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Freeze drying was employed to produce highly pure and crystalline thermochromic VO,
nanoparticles. By changing the precursor concentration and annealing temperature, particle size
and crystallinity can be controlled. With 7.5 mL H,0; in the solvent, the sample annealed at 650
°C simultaneously achieved high crystallinity comparable to the purchased commercial powder

(36.76 vs 41.87 J/g latent heat) and a small average size of 52.5 nm.
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Accepted ooth February 2015 Thermochromic vanadium dioxide (VO,) is the most extensively researched smart material

DO 10.2039/X0Xx00000X owing to its near room-temperature phase transition at around 68 °C. Freeze drying has been

employed in the solution-based fabrication of highly pure and crystalline VO, nanoparticles
www.rsc.org/ and it was found that freeze drying can largely eliminate the agglomeration issue which is
common in nanoparticle fabrication. The particle size, phase transition temperature (t.),
crystallinity and latent heat (Ly) have been systematically studied by changing the precursor
concentration and annealing temperature. The freeze-dried sample (with 7.5 mL H,0, in
precursor) annealed at 650 °C has a particle size of ~ 53 nm and 1. of 64.5 °C, as well as high
crystallinity with LC of 36.76 J/g.

Introduction
Synthesis of VO, NPs has been extensively studied and the resultant

Vanadium dioxide (VO,) undergoes fully reversible metal-insulator
transitions (MIT) from semiconducting monoclinic phase to metallic
rutile phase at the critical temperature () of 68 °C."? The MIT is
observed by a sharp change in infrared (IR) transmittance and
electrical resistivity within 500 fs.> While 1, is adjustable to room
temperature via doping,* > VO, has thus become a suitable candidate
in a wide range of potential applications, including energy-saving
thermochromic smart windows,® IR uncooled bolometers,’ sensors,™
? field effect transistors'® and optical storage devices.''"

Thermochromic VO, faces the drawback of low luminous
transmittance (7},,,) and low solar modulating ability (the ability to
regulate the input solar energy, AT,,). Enhancing both properties
poses a great challenge and recent researches have focused on
embedding VO, NPs (NPs)/matrix composite foils,'* !> and thin film
nanostructuring such as bio-inspired VO, with anti-reflection (AR)
effects'® and controlled nanoporosity.!” Although the newly
developed organic'® and hybrid'® smart system based on
temperature-responsive  hydrogel matrix gave unprecedented
thermochromic performance, the translucent appearance at higher
temperature limited its full application in the field of smart windows.

particle sizes, morphologies and phase transition temperatures are
listed in Table 1. Two major fabrication methods include
mechanical milling'* and hydrothermal synthesis,'> ?* which could
produce NPs with size less than 100 nm. One of the intrinsic issues
of mechanical milling hindering its full application is the large size
variation and distribution of the produced NPs, while hydrothermal
methods mainly suffers from safety issues related with potential
explosion of expensive autoclaves and difficulties in scaling up.

Freeze drying has been a well-established process in chemical
synthesis and food processing industries, during which solvents are
frozen at low temperature and sublime under low pressure, hence
being removed in a vacuum environment. The synthesis of
nanoporous SiO, and AlL,O; cryogels have also been reported in
recent literatures,”’>* in which lyophilisation was employed to leave
the nanoparticle suspensions intact.>* During freeze drying, as there
is no liquid-to-gas phase transformation, particles are not subjected
to capillary force, and thus agglomeration of the NPs is reduced. In
this study, we report a simple and reproducible solution-based
fabrication method via freeze drying, which produced fine
crystalline VO, (M) NPs and reduced phase transition temperature.

Table 1 A summary of ways to fabricate VO, NPs and their properties

Reported approaches Particle size / shape T

Bead milling of commercial VO, powder™ ~ 20 nm / irregular shape with core-shell structure N. A.
Hydrothermal (V,05-N,H,-HC)"™® 25-45 nm / irregular shape 63.3°C
Hydrothermal (V,05-H,C,0,)* ~ 50 nm / spherical 55.7-55.9 °C
Pyrolysis of [NH4]5[(VO)s(CO3)4(OH)o]- 10H,O precursor’’ N.A. / spherical 68.0-70.9 °C
Hydrothermal (V,05-H,C,0.) with W-doping® 30-50 nm / N. A. N. A.
Hydrothermal (V,05-H,C,0,) with F-doping™ ~30nm/N. A. 35°C (2.93%F)
Hydrothermal (V,05-H,C,0,-additives)** ~ 70 nm / spherical 32.2-69.6 °C
Hydrothermal (V,05-N,H,)* <20 nm / spherical 555°C
Thermolysis of vanadyl ethylene glycolate (VEG) precursor’ 50-100 nm / spherical 68.0 °C

This journal is © The Royal Society of Chemistry 2015
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Experimental section

The chemicals used in this study were vanadium (V) oxide
(V,0s5, 99.99%, Alfa Aesar), hydrogen peroxide (H,O,, 30
wt%, VWR) and hydrazine monohydrate (N,H,; H,O, 98%,
Sigma-Aldrich), polyvinylpyrrolidone (PVP, 99%, Sigma-
Aldrich) and ethanol (95%, Aik Moh). All of the chemicals
were used as received without any further purification.

Synthesis of VO, (M) NPs and casting of VO, foil

182 mg of V,05 powder was dissolved in different volumes of H,0,
and vigorously stirred at 70 °C for 2 h to form a reddish-brown sol.
Following that, an appropriate amount of hydrazine was added and
particles started to precipitate. The mixture was further stirred at 70
°C for another hour to facilitate full redox reaction. The as-prepared
precursor was transferred into a 15 mL centrifuge tube (Corning
Inc.), which was covered with a piece of filter paper and tightly
sealed using parafilm. It was then placed in a 300 mL freeze drying
flask (Fisher Scientific) and frozen in liquid nitrogen for 5 min. After
that, it was quickly loaded onto the FreeZone 2.5 Plus lyophiliser
(Labconco, USA) for 72 h of freeze drying to completely drive off
the solvent. The lyophiliser collector was set at -80 "C and 0.01
mbar.

After freeze drying, the raw precursor powder was immediately
removed from the centrifuge tube and transferred into a high purity
quartz bottle (99.99% SiO,, Youlab), evenly distributed and
annealed at 550 °C for 2 h in a tube furnace with argon (99.9995%,
NOX) atmosphere. The ramping rate was set to 1.0 “C/min, and gas
flow rate was tuned to around 200 cm’*/min.

A comparative sample was made via conventional drying method
(centrifugation at 10000 rpm for 10 min), followed by drying in
vacuum at room temperature before heat treatment.

The as-synthesised NPs and PVP (acting as dispersant to
distribute NPs) were added to ethanol with the aid of Vortex-
Genie 2 mixer (Scientific Industries, USA) and ultrasonication.
The homogeneous dispersion was casted onto a piece of pre-
cleaned microscopic glass slide.

Characterization method

The phases of the samples were determined with an XRD-6000 X-
ray diffractometer (XRD, Shimadzu, Japan), of which the Cu-Ka
radiation was produced at 40 kV and 30 mA with A = 0.15406 nm at
an X-ray grazing angle of 1.0°. The phase transition of VO, (M) NPs
was studied using a nitrogen-protected Q10 differential scanning
calorimeter (DSC, TA Instruments, USA). The microstructures and
the energy-dispersive X-ray spectroscopy (EDX) elemental mapping
of the samples were characterised using a JSM-7600F field emission
scanning electron microscope (FESEM, JEOL, Japan) with an
INCA® EDX attachment (Oxford Instruments, UK), which was
operated at an accelerating voltage of 5 kV under secondary electron
imaging (SEI) mode and 20 kV for EDX respectively. The
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morphology, selected area electron diffraction (SAED) pattern and
high resolution transmission electron microscopy (HRTEM) images
were obtained by a JEM-2010F field-emission gun transmission
electron microscope (FEG-TEM, JEOL, Japan) operated at an
accelerating voltage of 200 kV. The transmittance spectra and
hysteresis loop were collected using a Cary 5000 ultraviolet-visible
light-near infrared (UV-Vis-NIR) spectrophotometer (Agilent,
USA), which was equipped with a PE120 peltier system simple
heating and cooling stage (Linkam, UK). The calculations of
integrated 7y, (380 <A < 780 nm) and AT, (280 < A < 2500 nm)
can be found in equations (1) and (2) respectively.

S Prumys D TAT) d
il Prum/sol(A) dA

Tlum/sol(T) = (D

ATso1 = Tso1(r < 7¢) — Tso1(T > 7¢) (2)

Where T (A, 1) is the recorded percentage transmittance at a
particular wavelength and temperature, ¢;,, is the standard
luminous efficiency function for the photopic vision of human
eyes,35 and ¢, is the solar irradiance spectrum for air mass 1.5

(corresponding to the Sun standing 37° above the horizon).3°

Results and discussion
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Fig. 1 (a) XRD patterns of samples 1-4; (b-d) FESEM images of
samples 1, 3a and 3b respectively; (b’-d’) histograms showing
corresponding particle size distribution analyses.
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Chemical reaction suggests that V,0s is reduced by N,H, according
to the following scheme: 2V,05 + N,H; - 4VO, + 2H,0 + N,.
Sample 1 was made by dispersing 182.0 mg of V,05 in 15.0 mL of
deionized water and hydrazine was added in stoichiometry (25 pL).
Fig. 1a shows that only V¢O;3 and V,05 are present in the annealed
sample, possibly because V,0s has a poor solubility in water, hence
the produced Sample 1 powder remained to have a large particle size
of 175.5 nm (Fig. 1b). With the addition of hydrazine as reducing
agent, only partial reduction took place and formed a mixture of
V¢O;3 and V,0s5 during annealing, as the suggested reduction
process for vanadium oxide is as following: V,05 2 V3;0; 2 V,0q
> V(,013 > VOZ > V7013 > V(’)Oll > V50g > V407 > V305 >
V,0,.%7 For further reduction to VO,, H,O, was added to dissolve
the starting material (V,05 powder).

Sample 2 was made by adding 7.5 mL of H,0, and after 2 h of
reaction, the V,0s-H,O, precursor formed a reddish-brown sol
which contained V,05-nH,O NPs. The value of n was confirmed to
be 2.0 by thermogravimetric analysis (TGA) and the method was
reported in our previous publication. *® With further addition of
N,H, with stoichiometric amount (90 pL), the annealed Sample 2
was a mixture of VO, (M) and V¢O;;. The incomplete reduction
could arise from the presence of residual H,O, in the precursor
which did not fully dissociate after 2 h of reaction, tending to re-
oxidise the VO, (M) NPs to V4O;3. Sample 3a was fabricated with
increased addition of N,H, (110 pL), which produced a pure VO,
(M) phase after heat treatment with high crystallinity and all the
XRD peaks could be ascribed to JCPDS# 82-661. The FESEM
images (Fig. 1¢) show a much smaller particles size compared with
Sample 1 (Fig. 1b) with an average of 52 nm, which proved the
efficacy of H,O, employed to dissolve the V,05 raw powders. When
N,H; amount was further increased to 120 pL (Sample 4), the
presence of V;0,; phase indicated over-reduction contributed by the
excessive amount of N,H,.

Meanwhile, Sample 3b was fabricated under the same condition as
Sample 3a except that Sample 3b was dried via centrifugation but
not freeze-dried. It can be observed that Sample 3b contains V4013
as major phase, with minor trace of VO, (M) in contrast with the
highly crystalline Sample 3a with minor trace of undetermined
impurity (Fig. 1a). This could be due to the residual H,O, solvent
content in the raw powder of Sample 3b which could not be fully
removed even after centrifugation and drying in vacuum for 24 hours,
and any remaining H,O, would lead to incomplete reaction during
the reduction of V,05 to VO,. On the other hand, FESEM image of
Sample 3b shows a mixture of plate-like and round shape
morphologies of particles with an average size of 115 nm, and a
large size distribution (Fig. 1d) compared with Sample 3a (Fig. 1c).
It does suggest that freeze drying could keep the particles intact with
much more uniform structures produced.'” As the solvent will be
directly sublimed from solid to gas phase during freeze drying, the
large capillarity force due to the solid-liquid transformation during
ambient drying in Sample 3b will be eliminated, therefore the
agglomeration issue which is common in the nanoparticles
fabrication could be solved to large extent. Moreover, the reduced
agglomeration ensures uniform heating during crystallisation,
thereby reducing the amount of impurities and promoting the VO,
phase formation as shown in Fig. 1a.

Fig. 2a shows the XRD patterns of the VO, (M) NPs synthesised
using different amount of H,O, and the sample designation is listed
in Table 2. The general trend suggests that with increasing amount
of H,0,, the highest peaks’ intensity reduces which related to lower
crystallinity. As more H,O, being added during precursor synthesis,
a dramatic broadening of the characteristic peaks along (011)
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orientation and declination of the peak intensity are observed starting
from Sample 7 with 17.5 mL H,0,. From the calculation using full-
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Fig. 2 (a) XRD patterns of VO, (M) NPs synthesised using
different amount of H,0,; (b-c) FESEM images of Sample 4 and

Sample 9, respectively; (b’-c’)  histograms
corresponding particle size distribution analyses.

showing

widths at half maxima (FWHM) at 26 ~ 28.0°, the crystallite size of
Samples 3a, 4, 5 and 6 are estimated to be ~ 2 nm and this value is
larger than that for Samples 7 to 9 (~ 1 nm). By lowering the V"
concentration, smaller crystallites could be produced as well as small
average particle size (Table 2).

Table 2 Summary of experimental data for synthesised VO, NPs

Sample Amount | T, At Ly Lc Average
no. of H,0, | °C) | CC) | J/g) | (/g particle
(mL) sizet

3a 7.5 64.1 [ 43 [25.66 [31.88 | 52nm
3¢ 1.5 64.5 | 45 |31.85 | 36.76 | 53 nm
4 10.0 642 [ 5.6 [19.54 | 2723 | 53nm
5 12.5 641 |53 [21.44 2716 | 53nm
6 15.0 658 [ 55 [11.95[21.24 [ 55nmm
7 17.5 469 | 304 | 449 [233 [38nm
8 20.0 438 [ 351 [3.17 057 |37nm
9 25.0 49.7 [ 324 [394 [3.12 |37nm
Reference’ | N. A. 68.0 | 25 [38.70 | 41.87 | 50 um

Ly and L represent specific latent heat during heating and cooling stages.
# Sample 3¢ was made under the same condition as Sample 3a, except that it
was heat treated at 650 °C.

RSC Advances, 2015, 00, 1-6 | 3
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§ The reference sample was tested using the commercial VO, (M) powder as
purchased from Alfa Aesar, with particle size of ~ 50 um.
1 The average particle sizes were obtained from respective FESEM images.

According to the aggregative growth model constructed by Bogush
and Zukoski, the size of final particles is directly proportional to the
precursor concentration and inversely proportional to the nucleus
size.* These explain the larger average particle size in Samples 3-6
and this agrees well with the mechanism of the Stéber process.*’ The
above-mentioned finding is supported by the sudden change in the
average particle sizes, which are listed in Table 2. Li et. al*
suggested that grain size has great influence on thermal behaviours
of VO, NPs, and smaller particle size leads to lower phase transition
temperature (t.), both of which could be observed in this study
(Table 2). Table 2 also records that smaller average particle size
leads to an enlarged hysteresis width (At.) and a much lower latent
heat (Ly/Lc) for phase transition.*'*

The phase transition of VO, (M) NPs was examined by DSC. By
plotting the heat flow rate against temperature, a peak was observed
in both the heating and cooling stages, forming a hysteresis loop,
thereby indicating the first-order MIT in the VO, (M) NPs. The DSC
graphs for Samples 3a, 3c, 9 and commercial VO, (M) powder (~ 50
um) are shown in Fig. 3a. 1. is calculated as the mean value of the
heating and cooling peaks, and the difference between the two will
be At.. Ly/Lc is calculated as the area under each peak individually.
The synthesised VO, (M) NPs are found to exhibit MIT at 64-66 °C,
which is slightly lower than that for commercial VO, (M) at 68 °C
(Table 2). This should be mainly due to the reduced particle size as a
result of
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] 04T
= O—‘\? _____ \:"0.4 ;
2 : Ly <)
e-21: - - - Sample 3a '+-0.6
8-4—1. —— Sample 3¢ . 8
<ol LT Sample 9 ‘t-0os T
-6 -~z2177 . Commercial VO, cosdlf
B et e

20 30 40 50 60 70 80 90 100
Temperature (°C)

—— Sample 3a @ 550 °C
Sample 3c @ 650 °C

30 40 50
2 theta (deg)

60 70

4 | RSC Advances, 2015, 00, 1-6

RSC Advances

Fig. 3 (a) DSC graphs of Samples 3a, 3¢, 9 and commercial VO,,
the respective latent heat of phase transitions can be found in
Table 2 ; (b) XRD patterns of Samples 3a (black line) and 3c
(red line).

the solution-based synthesis route via freeze drying. The
experimental data also follows the general phase transition
mechanism as described in the literatures.** *

Fig. 3a reveals that Sample 3a has much sharper and more distinct
peaks than Sample 9, indicating a much greater crystallinity in the
sample. This result is consistent with XRD observations (Fig. 2a).
The small At, in Sample 3a signifies a quick response to the external
stimuli, whereas the broadened peaks with large At, in Sample 9
represents a supercooling effect.*® This might be due to that with
lower vanadium concentration in the precursor, the annealed sample
tends to have much smaller grain size and reveals much lower
crystallinity as shown by the calculated latent heat for phase
transition (Table 2), therefore having a slower response to the
changes in the environment. Much smaller grain size and lower
crystallinity in the sample may lead to a much lowered phase
transition temperature, which is similar to the trend shown in the
literature.”*

The precursor powder dried from 7.5 mL H,0, synthesis was also
annealed at 650 °C to obtain VO, (M) NPs with higher crystallinity
(Sample 3c). This is evident from DSC and XRD (Fig. 3a-b),
whereby Sample 3¢ had a higher latent heat during phase transition
and a greater relative intensity of the diffraction peaks respectively.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) FESEM, (b) TEM, (¢) HRTEM images and (d) the
SAED pattern of Sample 3c; (a’) histogram showing particle size
distribution analysis; (¢) TEM image of Sample 9 and its SAED
pattern (inset).

FESEM image (Fig. 4a) shows that the particle size of Sample 3¢
does not differ much from that of Sample 3a (Fig. 1¢). TEM image
(Fig. 4b) of Sample 3c shows that VO, (M) NPs size is
approximately 50 nm with little agglomeration and it is consistent
with particle size distribution histogram (Fig. 4a’) measured from
Fig. 4a. HRTEM image (Fig. 4¢) of Sample 3c indicates that the
inter-plane distance for the nanocrystals is 0.319 nm, which matches
well with the data for (011) orientation in JCPDS# 82-661 (dy; =
0.320 nm as indicated in standard database), this further confirms
that the formed phase of the NPs is VO, (M); the corresponding
SAED pattern (Fig. 4d) shows that the as-synthesised NPs are
polycrystalline. On the other hand, TEM image of Sample 9 (Fig. 4e)
shows that the particle size is smaller than that of Sample 3c, but the
diffraction rings in its SAED pattern are not distinguishable, this
indicates poor crystallinity of the sample 9 and this observation is
consistent with XRD patterns (Fig. 2a) Thermal analysis for Sample
3c shows that the latent heat for phase transition of the sample is
close to that of the commercial VO, (M) powder as purchased from
Alfa Aesar, indicating similar crystallinity in the synthesised sample.

Fig. 5 displays the transmittance spectra of the casted film at 20 °C

and 90 °C, as well as the hysteresis loop obtained at the fixed
wavelength of 2500 nm. Since Sample 3¢ powder has the best

This journal is © The Royal Society of Chemistry 2015
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crystallinity and it was casted into a foil (with a powder loading of
VO,:PVP = 1:2 by mass), it has a deep bronze colour and renders
thermochromic performance of 7, = 35% and ATy, = 6.8% (Fig. 5).
The NIR transmittance contrast at A = 2500 nm is ~ 40%, this means
the sample has high NIR modulating ability, which is an important
factor of thermochromism. The hysteresis loop shows At, = 5 °C,
which is comparable to that of Sample 3¢ powder (Table 2); while
further confirming the high crystallinity of Sample 3c, the fast
response to the testing temperatures also signifies the practical
application of VO, (M) NPs in the field of smart window coatings.
However, the casted film has a slightly higher 1. of 67.5 °C as
compared to Sample 3c powder (64.5 °C), this might be because
after casting, the grains get closer to each other due to the binding
effect of PVP, thus showing the similar effect as agglomeration, and
hence giving rise to a slightly higher ..

Conclusions

In this study, VO, (M) NPs were synthesised by hydrazine reduction
followed by freeze drying and annealing. Careful control of
hydrazine

Temperature (°C)

20 30 40 50 60 70 80 90 100
80— :
= 507G .
__ 701
S 1 <
g o L70 &
é 50 o §
E 90 °Cl60 £
5 % 5
= 20, 150 2
104
0 T T T - T — 40
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A (nm)

Fig. 5 Transmittance spectra of the casted film made from
Sample 3¢ at 20 °C (blue curve) and 90 °C (red curve), as well as
the hysteresis loop obtained at A = 2500 nm (green curves).

amount is required to produce pure VO, (M) phase in the final
samples. Freeze drying effectively keeps NPs well-separated in
precursor powder, which leads to the formation of the VO, (M)
NPs of ~ 50 nm. With more solvent in precursors, the average
particle size is reduced from ~ 53 nm to ~ 37.5 nm; t. shows a
general decreasing trend from 65.8 °C to 43.8 °C, while At, is
enlarged from 4.3 °C to 35.1 °C. With a higher vanadium
concentration, crystallinity and latest heat for phase transition
of the samples can be improved. The freeze-dried sample (with
7.5 mL H,0O, in precursor) annealed at 650 °C has high
crystallinity with a particle size of ~ 53 nm and 1, = 64.5 °C. Its
latent heat for phase transition is ~ 36.76 J/g, which is close to
the commercial VO, (M) powder (~ 41.87 J/g) as purchased
from Alfa Aesar.
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The XRD, FESEM and TEM characterizations were performed
at the Facility for Analysis, Characterization, Testing and
Simulation (FACTS) in Nanyang Technological University,
Singapore.
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