according to the requirements of the devices, which is of
significant value for the practical application.
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Over the last few decades, vanadium oxide-based materials
have attracted much attention in the scientific and industrial
communities because of their unique physical and chemical
properties [3,4]. As a typical and prominent example, lots of
investigations were carried out on V,03 due to a temperature-
induced reversible metal-insulator transition (MIT) and a
magnetic transition that occurred at the same temperature [5].
Below 150K, it is antiferromagnetically ordered and an
electric insulator with monoclinic crystal structure. With
increasing temperature to above 150 K, the crystal structure
changes from monoclinic to rhombohedral (corundum-type),
accompanied by a change from antiferromagnetic to paramag-
netic and a sharp increase in electrical conductivity (up to 107)
[6-9]. It is the reversible abrupt changes of electric and
magnetic properties that makes V,0; a desirable material to
meet the demand of potential wide ranges of applications, such
as low temperature sensors, field-effect transistors, catalysts
and cathode materials for lithium batteries [10-13].
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Although V,0; has already been discovered by Foex in
1946 and a number of methods have been reported to prepare
V,03; it is still a challenge to synthesize high quality V,0;
crystal with well-developed morphology for the practical
application [14]. Traditionally, V,O3; powders were synthe-
sized by thermal decomposition of V,05 or other vanadium-
containing precursors at a temperature range from 450 to
2000 °C [15-24]. However, the formation of V,03 powders by
thermal decomposition requires high temperature with precise
atmospheric control, and the morphologies are almost limited
to a sphere shape. There were only a few studies on the
synthesis of V,0; particles by the solvothermal methods, using
the reaction of metal alkoxide vanadium (V) triisopropoxide
and benzyl alcohol at 200-220 °C [25,26]. However, the
methods do not seem suitable for practical application because
the raw materials are quite expensive and the solvent is not
environmentally friendly.

Since there a large amount of literatures reported the
synthesis of other V-O compounds, such as VO,, with precise
control of the morphology and stoichiometry by soft chemical
methods, it is reasonable to consider that the formation of
V,03 nano- or micro-powders in aqueous solution is a more
preferable method against the thermal decomposition or
solvothermal method, which may result in a low temperature,
low cost and environment-friendly fabrication process nor-
mally with diverse morphology control. It was reported by
Blagojevic et al. that the V,0j3 crystals can be hydrothermally
formed [27]. However, the reported method requires an
additional ligand as additive and cannot produce single-
shaped and well-crystallized morphology.

It is still a meaningful challenge to develop a simple
approach for producing V,0; with single and well-developed
morphology in aqueous solution. In this work, we report a
facile one-step hydrothermal method to synthesis V,0O3; micro-
crystals using raw materials of VO(acac),, NoH,-H,0, and
H,0 without additional ligand as additive representing the first
case for directly synthesizing single-shaped V,0; hexagonal
dipyramids with well-developed {012} facets in liquid condi-
tion by the hydrothermal treatment.

2. Experiment
2.1. Raw materials

VO(acac), (vanadium oxyacetylacetone, Alfa Aesar Corpora-
tion) was used as the vanadium source and N,H, - H,O (67 wt%,
Sigma-Aldrich Corporation) was adopted as the reducing agent.
Deionized water was used in all our experiments. All chemicals
were used as received without further purification.

2.2. Synthesis of V>,03 micro-crystals

In a typical experiment, 2.5 g VO(acac), was added to a solution
of 40 ml deionized water and 1 ml hydrazine monohydrate under
constant stirring. The mixture was then transferred into a 100 ml
Teflon-lined autoclave, sealed and maintained at different tempera-
tures for different time durations. After cooling to room

temperature, the precipitate was collected by centrifugation, washed
with deionized water and ethanol several times and dried at 70 °C
to obtain the V,0O3 powder products.

2.3. Characterization

The structure of the samples were characterized with a D/
max-2500 X-ray diffractometer (Rigaku, Japan), using Cu Ko
radiation (A=0.15406 nm) operated at 40 kV and 40 mA. The
morphologies of synthesized powders were observed by field
emission scanning electron microscopy (FE-SEM, HITACHI,
S-3400). The microstructure was investigated with transmis-
sion electron microscopy (TEM, JEOL, JEM2010). The phase
transition behavior was measured by differential scanning
calorimetry (DSC, NETZSCH, DSC200F3) in nitrogen flow
in the temperature range from —140 to 20 °C at a heating/
cooling rate of 10 °C min™' using a liquid nitrogen cooling
unit.

3. Results and discussion
3.1. Crystal structure

The XRD pattern of a sample obtained at 220 °C for 48 h is
shown in Fig. 1 as a representative. All peaks can be indexed
as a single phase V,0; (JCPDS Card no0.34-0187). It can also
be seen that all of the peaks are sharp and strong with
relatively narrow peak widths, indicating the good crystallinity
of V,03. The result indicates that phase-pure and well-
crystallized V,0; powders can be synthesized by such a
simple one-step hydrothermal method.

3.2. Crystal morphology

Fig. 2 shows the corresponding FE-SEM image of the
synthesized sample. When the precursor of VO(acac), was
reduced by N,H;-H,O at 220 °C for 48 h, well defined
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Fig. 1. XRD pattern for one sample obtained at 220 °C for 48 h, the bottom
showed the simulated pattern according to the JCPDS Card (No. 34-0187).
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hexagonal dipyramids of V,03 micro-crystals with approxi-
mately 200-500 nm in diameter could be obtained. Herein, we
highlight that the hexagonal dipyramids are of unusual crystal
shapes of rhombohedral corundum-type oxides, representing
the first case for synthesizing V,0; hexagonal pyramids with
well-grown, distinguished facets.

The morphology and crystallinity of the V,0; hexagonal
dipyramids were further observed by TEM, and the results are
shown in Fig. 3. The TEM image in Fig. 3a clearly shows the
size and shape of the hexagonal dipyramids. The SAED
pattern in Fig. 3b demonstrates that they are all single crystals.
As shown in the HRTEM of Fig. 3c, the interplanar spacing of
0.36 nm corresponds to the d spacing of (012) plane and the
corresponding dihedral angle of 82° is consistent with the
calculated angle between (012) and (10—2) planes.

3.3. Phase transition

The phase transition behavior of the micro-crystals was
investigated using DSC which records the latent heat during
phase transition. Fig. 4 shows the DSC curves of the V,0;
crystals of the hexagonal dipyramid. Upon cooling, the sample
exhibits an exothermic peak at —130 °C, and upon heating

Fig. 2. SEM image of hexagonal dipyramid V,0; crystals hydrothermally
synthesized at 220 °C for 48 h.
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during the cooling—heating circle, it shows an endothermic
peak at —115°C, with a temperature hysteresis width of
approximately 15 °C. Our results are consistent with the
research of Zheng et al. who determined the DSC of the
V,0; powder for the first time and observed that the phase
transition temperature of V,03 is —120 °C on cooling and
—99 °C on heating with a temperature hysteresis width of
approximately 20 °C [28].

3.4. Crystal growth process

To understand the growth mechanism of V,05 during the
hydrothermal process, serial experiments with various heating
time were conducted. Products obtained at 220 °C for 6 h,
12 h, 24 h and 48 h were taken as examples for representing
the four typical growth stages.

Fig. 5 shows the typical XRD patterns of the reaction
products with increasing heating time. After heating at 220 °C
for 6 h, the reaction product has already been crystallized as
shown by the diffraction peaks in Fig. 5a. At a reaction time of
12 h, the peaks increased in intensity but were kept at almost
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Fig. 4. DSC curves of the V,03 micro-crystals of the hexagonal dipyramid.
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Fig. 3. TEM image (a) and the related SAED pattern (b) of hexagonal dipyramid V,05 crystals, and the HRTEM image (c) of a single thombohedral V,03

hexagonal dipyramid enclosed by {012} facets.
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the same position (Fig. 5b). According to the characterization
and analysis of Wu et al. [29], we could identify such a
vanadium oxide phase in patterns (a) and (b) as VOOH. The
heating for 24 h gives a mixture of VOOH and V,0; as shown
in Fig. 5c. On heating for 48 h, the VOOH transforms totally
into a single phase V,05, as shown in Fig. 5d.

Fig. 6 demonstrates the typical FE-SEM images which
illustrate the morphology change with increasing heating time
during the growth process of the V,05; hexagonal dipyramids.
When heated for 6 h, the reaction products were composed of
small particles and sheets (Fig. 6a). When the reaction time
increased to 12 h, small particles disappeared and the sheets
became larger and thicker (Fig. 6b). Obviously, the smaller
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Fig. 5. XRD patterns of the reaction products with different reaction time (a)
6h, (b) 12h, (c) 24 h, and (d) 48 h.

particles aggregated into bigger sheets to satisfy the spatial
requirements of the crystal growth during the “Ostwald
ripening” process. The thicker sheets disappeared gradually
after been heated for 24 h, and hexagonal dipyramids (though
incomplete and with flaws) were formed (Fig. 6¢). It is clearly
seen that the hexagonal dipyramids were generated by a large
number of sheets gradually appearing on their surfaces, which
is consistent with the XRD pattern in Fig. Sc. Finally after
been heated for 48 h, hexagonal dipyramids surrounded by
almost perfect and smooth crystal facets were formed as shown
in Fig. 6d.

3.5. Discussion

Based on the results of XRD and FE-SEM in Figs. 5 and 6,
the evolution in structure and morphology by changing the
heating time could be used to investigate the formation
mechanism of V,03 hexagonal dipyramids, the main chemical
reactions involved in the hydrothermal processes are proposed
as follows:

VO(acac),+2H" - VO* T +2Hacac

4VO** +N,H,+80H —4VOOH+N,+4H,0
2VOOH — V,05+4H,0

Total reaction

4VO(acac), +N,H;+2H,0 —2V,05+ N, + 8Hacac

Eq. (1) is the equilibrium shift from the complex of
vanadium to vanadyl cation group under hydrothermal condi-
tions. Due to the consumption of H* and the formation of N,
the reaction (2) would proceed to the right side; a high amount
of VO** could be dissociated and reduced by N,H; into

Fig. 6. SEM images of the morphology evolution of V,05 samples heated at 220 °C for (a) 6 h, (b) 12 h, (c) 24 h, and (d) 48 h.
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VOOH. It is a reduction and hydroxylation process that N,H,
is responsible for the reduction of V** to V3" and OH™ is
responsible for the hydroxylation of VO** to VOOH. The
XRD patterns in Fig. 5 clearly illustrate the reaction process of
Eq. (2). Then in reaction (3), the freshly formed VOOH
monomers which have high surface energy tended to redis-
solve and then aggregated and dehydrated with each other in
the hydrothermal process (evidently show in Fig. 6c), leading
to the increase of the V,0; solute concentration. When the
concentration of V,0;3 solutes was higher than its saturation
solubility, the nucleation and growth of V,0; crystals in the
solution started. On the whole, the reduction and hydrolyzation
of VO(acac), into V,05 by N,H, and H,O in the hydrothermal
process are not directly and relatively complicated. It is a
dissolution—recrystallization process through a phase transfor-
mation from VOOH to V,0j3 in a given condition.

Regarding the morphology formation of unusual hexagonal
dipyramids, the ligand Hacac that dissociated from VO(acac),
must play a key role in the morphology of V,O3; micro-
crystals, since no other reagents are involved in the reaction
process besides N,H,. According to the research work of
Blagojevic et al. [27], addition of different ligands to the
reaction of hydrothermal reduction in VO(OH), using N,H, as
a reducing agent produces V,0O; particles with the morphol-
ogies of rod and platelet. However, the ligands they used
cannot produce a specific morphology completely. By com-
parison, when NH,VO;5; was used as the vanadium source and
reduced by N,H, - H>O in water at 220 °C for 48 h, the mixed
morphology of both hexagonal dipyramids and truncated cubes
V,0; was formed. The results indicated that both ligand
(Hacac) and simple inorganic ions (NH4+) affect the V,03
crystal morphology, while ligand Hacac shows a more
pronounced effect on morphology control. In general, Hacac
is a more selective ligand based on morphology in the
experiment.

It is found that the Hacac has a great influence on the
morphologies of V,0; particles by participating in the nucleation
and growth. Hexagonal dipyramids V,0; with the size of 200-
500 nm were synthesized using VO(acac), as the precursor in the
hydrothermal solution. Hacac is a bidentate ligand that profoundly
affects the crystallization of V,05 by altering the deposition rate of
VOOH on specific surfaces, possibly by binding to surface sites. It
is noted that the dentate structure of acetylacetone ligand matches
almost ideally to the arrangement of binding sites (density and
spacing) of the {012} surfaces. The adsorption of Hacac to the
{012} facets causes the crystal planes to grow slower compared
with other planes which restrained the growth in the directions
normal to the {012} facets resulting in the V,0j; particles with the
morphology of hexagonal dipyramids enclosed by {012} facets.

4. Conclusion

Phase pure V,03 micro-crystals with controlled morphology
were fabricated by a facile one-step hydrothermal method.
Hexagonal dipyramids of V,03 with well-grown facets were
obtained by reducing VO(acac), precursor with NoH, - H>O in
water at 220 °C for 48 h. The results indicate that V,05 can be

well crystallized in hydrothermal solution up to micron size
with distinguished facet in one step without additional treat-
ment. We found that the reaction mechanism is a dissolution—
recrystallization process through a phase transformation from
VOOH to V,0; in a given condition. The Hacac dissociated
from VO(acac), has a decisive effect on the formation of
hexagonal dipyramid morphology. The present work provides
a facile method for preparing phase pure V,03; micro-crystals
with a hexagonal dipyramid morphology, which can be used as
a new powder material for ceramic fabrication.
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