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Two-Step Synthesis of VO, (M) with Tuned Crystallinity

Shian Guan, Aline Rougier, Oudomsack Viraphong, Dominique Denux, Nicolas Penin, and Manuel

Gaudon®

CNRS, Université de Bordeaux, ICMCB UMR 5026, Pessac, F-33600, France

ABSTRACT: Highly crystallized monoclinic vanadium dioxide,

VO, (M), is successfully synthesized by a two-step thermal
treatment: thermolysis of vanadyl ethylene glycolate (VEG) and

postannealing of the poorly crystallized VO, powder. In the first
thermolysis step, the decomposition of VEG at 300 °C is

investigated by X-ra
microscopy (SEM). poorly crystallized VO, powder is
obtained at a strict time of 3 min, and it is found that the
residual carbon content in the powder played a critical role in the
post crystallization of VO, (M). After postannealing at S00 and
700 °C in an oxygen-free atmosphere, VO, particles of various
morphologies, of which the crystallite size increases with

diffraction and scanning electron

@'ﬂ

First step thermolysis

Second step annealing

increasing temperature, are observed by SEM and transmission electron microscopy. The weight percent of crystalline VO,,
calculated using the Fullprof program, increases from 44% to 79% and 100% after postannealing. The improved crystallinity
leads to an improvement in metal—insulator transition behaviors demonstrated by sharper and more intense differential
scanning calorimetry peaks. Moreover, V,0; and V,05 with novel and particular microstructures are also successfully prepared

with a similar two-step method using postannealing treatment under reductive or oxidizing atmospheres, respectively.

1. INTRODUCTION

More than 10 kinds of vanadium dioxide (VO,) crystalline
phases have been reported in the literature. Tremendous

research efforts havelbeen devoted to the various VO,
polymorphs syntheses. At low temperature, monoclinic

VO, (M) is the most stable one and undergoes a first-order
metal—insulator transition (MIT) to rutile phase VO, (R) at
68 °C associated with a drastic change in optical properties in
the near-infrared range.”® Owing to these properties, VO, (M)
has been considered in a wide range of applications including
optical switching, optical sensing, and in particular as a strong

candidate for smart IWindows because of its significant effect in
energy savings.” =~ Indeed, windows are known as one of

the most energy-ineflicient components of buildings. VO,-
based thermochromic smart windows exhibit a self-regulating
ability of optical transmission/reflection with temperature

changes near room temperature, and so, they offer smart
functions to decrease building energy consumption.

In close relation with smart window applications, the VO,
(M) phase is mainly directly elaborated as thin films on glass
substrates by physical deposition processes as magnetron
sputtering, pulsed laser deposition (PLD), or epitaxial
growth.'® More recently, several methods have been reported
to prepare VO, nanoparticles, such as the sol—gel synthesis,"”
hydrothermal synthesis,”'® and pyrolysis method."”"” In
comparison with physical deposition processes, the use of
nanoparticles presents some advantages in energy efficiency
owing to their small size, large surface area, great chemical
reactivity, and mechanical strength associated with a low cost

coating process at room temperature and at atmospheric
pressure. The processes based on the pyrolysis of a vanadium
oxide precursor have gained popularity, ”'? since (i) the VO,
(M) composition (the homogeneous doping with various
metallic elements is shown and the V/O ratio can be tuned)
can be controlled from the parameters of the pyrolysis step
(oxygen partial pressure, temperature), (i) this synthesis route
is really easy to set up (in comparison to hydrothermal
processes, for illustration), and (iii) it shows a prospect of mass
production. As a commonly used vanadium precursor, vanadyl
ethylene glycolate (VEG) has been investigated through the
pyrolysis method to synthesize VO, (M) submicronic
powder.””*" In our group, Mjejri et al. reported the synthesis
of VO, powder from a single polyol route by annealing the
VEG directly under very low oxygen pressure (~10~° Pa).”' In
order to eliminate or weaken the effect of energy surplus
during VEG decomposition, Zhang et al. prepared VO, by
dividing the VEG pyrolysis process into two steps.”” Zou et al.
obtained VO, powder via the thermolysis of VEG precursor in
air atmosphere.”® However, most of the studies in the literature
focused on the thermochromic properties of synthesized VO,
powders, while the study of the decomposition of VEG with
different annealing temperatures has not yet been investigated.
Moreover, the versatility of the oxidation number of vanadium
leads to the difficultly to propose a robust flow-chart for a
reproducible synthesis. Furthermore, even if all the studies



point out the need for high crystalline quality for VO, powder,
as far as we know, this aspect was not deeply investigated in
previous studies by following the crystalline fraction from
accurate X-ray investigations. This is a key issue as the
occurrence of undesired amorphous VO, without any
thermochromic properties would act drastically to the
detriment of the smart optical/electrical effect of the as-
prepared powders. Thus, the calculation of VO, (M)
crystallinity appears necessary and could greatly help us to
evaluate the particles’ thermochromic performances.

Herein, pure VO, (M) powder with high crystallinity is
synthesized through a two-step thermolysis and postannealing
process. The VEG is first decomposed in air, and a poor
crystallized VO, powder is obtained after 3 min heating, prior
to further annealing at higher temperatures in an oxygen-free
environment for a full-crystallization. The crystallinity of three
different VO, powders is carefully determined in parallel with
the VO, particles morphological evolution. The VEG
decomposition in the first step is investigated carefully, and
it is found the carbon plays an important role in the second
step of VO, crystallization. Moreover, novel and particular
microstructures for V,0; and V,05 compounds are also
synthesized through this method changing the atmosphere of
the second step annealing.

2. EXPERIMENTAL SECTION

2.1. . Materials. Ammonium metavanadate (NH,VO;; 99.0%)
was purchased from PROLABO. Ethylene glycol (C,HsO,) was
purchased from Sigma. Aldrich, Co. All the chemicals reagents were
used as obtained commercially without further purification.

2.2. Synthesis. 2.2.1. First Step Thermolysis for the VEG
Decomposition. A total of 1.42 g of NH,VO; powder was mixed
with a certain amount of C,HO, in a 250 mL three-neck flask and
heated to 160 °C under vigorous stirring as reported.”’ The
precipitate was collected by centrifugation, washed with ethanol
three times, and dried overnight in oven at 80 °C to remove excess of
ethanol. Then the obtained vanadyl ethylene glycolate (VEG)
precursor was heated in the furnace (air) at 300 °C for durations
from 1 to 90 min.

2.2.2. Post Annealing Treatment of Poorly Crystallized VO,
Powder. The resulting powders from first step were further annealed
in a nearly oxygen-free atmosphere (PO, < 10* bar) to enhance their
crystallinity of VO, powders. After the decomposition of VEG for 3
min at 300 °C, the powder (VO,-3 min) was chosen as the starting
material for the post annealing for 5 h at temperatures of 500 and 700
°C in the second step, as illustrated by Scheme 1. The annealing
temperature was controlled by a temperature controller with a heating
rate of about 10 °C/min. Furthermore, V,05 and V,0O; with new and
particular morphologies were prepared by annealing VO,-3 min
powder under different conditions: 800 °C for 0.5 h under Ar/H,
atmosphere (95:5 mol % ratio) for the preparation of vanadium

Scheme 1. Ilustrations of the Preparation of VO,, V,0;,
Ar/H

and V,04
500 ®
Ai&] @ 700 °C®

Second step annealing

First step thermolysis

sesquioxide, and 600 °C for 0.5 h under air for the preparation of
vanadium pentoxide.

2.3. Characterizations. The crystal structures of the as-prepared
samples were determined by X-ray diffraction (XRD) analyses
(Philips PW1820, PANalytical X’ Pert PRO MPD diffractometer)
performed using a Cu—Kal radiation source (4 = 1.54056 A), with a
divergent slit of 1° and receiving slit size of 0.1 mm in a 26 range from
8° to 80°. The identification of compounds was made by comparing
the experimental XRD patterns to standards compiled by the Joint
Committee on Powder Diffraction and Standards. Moreover, Rietveld
refinements were performed using FullProf software. The morphology
of the as-prepared particles was observed by SEM using a TESCAN
Vega II SBH microscope and JEOL JSM-6700F, and also by high
resolution transmission electron microscopy (HRTEM, JEOL
2200FS, operating at 200 kV). Carbon content of each sample was
determined by CHNS elementary analyzer (Thermo Fisher
Scientific). Thermogravimetric analysis (TGA) was carried out on a
Setaram TGA instrument. Differential scanning calorimetry (DSC)
experiment of as-obtained VO, powders was performed using
PerkinElmer DSC. The reflectance spectra were measured using a
Varian Cary UV—vis-NIR spectrophotometer in a wavelength region
from 200 to 2500 nm.

3. RESULTS AND DISCUSSION

3.1. Decomposition of VEG. Vanadyl ethylene glycolate
(VEG: VC,H,0,) is prepared by polyol synthesis to be used as
vanadium precursor. During its preparation, V(V) in NH,VO,
is reduced to V(IV) by ethylene glycol (EG) with the
consequent formation of vanadyl complex. EG is not only a
well-known solvent used in the polyol method to prepare
highly divided metal particles, but also a cross-linking reagent
coordinating to the central metal ion to form a metal glycolate
further leading to subsequent oligomerization.

To fully decompose VEG in a short time, referring to our
own TGA measurements as well as the one reported with DSC
data by Zhang et al,,”” the VEG is annealed in air at 300 °C for
various times (1—5 min, 8 and 90 min). As shown in Figure 1,
VEG gradually transforms into VO, and then V,Oj after air
annealing. During the pyrolysis process of VEG, the effect of
the annealing treatment can be separated into two stages.

In the first stage (0—3 min), the VEG precursor starts to
decompose and forms a poorly crystallized VO, phase,
consecutively to carbon chain combustion, as described in eq
1.

The intensity of the peak located at 26 = 13.46°
corresponding to a preferred (110) Miller orientation of the
VEG compound decreases gradually during heating at 300 °C
in the first 2 min with simultaneous rising of VO, (M) peaks
(the main peak being located at 20 = 27.95°).

Two phases VO, (M) as a major phase and VO, (B) as a
minor one coexist after the heating treatment for 3 min, named
VO,-3 min, while no more VEG peaks are detected. With
continuous heating, V(V) containing phases start to emerge
due to the further oxidation in the second stage (4—90 min),
as shown in eq 2.

XRD results show that traces of vanadium (V) oxide powders
(V,05 and V¢O,3) start to form at 4—S min, resulting from the
partial energy surplus due to the exothermic process of VEG
decomposition.”> After 8 min annealing, some new peaks (like
20 = 20.26° and 26.26°) (Figure 1), which belong to V,0;
(space group: Pmmn, JCPDS No. 41-1426), appear, and VO,
coexists with V,Os. Finally, VO, is entirely converted to V,04
after VEG being heated for 90 min.
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Figure 1. XRD patterns of samples synthesized by thermolysis of
VEG precursor at 300 °C in air with different annealing times (1—5
min, 8 and 90 min). Corresponding PDF numbers provided at the
bottom.
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Figure 2a insets displays the photos of the VO, obtained
powders after decomposition of the VEG precursor. For
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Figure 2. (a) The reflection spectra of the VEG, VO,-3 min, VO,-8
min, and VO,-90 min samples in the wavelength region of 200—2500
nm; insets show photos of the VEG and VO, samples; and (b) their
reflection spectra in the visible region of 200—800 nm.

deeper comparison of the optical properties of the decom-
position products, the reflection spectra measured in the 200—
2500 nm and in the UV—visible region (200—800 nm) are
shown in Figure 2b, respectively. Undecomposed VEG shows a
bluish gray color, corresponding to a reflection of visible
radiation at around 470 nm. The color changes to black after
being heated for 3 min with a rather flat reflectance spectra of
less than 5% in the visible region, corresponding to the color of
VO, powder. After longer heating, an orange color starts to
emerge due to the presence of the V,0;5 phase. At 8 min, the

orange mixes with the remaining black color from VO,, and
the color of the obtained powder becomes dark green (VO,-8
min), and the reflection gap shifts to a higher wavelength (i.e.,
560 nm). Finally, a full orange color appears after 90 min,
which indicates the complete oxidation in V,O;, with a clear
charge transfer band gap located at about 600 nm. The color of
each powder is consistent with the evolution of the phases
previously detected by XRD data in Figure 1.

The corresponding morphologies from low-magnification
SEM (Figure 3) consist of elongated cuboids that remain

VO,-3min

Figure 3. SEM images of (a) VEG, and its decomposed products at
300 °C for different times: (b) VO,-3 min (inset shows the evident
porosity from its corresponding TEM), (c) VO,-8 min, and (d) VO,-
90 min.

basically unchanged after heating at 300 °C for 90 min.
Because of the large surface energy, these cuboids easily
aggregate, forming spherical aggregates about 5 ym in size.
In order to gain further insight into the decomposition
process of VEG, VEG, and VO,-3 min samples were
characterized by high resolution SEM. As shown in Figure
3a, VEG nanostructures exhibit an elongated cuboid
morphology and a typical length of several micrometers
(~1.6 um) and an average length of ~350 nm (in its
rectangular cross section). After 3 min heating in air and
removal of the organic components (C and H), the cuboid
shape remains, while the detailed morphology as cuboid
surface changes from smooth to rough aspect (Figure 3a,b).
Combined with its TEM image (inset in Figure 3b), the
structure of cuboid after decomposition could be seen more
clearly and composed of numerous small particles, which can
be attributed to the removal of the organic part in the form of
CO, and H,O during the VEG annealing (eq 1); i.e., the small
particles can be attributed to the appearance of the VO,
crystallites. Hence, VEG crystallites are shown to be the
“reservoirs” of the germination and growth of the VO, phase.
The morphology of the nanometric VO, issued from VEG
decomposition is so “templated” by the VEG crystallite shape.
A powder architecture at two different scales is observed:



isotropic VO, crystallites with growing size versus calcination
duration are aggregated in a way that the polycrystalline
assemblies retain the initial VEG crystallite shape and size.

3.2. Postannealing Treatment of VO,-3 min. 3.2.1. Syn-
thesis of VO,. From the combination of the XRD data and
morphology of decomposed products, the optimal time of
heating VEG is around 3 min. The VO, powder (VO,-3 min)
obtained from VEG decomposition is of relatively poor
crystallinity due to the short heating time (3 min) at a rather
low temperature (300 °C), as confirmed by the wide XRD
peaks (Figure 1).

Thus, a postannealing treatment at higher temperature for
the VO,-3 min sample is necessary to prepare VO, powder
with a higher crystallinity. During the second annealing step, it
was found that the decomposition time for the VEG in the first
step plays a critical role in the formation of VO,.

Four samples with different decomposition times in the first
step (VEG, VO,-2 min, VO,-3 min, and VO,-5 min) were
chosen for a higher temperature postannealing treatment.
These samples were heat treated at 500 °C for S h in an
environment free of oxygen (PO, < 107 bar) in order to avoid
VO, from being oxidized into V,0Os.

As organic components, carbon materials are usually used as
a reducing agent, like hydrazine reported by Cao et al,’ and
thus the carbon content of each sample is measured through
CHNS before annealing, and its evolution vs heating time is
shown in Figure 4a. Overall, the carbon content decreases
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Figure 4. (a) Carbon content of samples obtained through heating
VEG with different times at 300 °C in air (1—S min). (b) The XRD
patterns of samples (S-0 min, S-2 min, S-3 min, and S-S min)
synthesized after a postannealing treatment at 500 °C for S h in an
oxygen-free atmosphere from VEG, VO,-2 min, VO,-3 min, and VO,-
S min, respectively (S-3 min was further named S-500).

during the decomposition (eq 1). The initial VEG contains
12.42% of carbon. After a decomposition time of 2 min, 7.89%
of carbon still exists in the VO,-2 min sample, which can be
attributed to undecomposed VEG remaining in the powder.
After VEG is heated for 3 min (VO,-3 min), the carbon
content decreases to 0.98%, indicating the nearly full
decomposition of VEG. The residual carbon content remains
unchanged for longer annealing times (VO,-4 min and VO,-S
min). The carbon contents of most samples before and after
annealing at 500 °C are gathered in Table S1I in the Supporting
Information.

The XRD patterns of postannealing samples are shown in
Figure 4b. The 500 °C postannealing of VO,-3 min leads to
the so-called S-3 min sample. Pure V,05 (S-0 min) is obtained
when VEG is annealed at 500 °C in an oxygen-free
atmosphere, in agreement with previously reports showin:
that only V,0; can be obtained under inert atmospheres.””**

Unexpectedly, the XRD of S-2 min sample also shows a pure
V,0; phase (Figure S1). The lack of VO, peaks after post
annealing treatment indicates that the V(IV) is probably
reduced to V(III) by reducing agents for the VO,-2 min
sample that is in fact a combination of VEG and VO, (Figure
1) and that contains quite a lot of carbon (7.89%). The
existence of carbon probably causes the reduction of VO, to
V,0;. When the VEG is heated for longer times (3 and S min),
the carbon content further decreases to a quite low level
(0.98%) (Figure 4a), which might avoid the reduction from
VO, to V,0;. The XRD pattern of the S-3 min and the S-5 min
samples showing mainly VO, (M) phase (Figure 4b) confirms
our hypothesis that there is no V(III) after the postannealing
treatment. However, in the S-3 min sample especially in the S-
S min sample, peaks of undesired V4O,; phase, known as a
V(IV) and V(V) mixed valence oxide,””*° are visible. Its
presence probably results from excessive oxidation during the
VEG decomposition in the first step (Figure 1 and eq 2).

To summarize, a relatively pure VO, phase (S-3 min, called
later S-500) with high crystallinity is synthesized by our two-
step thermal process. First, a thermolysis step allows the
preparation of poorly crystallized VO, (VO,-3 min), by
decomposing the VEG in a strict heating time (~3 min). The
organic part of undecomposed VEG remaining in the powder
when the heating time is shorter than 3 min will contribute to
reduce the VO, to V,0; in the follow-up postannealing
treatment. On the contrary, V(V) coexists with V(IV) in the
powder when the decomposition process is longer than 3 min.

As V(V) is the most stable vanadium state,” it is difficult to
remove once it is formed. Those results emphasize that the
decomposition time for VEG in the first thermolysis needs to
be controlled very accurately.

To study the influences of crystallized temperature on VO,
powders,”* VO,-3 min sample is chosen as the starting material
for the postannealing treatment at a higher temperature (700
°C) in an oxygen-free environment (S-700). In an attempt to
clarify structural analysis, XRD data were processed by the
software program Fullprof, and the Rietveld structure refine-
ment is shown in Figure Sa and Table 1. With satisfactory
convergence factors (Rp,, = 4.85, Ry = 4.2), the diffraction
pattern is refined as the monoclinic phase of VO, (M) (space
group P2,/c), with lattice parameters a = 5.7550(1) A, b =
4.5291(7) A, ¢ = 5.3854(8) A, and B = 122.6030(4)°. The
corresponding structure deduced from unit cell parameters and
V, O atomic positions extracted from Rietveld refinement is
shown in Figure Sb. We confirm that the structure and atomic
positions match with JCPDS data card 00-044-0252 from the
reported structure of monoclinic VO,."* No characteristic
peaks of any other phases are detected, indicating that the
sample is highly pure. Traces of V,0; and V40,3, which were
detected in the VO,-3 min powder before postannealing, are
probably reduced to VO, during annealing at high temper-
ature.”’ This reduction is helped by a mechanism of dilution of
the minor phases into the VO, main phase in order to decrease
the surface energies (cosintering phenomenon).

The morphologies of VO, powders synthesized by VEG
decomposition (VO,-3 min), and postannealing of VO,-3 min
sample at S00 °C (S-500) and 700 °C (S-700) for S h, are
displayed in Figure 6. The VO,-3 min sample shows a cuboid
structure composed of uniform nanoparticles (Figure 6a).
After postannealing at 500 °C, the elongated shape of the
cuboids of VO, starts to break down and becomes a rod-like
structure (Figure 6b) composed of larger nanoparticles. When
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Figure S. (a) Rietveld refinement of X-ray diffraction pattern for VO,
(M) (S-700) synthesized at 700 °C for S h through post annealing of
VO,-3 min powder. The observed and calculated intensities are
represented by red cross and black solid line, respectively. The bottom
blue line shows the fitting residual difference. The Bragg positions are
represented by dark cyan ticks. (b) The refined structure of
monoclinic VO, (M). The octahedron unit consists of one vanadium
atom and six oxygen atoms, which are colored orange and red,
respectively.

the postannealing temperature is increased to 700 °C, the rod-
like structure is further broken down, and the isolated VO,
particles become more regular with clear grain boundaries
(Figure 6¢). To be more specific, the polyhedron (octahedron
deformation: ie, A and B) shape indicates a crystallization
through a preferred growth direction (111) ensuring a lower
surface energy. Meanwhile, the corresponding particles size
distribution (Figure 6d) shows that the size slightly increases
from 32 to 46 nm after the postannealing at 500 °C, and
greatly increases to 745 nm when the temperature is 700 °C. In
the literature reported by Xiao et al,”* a large sintering effect
was observed for vanadium dioxide particles in the same
temperature ranges. Indeed, a similar large increase of VO,
particle size is correlated to the huge endothermal peak at 675
°C from DSC data. Those authors also discussed that the
aggregation effect decreased drastically because of the low
particles surface energy, and well-isolated VO, particles were
observed, especially when the particle size was larger than 500
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Figure 6. TEM and SEM images of the as-prepared VO, (M)
particles synthesized with conditions (a) VO,-3 min: 300 °C for 3
min in air through decomposition of VEG; (b) S-500: post annealing
treatment of VO,-3 min at 500 °C for S h in oxygen-free atmosphere;
(c) S-700: post annealing of VO,-3 min at 700 °C for S h in oxygen-
free atmosphere. (d) Size distribution of the as-prepared VO,
particles. (e) Schematic illustration of the morphological evolution
for VO, particles. (A and B designate two kinds of deformed
octahedra).

Table 1. Lattice Parameters and Atomic Positions of VO, (M) (S-700)

space group P1 21/c 1 (14) monoclinic

cell parameters a b c p

5.7550(1) A 4.5291(7) A 5.3854(8) A 122.6030(4)°
atom Wryck position x y z
V1 4e 0.2393(6) 0.408(2) 0.0266(6)
o1 4e 0.095(2) 0.216(2) 0.198(2)
02 4e 0.408(2) 0.720(2) 0.308(2)



nm. The evolution of the morphology from VEG to S-700, is
schematized in Figure Ge.

To determine the nature and the proportion of the various
components present in the three kinds of VO, powders,
powder X-ray diffraction was used (Figure 7). The
quantification analzrsis, using Rietveld refinement with the
Fullprof program,” was deduced from the scale factor of the
different phases either amorphous or crystalline.”®

An amount of calibration salt: lanthanum hexaboride
(LaBg), mixed as 10 wt % with the three VO, samples
(VO,-3 min, S-500 and S-700), is used as reference for
calculation of the components proportions. The Rietveld
refinement results are displayed in Figure 7a—c, showing a
good-quality fit. The diffraction peaks at 20 = 27.95° (Figure
7d), corresponding to the preferred (011) orientation of VO,
(M), are thinner and of higher intensity for the annealed VO,
powders (S-500 and S-700). The decrease of full width at half-
maximum (fwhm) from 0.554° to 0.292° and 0.162° after the
postannealing treatment at 500 and 700 °C, confirms the trend
of the increase in average crystallite size in agreement with the
TEM and SEM results in Figure 6. In addition to the larger
crystallite sizes after being postannealed, the crystallinity of
VO, particles also increases significantly. Deduced from the
XRD patterns and analysis with the Fullprof program (Figure
7a—c), the weight percent of each component (including
amorphous VO,) in VO, powders is plotted in Figure 7e. The
weight percent of crystalline VO, increases from 44% to 79%
after postannealing at 500 °C (S-500). Furthermore, it reaches
100% for a postannealing temperature 700 °C (S-700). The
proportion of crystallized VO, is improved clearly after
postannealing in oxygen-free atmosphere. The enhanced
crystallinity of VO, (M) should promote its thermochromic
effect and make it more stable in the air environment.

It is well-known that the first order phase transition of VO,
(M) occurs at around 68 °C with a large variation of latent
heat. The DSC analysis of the three synthesized VO, samples
(VO,-3 min, S-500 and S-700) was measured using the same
conditions (heating rate: S °C/min, atmosphere: Ar, and in
between —30 and 110 °C) for both heating and cooling cycles
(Figure 8). The endothermic and exothermic peaks during
heating and cooling cycles are clearly visible. After postanneal-
ing, a more obvious phase transition of S-500 and S-700
samples compared with the initial VO, (M) powder (VO,-3
min sample) is observed. To be more specific, the phase
change enthalpy (AH) during the heating cycle increases
greatly from 3.824 J/g to 40.837 J/g and 43.656 J/g, which is
considerably high, and similar to the highest latent 43 J/g of
the fine crystalline VO, nanoparticles reported by Chen et al.”’
and close to 51 J/g of bulk VO,. The high latent could be
attributed to the increase of crystalline VO, percentage in the
powder. As for the two or three convoluted exothermic peaks
detected in the cooling period, they probably result from a
series of effects combination, including defects, lattice
expansion, size effects, and nonstoichiometry of synthesized
VO, powders.””

3.2.2. Synthesis of V,0; and V,0; In addition to the
synthesis of VO, (M), this two-step thermolysis and annealing
method is also suitable for the preparation of V,0; and V,054
using VO,-3 min as the starting material annealed under
different conditions. The formation temperature of V,0; and
V,0s is deduced from the thermogravimetric curve of VO,-3
min in Figure 9a, revealing that the sample mass is stable when
VO,-3 min is annealed up to 800 °C in Ar flow with 5% H, or

(a) 12000
VO,-3min -~
10000 4 ¥y - Yobs
difference
8000 - a‘ | Bragg position
6000 - =}
2 4000 - M
w
-g 2000 4
- VO,(M)
L T
2000 4 | ! T ol ey VO,(8)
P . LaBg
-4000 -
T T T T T T T
10 20 30 40 50 60 80
(b) 18000 2-theta
15000 —=—Ycal
1 <. ~— Yobs
12000 5$-500 —— difference
) | Bra sition
9000
% 6000 -
o
2
c -
£ 3000 VO,(M)

| n |'| | il ,ll lllllll |“"- fllliﬁﬂhllln'q: ”ﬁ:n'-' 5 | VeOis

+3000
e e T .|| LaBg
6000 -
T T T T L T J T
10 2 30 40 50 60 70 80
(C) 30000 2-theta
s —— Ycal
25000 4 S-700 S - Yobs
= difference
20000 4 | Bragg position
VO,(M)
Y I RN L L
-5000 - LaBg

——VOx-3min v =
25004 o e00 3
20004 —— S-700
Z 15000 -
[
L
[ =4
~ 10000
5000
0+ 0.554°
1 1 1 1 1
2.0 265 270 275 2.0 285 200
( ) 2-Theta
e 180

1 B VO:(M) EERVO:(B) [ V:O:: [l Amorphous

100%

Weight percentage (%)
o
)

VOx-3min $-500 $-700
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corresponding weight percentage of each component.
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up to 600 °C in air. XRD shows that V,0; and V,O; are well
obtained after annealing (Figure 9b). Interestingly, SEM
results (Figure 9c) reveal that the V,0; powder shows an
urchin-like morphology with a high specific surface area, which
can be of great interest for the use of vanadium sesquioxide as
battery materials; i.e., such morphology is able to provide a
large number of active sites between the active materials and
electrolytes.”®*” Moreover, the morphology of as-prepared
V,0; exhibits regular plates, which can be of great advantage in
terms of the lithium storage property for the use as positive
electrode in batteries or electrochemical layer.’® Their
morphological evolution is schematized in Figure 9d. Thanks
to this new synthesis protocol, we are able to produce different
morphologies, as V,0; and V,0; synthesized with this two-
step thermolysis and annealing differ from the ones obtained
by direct annealing of VEG as earlier reported.”’ Further
investigations on their physical and chemical properties are
under progress.

4. CONCLUSION

Herein, the decomposition of vanadyl ethylene glycolate
(VEG), leading to VO, (M) particles with tunable crystallinity
and morphology, through a two-step thermal treatment, a first-
thermolysis step under air followed by postannealing under an
oxygen-free atmosphere, has been investigated. Careful control
of the time and the temperature parameters for the VEG
thermolysis (first step) is required to obtain a pure VO, phase
after the postannealing (second step). The use of shorter or
longer time than ~3 min of heating at 300 °C for VEG
decomposition results, after the postannealing, in the
formation V(III) or V(V) compounds, respectively. While
the thermolysis step is performed with a strict time of 3 min at
300 °C, a pure VO, (M) compound is synthesized with various
crystallite sizes depending on the temperature of the
postannealing treatment under an oxygen-free atmosphere
(500 or 700 °C). SEM and TEM observations show an
increase in the crystallite sizes of the VO, (M) powders with
temperature up to few microns for 700 °C postannealing
temperature, while the crystallite shapes become regular
polyhedra. Moreover, thanks to XRD analyses (Rietveld
refinements), the weight percent of the crystalline VO, (M)
phase in the powders obtained after the 300 °C thermolysis,
after 500 °C postannealing, or after 700 °C postannealing is
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Figure 9. (a) TG curves of VO,-3 min samples annealing under Ar/
H, flow and air atmosphere; insets show the synthesis route of V,0;
and V,0;5 from VO,-3 min; (b) XRD pattern of V,0; and V,0;
samples after postannealing of VO,-3 min, (c) its corresponding SEM
images, and (d) schematic illustration of the morphological evolution.

calculated. It increases from 44% to 79% reaching finally 100%.
Hence, our synthesis protocol, a low cost and easy to
implement synthesis route, allows us to obtain a pure and
100% crystalline VO, (M) phase using optimal conditions.



Additionally, V,0; and V,0; oxides with particular
morphologies were synthesized from a similar two-step process
by only modifying the atmosphere of the postannealing
treatment, namely, reductive H,—Ar atmosphere for the
former with a lower V(III) oxidation state and air atmosphere
for the latter with a higher V(V) oxidation state.
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