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Star-shaped VO, (M) nanoparticles were synthesized by
hydrothermal reaction using only ammonium metavanadate and
formic acid combined with subsequently mild annealing
treatment. An enhanced thermochromic performance was
demonstrated upon changing temperature and the applied pulse
voltage for the star-shaped VO, (M) nanoparticles thin films.

Vanadium dioxide (VO,) has a number of polymorphs. VO, (R) and
VO, (M) with a rutile and monoclinically distorted rutile structure,
respectively, posses a reversible metal-semiconductor transition.'
Monoclinic VO, (B),? tetragonal VO, (A).** layer-structured VO,
(C),® and recently reported VO, (D),® are metastable phase of VO,.
The metal-semiconductor transition between VO, (M) and VO, (R)
takes place at the critical temperature of about 68 °C, and the optical
and electrical properties change dramatically during the phase
transition, which make VO, (M) widely applicable in the fields like
sensors,”® optical or electrical switch,”!! memory devices,"? and
smart windows."® Being suffering from cracking after the repeated
reversible phase transition for single crystalline or bulk material, the
nanostructured VO, (M) is thus received much attention due to its
cycling stability and advantages in enhancing the optical and
electrical properties.

Different methods have been explored to prepare VO, (M)
nanomaterials, such as magnetron-sputtering,'* vapour transport
approach,”” hydrothermal method,'*'” and sol-gel method.'
Because of cost-effective, high-production and structure and
morphology-controlling, the hydrothermal method has been widely
used to prepare VO, (M) nanostructures. However, there are two
difficulties in the hydrothermal synthesis of VO, (M) nanoparticles

®Key Laboratory of Materials Physics, Anhui Key Laboratory of Nanomaterials and
Nanotechnology, Institute of Solid State Physics, Chinese Academy of Sciences,
Hefei 230031, P. R. China. E-mail address: ghli@issp.ac.cn.

b School of Chemistry and Materials Science, University of Science and Technology
of China, Hefei 230031, P.R. China.

¢ tElectronic Supplementary Information (ESI) available: [TEM and HRTEM images
of a star-shaped VO, (D) NP composed of the intersected nanorods, FESEM image
and the corresponding XRD pattern of the products synthesised at different
conditions, cross section FESEM images of VO, (M) NPs thin films on glass
substrate, Variable-temperature FT-IR spectra of the VO, (M) NPs thin film, optical
photographs of Ag NWs transparent conducting film heater and VO, NPs/Ag
NWs/glass device, the calculated integrated luminous and solar irradiation
transmittance of VO, (M) NPs thin films]. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

Li Zhong,™ Ming Li,* Hua Wang,™® Yuanyuan Luo,’ Jing Pan,’ Guanghai Li"®

(NPs). Firstly, hydrothermal reactions in solution often yield
metastable phase of VO, (B) or VO, (A), and post high temperature
annealing treatment is needed to transform these metastable phases
to VO, (M), but annealing treatment at high temperatures always
gives rise to a larger VO, (M) grain size." And secondly, there are
few reports on the one-step hydrothermal reaction to synthesize VO,
(M) except at relative higher temperatures, which will also result in
overgrowth of VO, (M) particles. In general, The VO, (M) obtained
by hydrothermal synthesis is mesocrystalline snowflake or star-
shaped particles.?>** How to prepare nanoscale VO, (M) by simple
hydrothermal method is still a great challenge.

Hydrothermal synthesis of VO, (D) NPs is of benefit to acquire
VO, (M) NPs.**? Recently, VO, (M) NPs were successfully
synthesized by hydrothermal method and annealing treatment of
VO, (D) NPs.”” Because substantial surfactants were used in the
hydrothermal synthesis, subsequtently superfluous wash is needed,
and carbon contamination is inevitable after annealing treatment.

In this communication, we report the hydrothermal synthesis of
star-shape VO, (D) NPs by using only ammonium metavanadate and
formic acid without any surfactants. The VO, (D) NPs can be easily
transformed to VO, (M) NPs by annealing at low temperatures. An
enhanced thermochromic performance with high stability and
reversibility of the VO, (M) NPs thin film was demonstrated.
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Fig. 1 (a) and (b) FESEM images, (c) TEM image and (d) XRD pattern of
VO, (D) nanoparticles hydrothermal synthesis at 200 °C for two days.
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Figs. la and b show the FESEM images of the as-prepared
powders. One can see that the powders are composed of short
nanorods and hexagonal star-shaped particles with six arms, and the
short nanorods or the arms have the length of about 100~130 nm and
the thickness of about 60~80 nm. TEM observations proved that the
star-shaped powders are hexagonal but with unsymmetrical
character, as shown in Fig. 1c. All the XRD diffraction peaks shown
in Fig. 1d can be well indexed to NiWO,4 (JCPDS card no.15-0755),
indicating that the as prepared powders are metastable phase VO,
(D) NPs, which is in accordance with Xie’s report.® Detail FESEM
observations and calculation indicate that the content of the star-
shaped VO, (D) NPs is over 60 %.

The crystal structure and the orientation relationships in the star-
shaped VO, (D) NPs were examined by TEM and HRTEM analysis,
see Fig. S1. And the results indicates that the intersected interfaces
of the star-shaped VO, (D) NPs are {112} planes, and the arms grow
along (110) and (112) directions. In fact, a (020) twin in VO, (D)
NPs was also accidentally observed, as shown in Fig. S2. This result
indicates that there are other intersected interfaces.

The hexagonal star-shaped VO, (D) NPs have not been reported in
the literatures. In our synthetic route, the formic acid is a key factor in
synthesizing the star-shaped VO, (D) NPs because either pure VO,
(B) NPs or nanorods are obtained if other reducer was used, such as
oxalic acid,”” or polyethylene glycol.”® The star-shaped VO, (D) NPs
can be obtained when the formic acid was in the range of about 1.5-4
ml, and once the star-shaped VO, (D) NPs shown in Fig. la were
formed no further size and shape changes were observed with further
increasing hydrothermal time. It was found that either VO, (B) NPs
or the phase mixture of VO, (D) and VO, (B) was obtained with the
formic acid lower than the content mentioned above. XRD analysis
indicates that the phase of the star-shaped VO, (D) NPs is pure and
no V,0j; or other impurities is present. These results indicate that the
formic acid acting as modifier and reducer plays a critical role in the
morphology and phase control of the star-shaped VO, (D) NPs in the
hydrothermal process. If the hydrothermal temperature is at or lower
than 180 °C VO, (B) nanorods were obtained, as shown in Fig. S3a
and b. In fact, it has reported that the VO, (B) nanobelts can be
synthesized under hydrothermal condition at 180 °C using the same
reaction system as present study.”’ It was found that the size of the
star-shaped VO, (D) NPs increases with increasing the hydrothermal
temperature, as shown in Fig. S3c and d, which is a common
phenomenon observed in the hydrothermal synthesis of
nanomaterials. The hydrothermal time also play important roles in
obtaining the star-shaped VO, (D) NPs in our reaction system. A
shorter reaction time always leads to the formation of VO, (B)
nanorods that is a common result mentioned in previous studies.

The star-shaped VO, (D) NPs is formed at the pH value of 1.5-
2.5, and the VO, (B) phase will be formed if the pH value is higher
than 2.5, and little products will be obtained if the pH value is lower
than 1.5 because of excessive acidification. It was also found that
addition of certain surfactant like Polyvinylpyrrolidone (PVP) and
Cetyl Trimethyl Ammonium Bromide (CTAB) into the precursor
solution will result in the formation of either star-shaped VO, (D)
NPs with some overgrown particles (Figs. S4a and b) or the phase
mixture of the star-shaped VO, (D) NPs and VO, (B) nanobelts (Figs.
S4c and d). In the present work, VO, (D) NPs with star-shaped
morphology were synthesized by hydrothermal reaction using only
ammonium metavanadate and formic acid. The absence of other
reactants and surfactants can not only make it easier to handle the
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reaction but also avoid any organic residues in the resulting product,
which is different from our previous report.”’

Above results demonstrate that the star-shaped VO, (D) NPs can
be synthesized at temperature of 200 °C or higher, a pH value of 1.5-
2.5 and a time of 48 hrs or longer under hydrothermal condition. The
basic reaction can be formulated by following equation®:

2V0,+HCOOH+2H* —2V0,+C05+H,0 )

Firstly, V,0s clusters will be created by stirring ammonium
metavanadate in water, and under hydrothermal condition the VO,
(B) crystal nuclei formed through the reduction reaction of formic
acid will then transform to VO, (D) crystal nuclei, and finally the
VO, (D) crystal nuclei will grow in size and form star-shaped VO,
(D) NPs.

The monoclinic VO, (B) can be regarded as a layer structure in
which the distorted [VO6] octahedra share both corner and edges,*’
while monoclinic VO, (D) is built up from octahedra at two slight
distorted orientations, similar to VO, (R) phase.® Careful HRTEM
analyses of the products at different hydrothermal growth stages at
200 °C shown that there are no orientation relationships between the
VO, (B) and VO, (D) phases, and these two phases are always
separate from each other. From this result we speculate that the
phase transformation from VO, (B) to VO, (D) is a reconstructive
one.

In the hydrothermal synthesis, the classic Ostwald ripening (OR)
is a common crystal growth mechanism, in which the larger particles
grow at the expense of smaller ones. The growth rate of larger
particles is directly proportional to the solubility of solid and the
tension of solid-liquid interfacial, and is affected by particle size
distribution.’’ Oriented attachment (OA) is an another growth
mechanism in which larger crystals form by crystallographically
controlled assembly of smaller nanocrystals.>> The exact formation
mechanism of the star-shaped VO, (D) NPs is unknown right now.
We speculate that the formation of the star-shaped VO, (D) NPs is
essentially a facet-mediated aggregation and sequential elimination
of high energy surfaces, owing to significant contribution of surface
energy to the total free energy in a nanoscale system.

Figs. 2a and b show respectively the FESEM and TEM images of
the star-shaped VO, (M) NPs after annealing VO, (D) NPs at 400 °C
for 1 h. One can see that not only the morphology but also the size of
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Fig. 2 (a) FESEM and (b) TEM images of VO, (M) NPs. The inset in (b) is
the corresponding SAED pattern in the circle area([102] zone axis). (c)
HRTEM images of the circle area in Fig. 2b. (d) XRD patterns of VO, (M)
NPs annealed at temperature of (1)300, (2) 350, (3) 400 and (4) 450 °C.
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the VO, (M) NPs nearly have no change after annealing treatment 100
compared with that of the star-shaped VO, (D) NPs. The inset in Fig. =~ | ——1I<l¢ -----
2b shows the corresponding SAED pattern of the end part of an arm 80 -
of the star-shaped VO, (M) NPs, which proves that after annealing .
treatment, the VO, (D) phase has transformed to VO, (M) phase. The §
observed lattice spacing of 0.2389, 0.2458 and 0.2493 nm in Fig. 2¢ 5604 e () T
matches well respectively with the interplanar distance of (020), i s gn e
(211) and(211)plane of VO, (M) (from [102] zone axis), which is ; 40 - e R
compatible with corresponding report in literature,” and further § N

proved the formation of VO, (M) phase. Fig. 2d shows the XRD
patterns of VO, (M) NPs annecaled at different temperatures, in
which all the diffraction peaks can be indexed to monoclinic VO,
(M) (JCPDS card no. 43-1051). From Fig. 2d one also can see that
the higher the annealing temperature, the stronger the diffraction
peaks, implying an improved crystallinity of the star-shaped VO,
(M) at a higher annealing temperature. Further FESEM analyses
indicate that the size of the star-shaped VO, (M) NPs only slightly
increases with increasing annealing temperature form 300 °C to 450
°C.

The reversible structural phase transition of VO, (M) was
investigated by DSC analysis. Fig. 3 shows the DSC curves of the
star-shaped VO, (M) NPs annealed at temperature of 300, 350, 400
and 450 °C. One can see that, with increasing annealing temperature,
the Tc increases from 50.51 to 68.62 °C during the heating cycle, and
from 40.31 to 55.23 °C in the cooling cycle, while the thermal
hysteresis width calculated from the DSC curves shows a
monotonous increase from 10.2 to 13.59 °C. These results indicate
that the lower the phase transition temperature, the narrower the
hysteresis width, which is different from the results reported in
literature, in which the smaller NPs has a higher 7, and wider
hysteresis due to the size effect. In the present study, the size of the
star-shaped VO, (M) NPs only increases slightly, and thus the
decrease in internal stress inside the VO, (M) NPs is considered the
main reason of above phenomenon, as discussed in details in our
recent work.”” On the other hand the interfacial effect also plays an
important role in narrowing the hysteresis width the star-shaped VO,
(M) NPs, as the interfaces can act as a nucleation sites in the phase
transition process. The existence of interfaces will reduce the driving
force to trigger the phase transition of VO, (M) NPs, resulting in a
lower T,and a narrower hysteresis width.2” %

() —(4)

Heat flow (a.u.)

40 60 80

Temperature (°C)

=

Fig. 3 DSC curves of VO, (M) nanoparticles annealed at temperature of (1)
300, (2) 350, (3) 400 and (4) 450 °C.
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Fig. 4 Visible and infrared optical transmittance of VO, (M) NPs thin film on
glass substrates before (25 °C, T<Tc) and after phase transition (100 °C,
T>Tc) with the thickness of (1) 250, (2) 325, (3) 480 and (4) 510 nm.
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To test the optical modulation ability, the VO, (M) NPs thin
films were obtained by spin-coating VO, (M) dispersion solution
with 2 wt% PVP and 2 wt% VO, (M) NPs in alcohol on glass
substrate (the VO, (M) NPs are obtained by annealing VO, (D) NPs
at 400 °C, the same for the VO, (M) NPs thin films mentioned
below). The thickness of the film was controlled by changing the
spin rate and the repeated time. Four thin films with the thicknesses
of about 250, 325, 480 and 510 nm were prepared (the thickness of
the thin films was estimated by the corresponding cross section
FEMSEM image, as shown in Fig. S5). The optical transmittance of
the four VO, (M) NPs thin films is shown in Fig. 4, and from which
one can see that the thinner the film, the higher the optical
transmittance in both visible and near-infrared regions, and the
smaller the transmittance difference before and after phase
transition.

The calculated integrated luminous and solar irradiation
transmittance at both 25 °C and 100 °C decreases while the
modulation ability of solar transmittance increases with increasing
the film thicknesses except for the film with the thickness of 325 nm,
which has a relative uniform luminous transmittance of 43-44 %
and a solar transmittance modulation of over 7.32 %, see Table S1.
This result indicates that the 325 nm VO, (M) NPs thin film has an
optimal optical performance in both integrated

transmittance and modulation ability of solar transmittance.

From the variable-temperature FT-IR spectra of the VO, (M)
NPs thin films with different thicknesses, we found that that the
transmittance at wavenumbers of 4000-2000 cm™ (2.5-5 pm)
decreases monotonously with increasing temperature, and the
infrared modulation amplitude is about 11, 13, 21 and 34 % at the
wavenumbers of 3600-2500 cm™ (2.78-4 um) and about 19, 25,
34 and 57 % at wavenumbers of 4000-3700 cm’ (2.5-2.7 pm) for
the thin film with the thickness of 250, 325, 480 and 510 nm,
respectively, as shown in Fig. S6. And here again the thicker film
displays an enhanced optical regulation ability.

To study the stability and infrared regulation of the star-shaped
VO, (M) NPS under external potential,17 a device based on VO, (M)
NPs thin film and Ag nanowires (NWs) transparent conducting
electrode on glass substrate was constructed (the Ag NWs were
synthesized by hydrothermal reaction,*® and the Ag NWs transparent
conducting electrode was made by doctor-blading the Ag NWs
dispersion solution on glass substrate and then two parallel copper

luminous
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Fig. 5 Optical transmittance spectra of VO, NPs/Ag NWs/glass device with
(a) increasing and (b) decreasing input voltage.

wires were pasted by Ag paste on the two side of the substrate as
electrode), here the Ag nanowires (NWs) transparent conducting
electrode was used as a film heater’*’ The VO, (M) NPs/Ag
NWs/glass device is shown in Fig. S7. When an input voltage was
applied to the electrodes, the heat will conduct from the Ag NWs
film heater to VO, NPs thin film, and create a definite temperature
environment on the device, and the higher the input voltage, the
higher the temperature. Fig. 5 shows optical transmittance spectra of
the device at different input voltages. One can see that the optical
transmittance in the near infrared region gradually decreases with
increasing the input voltage from 0 to 8 V, and completely recovery
when gradually reduces the input voltage till 0 V. The variation of
the infrared transmittance with input voltage has a similar tendency
with temperature. This result demonstrate that a reversible phase
transition can be triggered by an input voltage for the VO, NPs,
indicating the infrared transmittance can be dynamically modulated
by external potential. From Fig. 5 one also can see that the minimum
input voltage that can induce a considerable change in infrared
transmittance is lower than the spherical VO, (M) NPs reported in
our previous study.!” This result indicates that the infrared switching
of the star-shaped VO, (M) NPS can be trigged at a relative low
voltage, which is beneficial for practical applications.

Fig. 6a shows the infrared transmittance of the device at 1.5 pm
upon a periodic square-wave with different amplitudes (the cycle of
the square-wave pulses is 2 min). One can see that the transmittance
gradually drops to a equilibrium value when a constant voltage is
applied and recovers its original value once the input voltage is
removed, and the higher the pulse amplitude, the higher the infrared
transmittance drop, and thus the higher the infrared modulation. The
equilibrium value of the infrared transmittance upon an applied pulse
voltage depends on the duration time of the pulse, the longer the

4 | CrystEngComm, 2015, 00, 1-3
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Fig. 6 Infrared transmittance of the device at 1.5 um upon applied square-
wave pulse with (a) different amplitudes, (b) different duration times and (c)
amplitude of 8 V duration time of 1min.

duration time, the lower the equilibrium value because of a critical
time is needed for the device to achieve a equilibrium temperature or
recover to room temperature, as shown in Fig. 6b, in which when the
duration time of a 8 V pulse changes from 30 to 15 s, the equilibrium
infrared transmission changes from about 58 % to 64 %, and infrared
transmission cannot recover its original value. Above results
demonstrate that the infrared modulation can be tuned not only by
the input pulse amplitude but also the duration time of the pulse. An
optimal result in infrared modulation of the device at 1.5 pm upon an
input 8 V square-wave pulse with 1 min duration time is shown in
Fig. 6¢. One can see that the infrared transmittance drops from about
78 % to 56 %, and about 22 % infrared modulation is realized. From
Fig. 6¢c one also can see that after first two cycles the infrared

This journal is © The Royal Society of Chemistry 20xx
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modulation is almost constant, demonstrating a high stability and
reversibility of the device in response to an input pulse voltage.

In summary, the star-shaped VO, (D) nanoparticles were
synthesized by a simple hydrothermal reaction in the presence of
only ammonium metavanadate and formic acid, which can be
transformed to VO, (M) NPs through a mild annealing treatment.
The formic acid, hydrothermal temperature and pH value are
important to obtain the star-shaped VO, (D) NPs. The absence of
other reactants and surfactants can not only make it easier to handle
the reaction but also avoid any organic residues in the resulted
product, which is benefit for practical application as no superfluous
wash is needed. The morphology and size of VO, (D) NPs nearly
have no change after transforming to VO, (M) NPs. It was found that
the lower the annealing temperature, the lower the phase transition
temperature and the narrower the hysteresis width because of
interface effect of the star-shaped VO, (M) NPs. The infrared
modulation amplitude of the VO, (M) NPs thin films can be
controlled by the thickness of the films, and the thicker the film the
higher the infrared modulation amplitude. An excellent infrared
modulation with high stability and reversibility has been
demonstrated in the VO, (M) NPs/Ag NWs/glass device upon an
applied pulse voltage, in which the infrared modulation amplitude
can be controlled not only by the input pulse amplitude but also the
duration time of the pulse. The VO, (M) NPs/Ag NWs/glass device
might find potential applications in infrared electro-optical switch
devices and infrared sensors.

Experimental

Materials synthesis: For a typical synthesis, 2 mmol ammonium
metavanadate was dissolved in 20 ml deionized water with continue
magnetic stirring for 30 min, then formic acid (88 wt%, 2 ml) was
added drop by drop into the light yellow solution with magnetic
stirring for 5~10 min. The precursor solution with a pH of about 2
was sealed in a 40 ml Teflon cup and placed in a sealed autoclave for
hydrothermal treatment at 200 °C for 2 days in an oven. After
cooling down to room temperature naturally, the precipitate was
dried at 60 °C in air after cleaning by water and alcohol alternatively.
The as-prepared powders were finally annealed at 300-450 °C for 1 h
in a vacuum furnace (~20 Pa) to obtain VO, (M) NPs.
Characterization: The size, morphology and microstructure of the
as-prepared and annealed powders were characterized by field-
emission scanning electronic microscope (FESEM, Sirion 200), X-
ray diffractometer with a Cu Ka line (XRD, Philips X’Pert) and
transmission electronic microscope (TEM, JEOL Model 2010). The
phase transition was analyzed by differential scanning calorimetry.
(Netzsch DSC-204) with a heating and cooling rate of 10 °C/min in
nitrogen atmosphere. The optical transmission spectra of the VO,
(M) NPs thin films were recorded by UV-3600 spectrophotometer
(Shimadzu ISR-260) and Fourier transform infrared (FTIR)
spectrometer (Bruker Vector-22) equipped with temperature
controller.
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Graphic Abstract

Star-shaped VO, (M) nanoparticles demonstrate adjustable phase
transition temperature and excellent reversible infrared modulations in

response to external voltage.
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