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ABSTRACT: The present study provides a rapid way to
obtain VO, (B) under economical and environmentally
friendly conditions. VO, (B) is one of the well-known
polymorphs of vanadium dioxide and is a promising cathode
material for aqueous lithium ion batteries. VO, (B) was
successfully synthesized by rapid single-step hydrothermal
process using V,05 and citric acid as precursors. The present
study shows that phase-pure VO, (B) polytype can be easily
obtained at 180 °C for 2 h and 220 °C for 1 h, that is, the
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lowest combination of temperature and duration reported so far. The obtained VO, (B) is characterized by X-ray powder
diffraction, high-resolution scanning electron microscopy, and Fourier transform infrared spectroscopy. In addition, we present
an indirect way to obtain VO, (Ml1) by annealing VO, (B) under vacuum for 1 h.

1. INTRODUCTION

Among the transition metal oxides, vanadium-based oxides are
receiving a tremendous attention because of their diverse
chemical structures, novel properties, abundance in nature, and
potential applications. Beyond well-known oxides V,0;, VO,,
and V,O;, with oxidation states from 3+ to 5+, the richness of
the V—O system stands both in its very rich solid state phase
diagram, due to presence of several Magneli and Wadsley
phases, and its hydrothermal phase diagram with several
metastable, stable hydrate, and nonhydrate phases."” Such
richness and complexity of the phase diagrams generally makes
formation and stabilization of each specific phase very
challenging. Till now, several kinds of crystalline phases of
V—O and V-H-O systems have been reported, including
rutile VO, (R),> monoclinic VO, (M1),* monoclinic VO,
(M2),° tetragonal VO, (A),* monodlinic VO, (B),” VO,
(D), BCC VOZ,Q paramontroseite VOZ,10 orthorhombic
VO,-H,0 or VO, (C),"' V,0,2H,0,"” V,,0,,-9H,0,"
V,0,-H,0," haggite H,V,0,," and montroseite VOOH."'
Out of these phases, VO, (M1) has been attracting much
attention due to its unique near room temperature insulator-to-
metal phase transition and technological applicability. Beyond
VO, (M1), recently VO, (B) is of great interest owing to its
layered structure, high energy capacity along with moderate
work potential, and promising applications in the field of energy
technologies."’ ™' Through preparing nanotextured VO, (B)

cathode material from vanadium oxide aerogels, very high
specific capacity of 500 mA-h/g was reported by Baudrin et al.*°
In the case of nanostructures, initial high capacity was ascribed
to the large surface area and short diffusion distances.”’ The
operating properties of battery materials depend not only on
the structure but also on the morphology of the electrode
component. Based on this, in recent years some efforts have
been devoted to the elaboration of 1D nanostructured VO, (B)
materials (i.e,, nanorods, nanowires, nanoribbons, nanospheres,
and nanobelts) and to the improvement of their electro-
chemical performance.”””>® Until now, two main different
preparation techniques were used to obtain VO, (B): a
hydrothermal method or reduction of vanadium oxide
precursors under different atmospheres. Among these, hydro-
thermal methods provide numerous advantages by offering
several variable preparation parameters: time, temperature, pH,
concentration, filling percentage of the autoclave, precursor
dependence, pressure, reducing agents, etc. These parameters
are often very useful to obtain desired morphologies and
explore new phases. For example, pH-dependent morphologies
and pressure-dependent phase formation were reported in the
case of VO, polymorhs.zs’27 From an economical and
environmental point of view, however, it is necessary to
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synthesize VO, nanostructures at low temperature and duration
using abundant, inexpensive, and nontoxic precursors. In this
study, we propose a rapid hydrothermal synthesis of VO, (B)
platelet morphologies using a novel combination of precursors,
together with low synthesis temperature and duration. This
hydrothermal synthesis protocol allowed us also to propose a
fast synthesis method for the thermochromic VO, (M1)

polymorph.

2. EXPERIMENTAL SECTION

2.1. Synthesis. All chemical reagents were analytical grade and
used as received without any further purification. The samples were
synthesized via a rapid hydrothermal process as follows. Vanadium
pentaoxide (V,0s, 2.6 mmol; Aldrich) was dissolved in 43 mL of
deionized water. After stirring for 15 min using a magnetic stirrer, 3.9
mmol of citric acid monohydrate (C;HgO,H,0; Merck) was added
into the solution and stirring was prolonged for 15 min. The resultant
yellow aqueous solution was transferred into the Teflon liner of a
stainless steel autoclave. The sealed steel autoclave was kept in an oven
at 120—220 °C for 0.5—12 h. After the reaction process, the autoclave
was slowly cooled to room temperature. The as-prepared powder
samples were filtered and washed with distilled water and ethanol to
remove unreacted chemical species and dried in air at 80 °C for 6 h.
The final obtained blue powders were used for further characterization.

2.2. Characterization. The purity of as-synthesized powders was
checked by X-ray powder diffraction (XRPD; PANalytical X'Pert PRO
MPD diffractometer) using Cu Ka radiation at 40 keV and 30 mA,
with divergent slit of 1° and receiving slit size of 0.1 mm in a 26 range
between 10° and 100° with a 0.01313° step size and 700 s count time
per step. The identification of the compound was made by comparing
the experimental XPRD patterns to standards compiled by the Joint
Committee on Powder Diffraction and Standards (JCPDS data card
01-081-2392). The morphology and microstructure of the synthesized
compounds were investigated by high-resolution scanning electron
microscopy (HRSEM; JSM 6700F) under S keV: the powder samples
were deposited and adhered to carbon tapes and subsequently sputter-
coated with a thin layer of gold on the surface to prevent charging
effects. A Fourier transform infrared spectrometer (FTIR-8400S,
Shimadzu) was used to confirm the formation and purity of the
desired compound; spectra were acquired on mixtures of VO, (B) and
KBr in the wavenumber range 400—2800 cm™" and averaged over 100
scans. The above-mentioned XRPD diffractometer was further used
with a high-temperature chamber under vacuum (9.2 X 107° bar) to
study the phase transition between two different polytypes of
vanadium dioxide; the powder of VO, (B) was dispersed in ethanol
and then deposited on the platinum strip of an Anton Paar high-
temperature chamber; the diffractometer was calibrated using the peak
shift of the platinum strip; the HT-XRPD patterns were acquired using
0.003° step and 66 s count time per step, under 9.2 X 107° bar.

3. RESULTS AND DISCUSSION

To present the structural relationship between VO, (B) and
VO, (M1), in comparison with V,Oj, the crystal structures of
orthorhombic V,0, monoclinic VO, (B), and monoclinic VO,
(M1) are shown in Figure 1. V,0O; consists of layers of edge-
and corner-sharing octahedra along the ab planes. These layers
are connected at corners to give a three-dimensional lattice
pattern. VO, (B) exhibits two edge-sharing units to produce a
layer of octahedra along the ab plane. These layers are
connected by corners to give a three-dimensional crystal
structure. In this case, the 4-fold axes of oxygen octahedra are
aligned along one direction only. The main difference between
these two structures is that VO, (B) consists of two edge-
sharing octahedra units, instead of one edge-shared and one
corner-shared as in case of V,0O;. On the other hand, the
difference between VO, (B) and VO, (M1) is only the
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Figure 1. Crystal structures of (a) orthorhombic V,0s, (b) monoclinic
VO, (B), and (c) monoclinic VO, (M1).
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orientation of the 4-fold axis of oxygen octahedra. In the case of
VO, (M1), the 4-fold axis of the oxygen octahedra is aligned
along two perpendicular directions.

The complex aqueous chemistry of vanadium (V°*) has been
extensively studied for the past few decades. In aqueous
solution and at room temperature, depending on concentration
and pH, vanadium ions exist in at least 11 varieties of molecular
hydrate species. Recently, using peroxovanadic acid and oxalic
acid as precursors, Li et al. have obtained VO, (B) urchin-like
nanostructures at 180 °C for 12 h.*® This corresponds to the
lowest optimized preparation conditions presented for VO, (B)
so far. They have observed a transition from bariandite-type
mineral V,,0,4-9H,0 to VO, (B) by a reduction—dehydration
process. To optimize the synthesis conditions for VO, (B) and
to study the evolution of phases as a function of temperature
(T) and reaction time (t) at fixed concentration (V,0s and
citric acid), several experiments were made with T =120, 150,
180, or 220 °C and t = 0.5, 2, 3, 3.5, 6, 7.5, or 12 h. At 120 °C
for 12 h, 150 °C for 2 h, 180 °C for 1 h, and 220 °C for 0.5 h
reaction time, VO,«H,O is systematically obtained (JCPDS
data card 00-018-1445); below these preparation conditions,
we observed bariandite-type mineral V,,0,,9H,0 (JCPDS
data card 00-025-1006). When both reaction temperature and
duration are further increased to 180 °C for 2, 6, or 12 h and
220 °C for 3, 3.5, or 7.5 h, VO, (B) polymorph forms. Figure 2
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Figure 2. Kinetic phase evolution study between 120 and 220 °C in
the duration range 0.5—12 h. V,0O; and citric acid were used as
precursors under hydrothermal conditions. Squares represent VO, (B)
phase, and stars represent the VO,-xH,O phase against the specified
temperature and duration.



summarizes the evolution of phases with the temperature (T)
and duration of reaction (t); it illustrates the T—t exponential
dependence for the formation of the hydrate (the necessary
dwell time drops rapidly as the temperature increases) and
demonstrates the stability of the B polytype at high temperature
(T > 180 °C); it also gives insight to the phase-forming
sequence, which is quite different from the mechanism
observed in case of VO, (B) preparation under reducing
atmospheres, with the formation of the intermediate compound
VO,-«H,0 between V,,0,,-9H,0 and VO, (B). The reducing
mechanism from V** (V,0;) to V** (VO, (B)) in the presence
of a reducing agent (citric acid) can actually be described with a
three-step process from partial reduction—hydration to
complete reduction—hydration and finally dehydration:

V,0, + H,0 — V,,0,,-9H,0
V,,0,4-9H,0 + H,0 — VO,-xH,0
VO, -«H,0 + H,0 — VO, (B)

Here V,;0,,-9H,0 forms in the early stage of the reaction
process under (soft-) reducing conditions or at low temper-
ature; it is a layered compound, as expected from the ability of
V,0; to intercalate water in its layered structure. As the
reduction reaction progresses, the remaining V** jons are
reduced to V¥, resulting in VO,-«H,0. In the final stage of
reaction process, the dehydration of VO,-xH,O gives rise to the
fully reduced V**O, (B).

Figure 3 shows the XRPD pattern of VO, (B) prepared at
220 °C for 2 h and refined using the FullProf program.>® We
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Figure 3. XRPD pattern of VO, (B) synthesized at 220 °C for 2 h
(inset, platelet-like morphology of the VO, (B) crystals obtained using
TEM).

used Thompson—Cox—Hastings pseudo-Voigt axial divergence
asymmetry profile function for profile fitting. All diffraction
peaks were indexed according to the monoclinic phase of VO,
(B) with space group C2/m, lattice parameters a = 12.0417(3)
A, b =3.6892(8) A ¢ =64312(2) A, and B = 106.965(2)°;
these results match with JCPDS data card 01-081-2392. The
results from the Rietveld refinement are given in Table 1, and
only a weak preferential orientation indicative of a platy habit
was noticed. No trace of other phases or impurities was
detected, independent of the present temperature and duration
conditions, supporting the purity of the VO, (B) platelets. We

Table 1. Lattice Parameters and Atomic Positions of VO,

(B)

profile

lattice parameters ~ parameters

space group, C2/m  function Thompson—Cox—Hastings pseudo-
(No. 12) Voigt axial divergence asymmetry

a=120417(3) A

b = 3.6892(8) A half-width U =0.83(4)
parameters
c=64312(2) A V= —0.35(3)
B =106.965(2)° W = 0.048(4)
atomic positions
atom label Wyckoff position & z

V1 4i 0.3003(2) 0.7150(4)
V2 4i 0.4005(2) 0.3104(4)
o1 4 0.3591(5) 0.987(1)
02 4i 0.2281(8) 0.316(1)
o3 4i 0.4534(8) 0.677(2)
04 4i 0.1327(6) 0.709(1)
reliability factors R, 6.11% R, 7.92% 1 397

calculated the average coherence length (D) by using the
Scherrer expression, which is ca. 65 nm. The size and platelet-
like morphology are consistent with TEM observations shown
in the inset of Figure 3. The broadening of (00!) peaks
compared with other reflections was already explained by
disorientation in (00!) layers.>* The platelet-like morphology of
VO, (B) at different temperatures and durations is shown in
Figure 4a—c The morphology of platelets is similar in all cases,
which indicates that temperature and duration have minor
effect on the morphology.

To investigate the chemical bonding between vanadium and
oxygen ions and to confirm the phase purity, we performed
FTIR spectroscopy. Figure 4d shows the FTIR spectrum of
VO, (B) sample prepared at 220 °C for 2 h. The main
vibrational bands observed from the FTIR spectrum are at 551,
669, 936, 1012, 1624, 2339, and 2360 cm™' and can be
attributed to the various vibrational bands of V—0O, O—H, and
C—O systems. From the comparison with the spectra of pure
KBr, only bands at 551, 936, and 1012 cm™" can be considered
as intrinsic to vanadium oxide, which matches well with earlier
reports: the initial broad vibrational band at S51 cm™' is
assigned to the V—O—V octahedral bending modes;>! the band
at 936 cm™! is attributed to the coupled vibration of V=0 and
V—0-V;**> the band at 1012 cm™' can attributed to the
stretching of short V—O bonds that are also present in this
phase. The high- and low-frequency bands arise from CO, as
confirmed by electron spin resonance with a broad resonance in
low magnetic field characteristic of surface adsorption of
carboxyl and X-ray photoemission spectroscopy measurements
at C Is edge with the presence of a weak signal only on the
uncleaved surface (not shown); such surface pollution of the
powder sample can easily be due to the atmosphere exposure or
partial interaction with the reducing agent during the synthesis.
The asymmetrical stretch of CO, can give a strong band in the
IR spectrum at 2350 cm ™', and the bands appearing around this
region (i.e,, 2339, 2360 cm™") can be reasonably assigned to the
asymmetrical stretch of CO, molecules; in the same way, the
vibrational band appearing in at 666 cm™' can be assigned to
degenerate bending vibration of CO,. The band at 1624 cm™
can be assigned to different vibration models of an O—H grou
of adsorbed water molecules on the surface of the platelets.
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Figure 4. HRSEM images of VO, (B) synthesized at (a) 180 °C for 2 h, (b) 220 °C for 1 h, and (c) 220 °C for 2 h. (d) FT-IR spectra of VO, (B)

sample prepared at 220 °C for 2 h.

These FT-IR observations confirm that the nanoplatelets
correspond to the VO, phase.

The stability of VO, (B) was studied by high-temperature
XRPD (HT-XRPD) under vacuum and differential scanning
calorimetry (DSC) under S N argon flow (heating/cooling rate
of S K/min). The use of either argon or vacuum is justified by
the instability of VO, under oxidizing conditions. Indeed,
Pavasupree et al. studied the stability of VO, (B) in air and
observed that around 400 °C this polymorph was oxidized into
V,05 crystallized phase.®* In situ HT-XRPD measurements
(Figure Sa) show that VO, (B) is stable under vacuum up to
400 °C and that the transformation into VO, (M1) occurs only
above 400 °C. At 500 °C, both B and M1 polymorphs coexist,
and VO, (B) completely transforms into VO, (M1) around
600 °C. XRPD patterns at 200 and 25 °C recorded during the
cooling process, with the presence of VO, (M1) phase only,
support the irreversibility of the phase transformation. DSC
measurements (Figure Sb) were carried out on VO, (B)
powder samples. A first experiment up to 600 °C highlighted
several transitions: a first one during the heating treatment
beginning at ca. 350 °C and finishing at ca. 430 °C,
immediately followed by a second broad one beginning at ca.
450 °C and continuing during the cooling stage, and a small last
one during cooling coinciding with the transformation from
VO, (R) into VO, (M1) (61.5 °C); the final compound after
the DSC measurement can be refined with VO, (M1) space

group and parameters. A second DSC experiment up to 430 °C
only revealed the only presence of the first transition without
any trace on cooling of the transformation from VO, (R) into
VO, (M1); the final compound can here also be refined with
VO, (M1) space group and parameters. A last experiment up to
150 °C carried out on the latter sample evidenced on both
heating and cooling the reversible transition from VO, (M1)
into VO, (R) at 69.5 and 65.2 °C, respectively (confirmed by
magnetization measurements, not shown); as previously, the
final compound can again be refined with VO, (M1) space
group and parameters. The transition on heating in the
temperature range 350—430 °C can be interpreted as the
nonreversible transformation from VO, (B) into VO, (Ml1);
the temperature for the transformation using argon flow is
slightly lower than in the case of the use of vacuum. The second
transition at high temperature may be related to a partial
transformation to VO, (R) giving rise to the peak observed at
61.5 °C during the first experiment. Both the in situ HT-XRPD
and DSC measurements show that VO, (B) actually transforms
into VO, (M1) at high temperature. Indeed, both the XRD and
the third DSC experiments show that the product after the
second DSC experiment is VO, (M1); however, no transition
from R to Ml could be detected from the second DSC
experiment evidencing that the structure evolve from VO, (B)
to VO, (M1) despite the transformation occurs at high
temperature. None of our experiments could reveal the
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Figure S. (a) Phase transformation study of VO, (B) into VO, (M1) by in situ HT-XRPD from 25 to 600 °C (heating cycle (H)) and 600 to 25 °C
(cooling cycle (C)). The circles highlight the transformation into VO, (M1). (b) Phase transition study of VO, (B) into VO, (M1) by DSC under
argon flow: (1) DSC experiment up to 600 °C, (2) DSC experiment up to 430 °C, and (3) DSC experiment up to 150 °C on the sample produced
by treatment 2. The inset shows the morphology after annealing at 550 °C for 1 h.

presence of any intermediate phase; however, we could observe
that an increase in the temperature could promote the
transformation of VO, (M1) into VO, (R) evidenced along
with a small peak at 61.5 °C. Our observations are consistent
with previous reports, which showed that platelet VO, (B)
powders were transformed into VO, (M1) using either in situ
electron microscopy study®® or the temperature evolution of
FTIR spectra.®’ Finally to prepare thermochromic VO, (ML),
we annealed VO, (B) samples for 1 h at 550 °C in vacuum-
sealed silica tubes (2 and S °C/min heating and cooling rates
respectively). The XRPD study at room temperature
demonstrated the formation of VO, (Ml1), and the inset of
Figure Sb shows the SEM image of VO, (M1) obtained after
annealing treatment at 550 °C for 1 h. The retention of platelet
morphology indicates the minor influence of the thermal
treatment. This process can be used as a rapid indirect way
(total 2 h) to prepare the VO, (M1) polymorph; usually,
several days are required for obtaining the pure phase.

4784

4. CONCLUSION

We proposed a convenient, rapid hydrothermal synthesis of
vanadium dioxide B polymorph. We used an environmentally
friendly novel combination of precursors V,05 and citric acid to
obtain VO, (B) platelets. Phase purity and formation process
were confirmed using X-ray powder diffraction and Fourier
transform infrared spectroscopy, respectively. VO, (B) phase
transition studies under vacuum demonstrate a one-step
transformation into VO, (M1) that allows us to present an
indirect rapid preparation method for VO, (M1). The
versatility of this method can be extended to the preparation

of other transition metal oxides.

dx.doi.org/10.1021/ic301201k | Inorg. Chem. 2013, 52, 4780—4785
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