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Monoclinic vanadium(iv) oxide [VO,(M)] is a widely studied material due to its thermochromic properties
and its potential use in energy-efficient glazing applications. VO,(M) nanoparticles can be a great
advantage for energy-efficient glazing as below 50 nm the nanoparticles poorly interact with visible
wavelengths — resulting in an increase in visible light transmittance whilst maintaining the thermochro-
mic response of the material. The direct synthesis of VO,(M) nanoparticles with effective thermochromic
properties will be a step forward towards industrial applications of this material. Unfortunately, many
of the synthesis processes reported so far involve multiple steps, including post-treatment, and the
synthesis is not always reproducible. In this study, we present the first direct synthesis of pure monoclinic
VO, nanoparticles by continuous hydrothermal flow synthesis (CHFS). TEM images showed that nano-
particles in the size range of 30-40 nm were produced. The VO,(M) nanoparticles also showed good
thermochromic properties with a solar modulation (AT,,) of 3.8%, as established by UV/Vis spectroscopy.
A range of analytical methods was used to characterise the materials, including X-ray absorption spectro-
scopy (XANES and EXAFS), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and transmission
electron microscopy (TEM). The influence of niobium (Nb) doping on the physical and thermochromic
properties of the VO, nanoparticles was also explored. Previous work has shown a sharp metal-to-
semiconductor transition of VO, upon incorporation of a Nb dopant. The results of the current work

rsc.li/materials-c

Introduction

The numerous crystal structures and phase transitions of
vanadium(v) oxide (VO,) make it a promising material for a
wide range of applications including batteries,"” gas sensors®
and solar control coatings for smart windows.””> The mono-
clinic form of vanadium dioxide, VO,(M) (space group P121/c1)
has attracted great interest due to its thermochromic proper-
ties. VO,(M) has the ability to reversibly transform from the
semiconducting monoclinic phase VO,(M) to the semi-metallic
rutile phase VO,(R) (space group P42/mnm).° The reversible
metal-to-semiconductor transition (MST) occurs at ca. 68 °C for
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suggested that these changes are likely due to changes on the local structure of the oxide.

a typical undoped VO, material.” When heated beyond this tem-
perature, the material’s optical properties change drastically - from
highly transmissive to highly reflective - in the NIR region, and its
electrical conductivity increases by several orders of magnitude.?
The thermochromic properties of VO,(M) and its relatively low
temperature transition, i.e. close to room temperature, make it
an interesting material for energy-efficient glazing applications.

The strong absorption of VO,(M), however, as well as its
high reflectivity due to its narrow band gap has a negative
impact on both visible light transmittance (Tjum) and solar
modulation (ATy,) - two essential parameters for measuring
the energy saving efficiency of glazing. Ty, indicates the
percentage of visible light passing through the coated glass
while ATy, represents the ability of the coating to modulate the
solar energy. It had been quite challenging to optimize both
parameters as the increase of Tj,, often induces a reduction
of ATy, and vice versa.

Li et al.>'® showed that both parameters Ti,, and AT
could be significantly improved simultaneously by embedding
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VO, nanoparticles in a host material rather than synthesising
a continuous VO, film. It has been established, for example,
that a 5 pm thick film of 1 vol% of well-dispersed VO,
nanoparticles shows higher Ty, and ATy, values compared
to an equivalent continuous VO, film with a thickness of
50 nm.'* In addition, it has been demonstrated that VO,
nanoparticles of ca. 50 nm (or less) weakly interact with visible
light while those with particle sizes of ca. 20 nm or less
suppress optical scattering.”'* Hence, it is important to tailor
particle sizes and dispersion thereof.

The direct synthesis of VO,(M) nanoparticles can be challenging
due to the multiple valence states of the vanadium ion and the
ease of oxidation/reduction of V** to V**/V** species. The
synthesis of phase pure monoclinic VO, can require several
steps including post-synthesis heat-treatment. Any additional
processing of the material risks oxidation or reduction of
the vanadium, reducing or destroying the functionality. Hydro-
thermal synthesis is a common route to obtain VO,(M) nano-
particles, however, this method typically requires 24 to 48 hours
to produce phase pure VO,(M) nanoparticles in a batch process
and it is hardly reproducible.'*"*

Continuous hydrothermal flow synthesis (CHFS) is a
method used to produce nanoparticles. CHFS has the advan-
tage of being a direct, reproducible and scalable method."?
Unlike batch hydrothermal processes, CHFS is a continuous
process, thus once a system is optimised it is possible to
produce kg of material per hour. In CHFS, a stream of super-
critical water is mixed with an ambient temperature stream of
metal precursor salts (in an engineered mixer) to almost
instantly form nanoparticles in a good yield (typically above
85%). In this process, metal oxide nanoparticles are produced
very rapidly by the hydrolysis and subsequent dehydration (or
degradation) of the metal salts.">'” Previously, CHFS has been
utilised to prepare VO,(M) and Nb-doped VO,(M) samples in a
two-step process, where the initial VO, product contained
impurities and required post-synthesis annealing at 600 °C
to obtain phase pure VO,(M)."'®'® This was synthesised at a
reaction mixing temperature of 335 °C using balanced flow
rates for the sc-water and ambient temperature metal salt feed.
However, to the authors’ knowledge, there are no reports on the
successful direct synthesis of pure VO,(M) using a continuous
method.

In this study, we present the first direct continuous hydro-
thermal flow synthesis of VO,(M) nanoparticles, which has been
achieved by the modification of the CHFS apparatus and under
unbalanced flow rate conditions. A vanadium(iv) precursor
solution, obtained from the reduction of vanadium(v) oxide
(V,05) by oxalic acid (H,C,0,), was used for the synthesis of
the nanoparticles. The phase purity and the characteristics of the
nanoparticles were investigated by X-ray absorption spectroscopy
(XANES and EXAFS), X-ray diffraction, X-ray photoelectron
spectroscopy and transmission electron microscopy. The thermo-
chromic properties of the as-formed nanoparticles were deter-
mined by variable temperature UV-Vis spectroscopy. This study
presents a key step towards the industrial applications of
thermochromic VO, materials.
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Experimental

All chemical compounds used in the synthesis were purchased
from Sigma-Aldrich.

Synthesis of the precursor solution

An aqueous V*'-containing solution (5 L) was prepared from a
mixture of 181.88 g of V,05 and 360.12 g oxalic acid in D.I
water (vanadium : oxalic acid, 1:4 ratio). This solution (0.4 M)
was stirred for 48 h until it was fully reduced, as evidenced by
a colour change to a blue V*"-containing solution. This initial
solution was diluted to 0.2 M and used directly in the CHFS
process as a precursor solution.

Continuous hydrothermal flow synthesis (CHFS) of VO,
nanoparticles

VO,(M) was synthesised using a lab-scale CHFS process, which
was modified from previous reports to achieve higher mixing-
point temperatures.*® This required 80 mL min~* of 450 °C D.I.
water and 10 mL min " combined precursor feeds to obtain a
theoretical mixing point temperature of ca. 402 °C.'® The hot
water feed was provided by a Primeroyal K pump (Milton Roy,
Pont Saint-Pierre, France), and the precursors were provided by
two Gilson-type pumps (Gilson 305, Fig. 1, pumps G1 and G2)
operating at flow rates of 5 mL min " each. The flow rates were
controlled using the actuators on the pumps, which were
calibrated using the LabView software (LabView, National
Instruments, Berkshire, UK). Both pumps G1 and G2 provided
the V*' precursor detailed in the previous paragraph. The
outputs of the pumps were connected to pressure gauges (EN
837-1, WIKA Instruments Ltd, Redhill, UK), and pressure relief
valves (R3A series, Swagelok) set to a relief pressure of 276 bar,
a lift check valve (50 Series, Swagelok) and a non-return valve
(CH Series, Swagelok) in series. The outputs of the Gilson
pumps combined in a 1/8” tee-piece, which subsequently
flowed into a 4-way switch valve. This switch valve was also
connected to the fourth pump (P4 Milton Roy Primeroyal K
pump), an exhaust pipe with a Tescom BPR and the mixing
point in the reactor. The 4-way valve (7921F4Y, LAA UK Ltd,
Middlesex, UK) enabled the Gilson pumps to be pressurized
and depressurized in isolation from the reactor, i.e. pump P4
and the Gilson pumps could be interchanged using the valve.

During synthesis, G1 and G2 were both employed to feed the
0.2 M V** precursor solution into the reactor. The combined
output of G1 and G2 flowed into a Confined Jet Mixer (CJM),
where it combined with the hot water feed from P1.>' The
theoretical mixing temperature was 402 °C for all reactions. The
Reynolds number of the combined feed was ca. 14000 and
22000 for the 1/8” and 1/16” inlet pipe reactor configurations,
namely configurations A and B, respectively. Configuration A was
employed to synthesise the pure VO, sample while configuration B
was used to synthesise the Nb-doped VO, sample. In both cases,
the extremely high Reynolds numbers resulted in very rapid and
turbulent mixing between the hot water feed and the precursors.
Thus, the CJM allowed complete mixing within 50 ms of
combination,** which occurred just beyond the supercritical

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic diagram of the continuous hydrothermal flow synthesis (CHFS) process used in the direct synthesis of VO,(M) nanoparticles.

water inlet pipe within the cross-piece as indicated in Fig. S1
(ESIt). The extremely high Reynolds number resulted in very
rapid and turbulent mixing between the hot water feed and the
precursors, which therefore caused rapid nucleation of the VO,
product within the 1/4” outlet pipe of the CJM (Fig. S1, ESIt). As
the temperature of the combined feeds was 402 °C, the water
solvent was still in the supercritical state. The output slurry
flowed through a 1.4 m section of the 1/4” pipe, giving a
residence time of 1.0 s, before flowing through a pipe-in-pipe
counter-current cooling section to reduce the slurry tempera-
ture to ca. 40 °C. The cooled product slurry exited the apparatus
via a back-pressure regulator (Tescom, model 26-1762-24-194,
Emerson Process Management Regulator Technologies Inc.,
South Lanarkshire, UK), which maintained a pressure of
240 bar in the system.

After synthesis, the supernatant was decanted from the
product slurry and the concentrated paste was centrifuged at
4500 rpm for 5 minutes. The centrifuged sludge was repeatedly
resuspended in D.I. water and centrifuged until the conductivity
of the supernatant was reduced below 100 uS m ™. The cleaned,
wet product was placed in a freeze-drier (Virtis Genesis 35XL)
and slowly heated from —60 °C to 25 °C, over 24 h under a
vacuum of <13 Pa.

Film analysis

X-Ray Diffraction (XRD) was performed using a Stoe StadiP
diffractometer in the transmission mode (coupled 0-26 geometry),

This journal is © The Royal Society of Chemistry 2018

with the sample sandwiched between two plastic foil disks held
together with a thin layer of silicone grease. A pre-sample Ge(111)
monochromator selected Mo-K,; radiation only (1 = 0.709 A) and
included a 0.5 mm collimator restricted to 3 mm height. The
sample was rotated in the beam, and the diffraction intensity was
recorded using a Dectris Mythen 1k silicon strip detector covering
18° (20). XRD patterns were collected in the 260 range of 2° to 40°
with a step size of 0.02° in 26 and were compared to the ICSD
reference pattern for monoclinic VO, (ICSD 34033).

The surface morphologies of the films were determined by
Scanning Electron Microscopy (SEM) using a JEOL JSM-6700
(3 kv).

X-ray photoelectron spectroscopy (XPS) was carried out on
powder using a Thermo Scientific K-alpha spectrometer with
monochromated Al K, radiation, a dual beam charge compen-
sation system and at a constant pass energy of 50 eV (spot size
400 pm). Spectra were recorded from 0 to 1200 eV.

Transmission electron microscopy (TEM) images were obtained
using a TEM Jeol 2100 with a LaBs source operating at an
acceleration voltage of 200 kv.

The optical transmittances were monitored using a Perkin Elmer
Lambda 950 UV-Vis-NIR spectrophotometer that was equipped with
a homemade heating unit. The powder was deposited onto a silica
barrier (50 nm SiO, layer) float glass, supplied by Pilkington/NSG.
The thermochromic properties of the deposited films were measured
by recording their transmittance spectra from 2500 nm to
250 nm at two different temperatures (20 °C and 90 °C).

J. Mater. Chem. C, 2018, 6, 11731-11739 | 11733
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To investigate the local structure of the samples, V K-edge
X-ray absorption spectra were recorded on beamline B18
at diamond light source.*” B18 was equipped with a Si(111)
dual-crystal monochromator and Pt-coated harmonic rejection
mirrors. The samples were pressed into pellets, with cellulose
added as the binding agent, and data were recorded in trans-
mission mode; data for a V foil reference were recorded
simultaneously with each sample. Commercial monoclinic
vanadium dioxide was obtained from Sigma Aldrich and measured
as a standard compound. Multiple spectra of each sample were
averaged prior to data analysis. Data reduction and fitting were
carried out using the Demeter 0.9.25 suite of programmes.*®
Data fitting was performed in R-space.

Results and discussion
Continuous hydrothermal flow synthesis and characterisation

Continuous hydrothermal flow synthesis (CHFS) was used
to produce VO,(M) nanoparticles in a single step as a black
powder suspension, which was cleaned and freeze-dried to
yield a black powder. The vanadium(v) precursor solution used
for the synthesis was obtained from the reduction of
vanadium(v) oxide by oxalic acid according to the accepted
decomposition pathway shown in eqn (R1)-(R3)'%*%?°

V,05(s) + 4H,C,0, + 2H,0 — [(VO),(C,0,);]*~ + 2H;0"

+2C0, + 4H,0 (R1)

[(VO),(C,04)s]*~ + 2H30" — 2VOC,0, + CO + CO, + 3H,0
(R2)

2V0C,0, — VO, + CO + CO, (R3)

The X-ray diffraction (XRD) patterns of the undoped and
Nb-doped samples both matched the VO,(M) reference exclu-
sively (PDF Card No. 01-076-0456) (Fig. 2). An additional broad
feature observed in these patterns at 20 ~ 5° was due to the
silicone-based matrix used during the sample preparation.>®
This is in direct contrast to previous CHFS works, which
resulted in a mixture of VO, phases and required heat treat-
ment to 600 °C to produce the phase-pure VO,(M)."® 1t is
suggested that the higher reaction temperature (ca. 402 °C
compared to 335 °C) employed herein was necessary to drive
complete conversion to the VO,(M) phase in flow. The ability to
manufacture VO,(M) directly in a continuous process has no
precedent, as the majority of synthesis methods are batch
hydrothermal, and require long reaction times in the order
of days.>”*® Furthermore, the precursors are relatively benign
(oxalic acid is commonly used to remove rust) in comparison to
these other methods (which often require chemicals with
significant hazards such as hydrazine).

The undoped VO, sample showed high crystallinity with
relatively narrow peak broadening, as estimated from the FWHM
values (Table 1a). In comparison with the literature pattern, a
preferential orientation along the (2 2 0) plane could be observed
for our samples, which is indicated by an increase in the
intensity of the (2 2 0) peak compared with the (0 1 1) and
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Fig. 2 XRD patterns of the VO,(M) and Nb-VO,(M) nanoparticles synthe-
sised by CHFS. The standard XRD pattern of monoclinic VO, (ICSD 34033)
has been included for reference.

Table 1 Crystal lattice parameters for undoped VO,(M) and Nb-VO,(M) at
room temperature

Crystal lattice parameters (A)

Angle (%)
Samples a b c p Cell volume V
VO,(M) 9.133(1) 5.674(1) 4.495(1) 90.69(2) 232.92(6)
Nb-VO,(M) 9.088(2) 5.784(1) 4.514(1) 91.47(1) 237.3(1)

(2 1 1) peaks. Peak broadening is slightly higher in the case of
the Nb-doped VO, sample. This suggests the Nb dopant caused
the reduced crystallinity, as the particle sizes of both samples
were similar and therefore broadening due to the particle size
effects should be approximately equal. We observe a slight
change in the relative intensities of the diffraction peaks upon
incorporation of the Nb dopant, which could be due to changes
in the degree of preferred orientation of the Nb doped samples,
or difference in the electron density between Nb>* and V**. The
crystal lattice parameters and the monoclinic angles of the VO, and
Nb-VO, samples, as estimated from the refinement of the XRD
patterns, are summarized in Table 1. They correspond to the
monoclinic M2 phase, where VO, crystallizes in a centered mono-
clinic system with the space group C2/m.*° VO, with the M2 phase
has been previously reported in the literature for doped VO, systems
and VO, materials obtained from stress-induced processes.***° This
phase has attracted interest in Mott transition studies.

SEM analysis (Fig. 3) showed round-shaped particles for
both VO, and Nb-VO, samples. This morphology differs from
the VO, nanoparticles previously synthesised by CHFS, which
showed rod-like particles.'® This could suggest that the higher
reaction temperature used in this study (402 °C) promoted
rapid nucleation that resulted in the rounded nanoparticles.
It can also be pointed out that the high uniformity of the
sample indicated the ability of the CHFS process to produce
consistent quality nanoparticles in a short time.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 SEM images of the un-doped VO,(M) powder.

TEM analysis of the undoped VO, and Nb-doped VO,
samples revealed both samples were formed of a mixture of
spherical particles and hexagonal particles (Fig. 4a and b). The
particle size analysis of the VO,(M) and Nb-VO,(M) samples
(50 particles per study) revealed average particle sizes of 33 +
13 nm and 39 £ 13 nm, respectively (Fig. S2, ESI{). The small
particle sizes observed in general were likely due to the high
Reynolds number (i.e. more turbulent, rapid mixing) for both
samples. The smaller particle sizes achieved herein compare
extremely favourably with those made previously via CHFS,
where the particle sizes were in the range of 50-200 nm and
particle sizes below 50 nm were only achieved upon significant
Nb dopant inclusion. Moreover, the post-synthesis heat-treatment
required in the previous study could significantly increase the
particle sizes and cause the risk of oxidation. Herein, the direct
synthesis of monoclinic VO, nanoparticles with smaller particle
sizes makes this ideal for thermochromic solar control coatings.
Lattice fringes, which could be assigned to the VO,(M) lattice
spacings, were observed in both cases (Fig. 4c and d). In
addition, an organic surface coating could be observed on

Fig. 4 TEM images of (a) undoped VO, and (b) Nb-doped VO,. Lattice
fringes of (c) undoped VO, and (d) Nb-doped VO,.

This journal is © The Royal Society of Chemistry 2018
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some particles (Fig. 4a), which visibly degraded in the beam.
It is suggested that surplus oxalic acid is present in the
synthesis bound to the surface of the VO, particles.

The oxidation states of vanadium and niobium were deter-
mined by X-ray photoelectron spectroscopy (XPS). The V 2p3,
core-level peak of the undoped sample could be modelled and
fitted with two environments, as shown in Fig. 5. It showed the
presence of two oxidation states of vanadium, V** and V>', at
binding energies of 514.8 eV and 516.3 eV, respectively. This
indicated that the VO, powder is partially oxidized to V,Os at
the extreme surface. This is due to the powder being stored
in air at room temperature and forming a V,0s passivation
layer. The same observation applied to the Nb-doped powder
sample. The XPS spectra are shown in Fig. 5. The atomic
percentage of the Nb dopant in the doped sample was esti-
mated to be <1 at% by modelling the Nb 3ds,, core-level peak.
The Nb 3ds, core-level peak is observed at a binding energy of
207.0 eV, which corresponds to the oxidation state of the Nb>*
ion. The low intensity of the Nb 3d signal makes definitive
chemical identification impossible, so it cannot be ruled out
that other chemical environments of Nb are present. Nb doping
did not have any significant effect on the oxidation of the VO,
powder as both samples have been shown to have the same
V**:V®" ratio (ca. 33:67). This is in contrast to the previous
study, where significant changes in the V**:V°" ratios were
observed upon Nb incorporation - resulting in an increase of
V** ions in the doped sample." All the above binding energies
are in agreement with literature values (0.2 eV).**?

The low levels of Nb detected make the influence of the dopant
on the samples questionable. The low atomic percentage could be
due to the precursor solution used during the synthesis. Piccirillo
et al.*® showed that in the synthesis of Nb-VO, films by chemical
vapour deposition methods, a Nb/V molar ratio threshold of ca.
7.5% was found in order to detect Nb incorporation into the films.
This had also been observed with APCVD processes.>* In the
current study, the precursor solution contained a Nb/V molar ratio
of 1.25% and this could explain the low dopant level in the
powder. In addition, no changes in the V**:V°" ratio and the
particle sizes were observed between the undoped and Nb-doped
samples unlike the previous study - suggesting that there
is only a small amount of Nb incorporated." Nevertheless,
the XRD patterns showed some evidence of substitution of the
V** atoms by the Nb>" atoms.

X-ray absorption spectroscopy

V K-edge X-ray absorption near-edge structure (XANES) spectra
for these samples are shown in Fig. 6. The samples are all close
in appearance to the monoclinic VO, standard, confirming that
they are phase-pure.

V K-edge extended X-ray absorption fine structure (EXAFS)/
Fourier transforms and best fits are shown in Fig. 7. These data
were fitted to a theoretical structure based on ICSD 34033;>° the
fitting model used was similar to that reported by Marini et al.*®
The best fit parameters from these fits are given in Table 2.
It should be noted that different k-space windows were used for
the Fourier transforms for the different samples - this is

J. Mater. Chem. C, 2018, 6, 11731-11739 | 11735
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Fig. 5 X-ray photoelectron spectra (XPS) of the V 2ps/, and Nb 3ds,, environments in the (a) undoped VO, and (b) Nb-VO, samples.
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Fig. 6 V K-edge XANES of the VO, and Nb-VO, samples synthesised by
CHEFS. A spectrum of a commercial monoclinic VO, standard has been
included for reference.

responsible for the differences in the appearance of the sam-
ples in Fig. 7a. This was done to include the maximum possible
data range in the fit, while excluding noise/high-k artefacts —
this enables fitting of the highest possible number of para-
meters to the best precision.

The EXAFS of each of the samples were broadly consistent
with the literature structure of monoclinic vanadium dioxide;

11736 | J. Mater. Chem. C, 2018, 6, 11731-11739

however, the two longest V-O distances showed a degree of
expansion (without Nb: 2.37 + 0.04 A, 2.42 + 0.04 A; with Nb:
2.41 £ 0.077 A, 2.46 =+ 0.07 A; literature: 2.02 A, 2.06 A), while all
the other distances were (within uncertainty) in line with the
literature structure. An increase in (some of) the V-O distances
while the V-V distances remain constant suggests that there is
an out-of-plane displacement of the oxygen ions, as indicated
by the purple arrows in Fig. 8.

The longer V-O paths, which show the greatest expansion,
also show increased Debye-Waller factors, indicating increased
disorder in these paths. The increased disorder in the out-of-
plane direction indicated in Fig. 8 would explain both the
increased Debye-Waller factors and the increased average path
length in this direction.

The Nb-doped sample showed a slight increase in the
average distance for these V-O bonds. This suggests that the
substitution of Nb>" into the vanadium dioxide lattice slightly
increases this disorder, although this cannot be established
with certainty due to the uncertainties on the fitted parameters.

Thus, the EXAFS data confirmed the monoclinic structure of
these vanadium dioxide samples and confirmed that this
structure is maintained after Nb doping. It also identified
out-of-plane disorder of some of the oxygen atoms.

Thermochromic properties

The optical properties of the VO,(M) nanoparticles were measured
by recording their transmittance spectra from 250 nm to 2500 nm
up to 90 °C (Fig. 9). All samples displayed thermochromic

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 V K-edge Fourier transforms (a) and EXAFS (b) of the CHFS VO, samples. Data are plotted as symbols, and fits as solid lines. The trapezoid lines in

(b) indicate the Fourier transform window used.

Table 2 EXAFS best fit parameters for the VO, samples prepared via
CHFS. Riis the half path length, o° is the EXAFS Debye—Waller factor and R-
factor is the crystallographic R-factor. All values are rounded as appro-
priate for their uncertainties, and uncertainties in the final digits are given in
parentheses after the values. Path lengths indexed as %*%%' or * were
refined with a common refinement parameter across all paths with the
same index. Debye—Waller factors indexed as ™" or * were constrained to

be the same across all paths with the same index

Sample Path Degeneracy R/A a*/A? R factor
VO, via CHFS V-0 1 1.83(5)  0.009(5)  0.008
2 1.96(2)
2 2.37(4)°  0.016(9)"
1 2.42(4)°
V-v 1 2.61(3)  0.008(4)
1 3.17(9)
2 3.41(9)°
2 3.49(9)°
2 3.4(2)°  0.016(9)"
2 3.5(2)°
Nb-VO, via CHFS V-0 1 1.85(1)°  0.0025(9)* 0.010
2 1.97(1)°
2 2.41(7)'  0.013(4)
1 2.46(7)'
V-v 1 2.7(2)  0.02(1)"
1 3.3(4)
2 3.42(2)%  0.0025(9)"
2 3.50(2)"
2 3.59(2)° 0.013(4)*
2 3.66(2)"

behaviour with a reversible switch around ca. 68 °C - corres-
ponding to the typical transition temperature expected for
undoped VO,. The luminous and solar transmittance (Tjum
and Ty,)) were estimated based on the measured spectra using
the equation below (Table 3):

[ Prum sl T (2)d2

Tl?lmﬁsol = g; 2dJ (1)
j lum,sol(/b) L

where 4 is the wavelength of light, ¢, is the solar irradiance

weighted to the sensitivity of the human eye, ¢4, is the

weighted solar irradiance spectrum, and 77 is the transmission

This journal is © The Royal Society of Chemistry 2018

Fig. 8 Structure of monoclinic VO,, based on ICSD 34033, indicating
the direction of the proposed out-of-plane oxygen displacement (purple
arrows). O27: red; V**: orange.

of the VO, thin film in either the hot state or the cold state.
From the above equation, the solar modulation (AT,) can be
deduced from the difference between the solar transmittance in
the cold and hot states:

ATsol = Tsol (25 OC) - Tsol (90 OC) (2)

The modulation in the infrared region (ATi) was also
estimated from eqn (2) as it only takes into account the near-
infrared region (750 to 2500 nm) of the measured spectra,
which is specific for the thermochromic functionality expected.

The undoped VO, powder showed a AT, of 3.8%, which is
in line with those of the un-doped VO, materials synthesised by
other methods such as magnetron sputtering or APCVD.?>”7*°
The powder exhibited a good efficiency for modulating infrared
radiation with a ATz of 7%, however, it displayed a low visible
light transmittance (Tjym = 14%).

Several studies showed that doping VO, samples with
niobium is usually accompanied by a decrease of the visible

J. Mater. Chem. C, 2018, 6, 11731-11739 | 11737
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Fig. 9 UV-Vis spectra of un-doped VO, (top) and Nb-doped VO,
(bottom) at 20 °C (blue dashed line) and 90 °C (continuous red line).

Table 3 Visible light transmittance T, in the cold and hot states,
solar modulation AT, and solar modulation in the NIR region AT for
the un-doped VO, and Nb-doped VO, samples

Tlum (C%)
Samples Cold state Hot state ATgo1 (%) ATk (%)
Un-doped VO, 14 14 3.8 7
Nb-doped VO, 15 15 1.5 2.4

light transmittance Ty, and a MST reduction.’*™** Both
samples, however, have a similar Tj,, of 15% and 14% for
the doped and un-doped samples, respectively. Moreover, the
transition temperature (MST) of the doped sample is around
ca. 68 °C, which is the MST observed for a typical undoped VO,
material. This can be explained by the very low at% of niobium
present in the powder - the atomic percentage is too low for
observing any effect on the optical properties. On the other
hand, Table 3 shows a poor ability of the Nb-doped sample to
modulate infrared radiation, which can be seen by a drop in the
ATy (1.5%) and ATig (2.4%) when compared to the undoped
powder. This is most likely due to the lower crystallinity of the
doped material. It has been shown that a poor crystallinity of
the VO, samples resulted in a low solar modulation.* Further-
more, both samples have been shown to have the same V**: V°"
ratio and similar average particle sizes.

As a result, the undoped VO, nanoparticles synthesised by
CHFS showed good thermochromic properties. Both samples
have been revealed to have a low luminous transmittance,
which could be caused by the sample preparation for UV-Vis
measurements. The small average particle sizes of the samples
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suggest that a good dispersion of the NPs in a host could
significantly increase the Tj,m,. Doping with niobium did not
seem to have any impact on the luminous transmittance and
the MST. Only a change in the AT, has been observed and is
most likely a result of the differing degrees of crystallinity.

Conclusions

Pure monoclinic VO, nanoparticles (undoped and doped with
niobium) were successfully synthesised by CHFS at a mixer
reaction temperature of ca. 400 °C. The synthesis was direct and
no post-synthesis heat-treatment of the samples was required.
The vanadium(v) precursor solution was immediately converted
into a VO,(M) nanoparticle slurry in the process. The undoped VO,
powder possessed good thermochromic properties, a ATy of 3.8%
and a AT of 7%, but a low visible light transmittance, which
could be attributed to the sample preparation. The Nb-doped
sample was synthesised using a Nb/V solution with a molar ratio
of 1.25%. The XRD patterns and XANES and EXAFS analyses
highlighted some evidence of Nb>* substitutions into the VO,
lattice, suggesting that the Nb dopant induced a relatively poor
VO, crystallinity. Nevertheless, the molar ratio of the Nb/V solution
was too low to have any significant effect on the MST and the
optical properties of the sample, or for definitive conclusions on
the nature of the Nb in the sample to be ascertained. Despite the
low luminous transmittance for both samples, the TEM images
showed small particle sizes (in the range of 30 to 40 nm), which
could lead to a significant increase of the Ty, if the particles are
well dispersed in a host in the future.
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