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Abstract

Vanadium dioxide/titanium dioxide bilayer films hebeen investigated as a thermochromic
coating for application as intelligent window glags for buildings. The nanostructured ¥O
and TiQ films were deposited on fluorine doped tin oxidated glass substrates using electric
field assisted aerosol assisted chemical vapouodiiégn (EIFi-AACVD) and sol-gel spin
coating, respectively. Their thermochromic progertiwere investigated using scanning
electron microscopy, X-ray diffraction, variable miperature UV/Vis/NIR and X-ray
photoelectron spectroscopies. Compared to bargfM@s, the VQ/TIO; bilayer films exhibit

an increase in visible light transmittance of up3f6, an increase in integrated luminous
transmisttance, with values up to 66%, and a higharsmittance modulation in the near
infrared of up to 20% at the thermochromic trapsitiemperature. The Ti@op layer not only
enhances visible light transmittance, but also esero protect the VE£bottom layer from
oxidation. The bilayer films are shown to exhibitgpo-induced super-hydrophilicity. These
properties are affected by the morphology of the \U@der-layer.



1. Introduction

World-wide total energy consumption has dramatycaitreased over the last few decades,
reaching 9384 Mtoe in 2015lt has been estimated that around 40% of this ggner
consumption is attributable to temperature and Hugnicontrol of buildings, including air
conditioning and heating.One of the most important considerations in remycénergy
consumption in buildings is the window glazing.é€liigent glazing systems with spectrally
selective properties are seen as a practical aravative method of controling the throughput
of visible and solar thermal energy entering araileg buildings, allowing for significant

energy savings.

Thermochromic glazings are designed to intelligentntrol the amount of light and heat
(mainly in the near infra-red region) that can pt#ssugh the glazing as a function of the
glazing temperatur&® Vanadium dioxide (V@ exhibits a sharp change in optical properties
around a thermochromic transition temperaturg 0f 68 °C, which is associated with a
semiconductor to metal transition, from a low-tenapigre monoclinic phase to a high-
temperature tetragonal rutile-type ph&&dor this reason, vanadium dioxide based thin films
have been extensively investigated as possible tsmiadow coatings. On heating, the
transmittance in the near infra-red (NIR) regiocrdases significantly at, while there is no

significant change in transmittance in the UV/\agion.

Thermochromic performance is characterised\bythe percent transmittance modulation
between the cold and hot stage:

AT =Tegig = Thot (1)
Wavelength integrated luminous transmittaiigg and solar transmittanc® are given by
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wherei denotes luminous or solaf(A) denotes the transmittance at wavelerigthm(X) is
the photophic spectral sensitivity of the light-ptial eye (CIE (2008) physiologically-relevant
2-deg V@) luminous efficiency functions), angly()) is the solar irradiance spectrum for air

mass 1.5 corresponding to the sun at 37° abovehtinizon (ASTM G173-03 reference



spectrum, direct radiation + circumsolar). The sateodulationATs, can be calculated by
substitution of th@ s, values (from equation 2) into equation 1.

Whilst VO, shows promise as a thermochromic material, itstwa applicability is
limited by a number of factorsiz.: its highT.value of 68 °C, that ideally needs to be closer to
room temperaturé® a wide thermal hysteresis aroufgideally the change in transmittance at
T should be large with no hysteresisgenerally poor visible light transmittancé,£) and

poor glazing aesthetics (films exhibit a strongviaolour)***3

Much research effort has gone into lowering thevalue of VQ films, for example
through doping with high-valence transition metatfiens, such as Nf Ta*, Mo®*, W** and
Ru** ***°Even though doping has been found to be effectideweringT,, it is still difficult
to both lower T, and increase visible light transmittance, as wasl reducing thermal
hysteresi€® Porosity has been demonstrated to have a posiffect on visible light
transmittance in tungsten doped ¥dms with low T, values?**? Another way of tuning is
to control the crystallite size within the ¥@Ims.*® Reduction in the crystallite and particle
size causes strain, resulting in a lowering @t For this reason, nanostructured M@ms are
of specific interest® For example, d. of 29 °C was obtained in sol-gel deposited,\filns,
with average crystallite sizes between 20-50°hiWarwick et al.?>*® used a novel method for
controlling film morphology, through deposition 90, films with aerosol assisted chemical
vapour deposition (AACVD) in the presence of ancele field. Increasing electric field
strength was shown to reduce the average crystaillte and lowel.. Higher electric fields
are thought to cause the precursor to approachkutti@ce with greater kinetic energy, allowing
for faster nucleation. However, one problem withaller crystallite size is that it leaves films
more prone to oxidation, accompanied by an irreébler<olour change and the complete loss

of thermochromic properties.

A convenient approach to overcome the issue oferability to oxidation, is the use of
protective layers of high refractive-index dieléctcompound$® These not only serve to
provide protection against chemical atticknd excessive heat and humiditybut also
improve visible light transmittance, as well asoaling for other properties such as self-
cleaning ability®>3* TiO, over-layers have been shown to be particularlycéffe in multilayer
films with VO,3%%3® improving visible light transmittance, whilst mgining good
thermochromic properties. In addition, Ti@as proved to be an excellent photocatalyst for
degradation of organic materials, allowing multdayilms to possess self-cleaning properties.



In the present work, the properties of YOO, bilayer films produced using a novel
combination of electric field assisted AACVD (EIRACVD) and sol-gel spin coating are
investigated. The resulting films show enhancediblas light transmittance and good
transmittance modulation in NIR, in combinationiwghoto induced superhydrophilicity.

2. Experimental
2.1 Thin Film Preparation

VO, thin films were deposited using EIFi-AACVD. Theaotion chamber was fitted with
electrodes which allowed for an electric field ® dpplied during deposition. Reactions were
carried out in a quartz cold walled reactor, ascdiesd previously®?®Films were deposited
on fluorine doped tin oxide (FTO) coated glass #albss (Pilkington) of dimensions 90 mm
45 mm x 4 mm, which were washed with acetone (Sigma-Aljriand isopropyl alcohol
(Sigma-Aldrich), sonicated in deionized water forrin and dried in flowing Nprior to use.

A 0.1 M solution of VO(acag)(0.384 g, Sigma-Aldrich, 99.99%) in ethanol (15 &igma-
Aldrich) was used as the \i@recursor. Aerosols were formed using an ultrasbomidifier,

with nitrogen (BOC, 99.99%) as a carrier gas, dlow rate of 1.5 L miff. The reaction
chamber was heated to 440 °C using a graphite pbarkaining a Whatman heating cartridge,
with temperature gradients of up to 50 °C betwéentop plate and the substrate. The substrate
temperature was monitored using Pt—Rh thermocoup18s depositions were carried out for

15 min.

Three different electric field types were investegh (1) DC-positive bias, where a DC
potential was applied with a positive bias on tltdim plate; (2) DC-negative bias, where a
DC potential was applied with a negative bias oe tottom plate; (3) AC, where an
alternating current was applied on the bottom plake top and bottom plates were separated
by 1 cm, allowing the precursor vapour and cages to pass between them. The electric field
strength used to produce Y®&Ims was 1500 V ntf. Table 1 summarises the films produced.
The following notation is used to describe thepMO, films: VO denotes V@films produced
without the presence of an electric field, Vdc+16l &dc-15 denote bare \L@ilms produced
when positive and negative biases were appliepgentively. Vacl5 denotes samples produced

under AC voltage.



The VO, coated substrate plates were cut into 2 xm@ cm pieces in preparation for
deposition of the TiQtop layers. TiQtop layers were deposited in air using sol-gel spin
coating as described elsewh&tditanium IV-butoxide (17.02 ml, Sigma-Aldrich, 9F%as
added dropwise to a mixture of pentane-2,4-dion&6(2 ml, Sigma-Aldrich, 99%) in butan-1-
ol (32 ml, 0.35 mol, Sigma-Aldrich, 99.4%), withrdmuous stirring for 30 min, resulting in a
yellow solution. To this solution, a mixture of tlied water (3.6 ml, 0.2 mol) and propan-2-ol
(9.04 g, 0.15 mol, Sigma-Aldrich, 99%) was addedpgrse, with stirring, to hydrolyse the
titanium precursor. The solution was stirred fduher 30 min, and left to gel for 2 h. In each
case, the resulting gel was added dropwise ont@afim, which was spun at 1000 rpm for
30 s, followed by 3000 rpm for 40 s. The films wertdbsequently annealed at 500 °C, under

flowing N (1 litre min?) for 1 h. Bilayer films are denoted as VT in Table

2.2 General Characterisation

Sample adhesion was tested using the standardhStaqte test, as well as attempted abrasion
using tissue paper and brass and steel styli. Guri@orphology was examined by scanning
electron microscopy (SEM), using an FEI Inspecti€@ld~Emission SEM at an accelerating
voltage of 10 keV, a spot size of 3 nm and a wayktlistance of 10 mm. X-ray powder
diffraction (XRD) measurements were made on a Pyidal X'Pert Pro diffractometer fitted
with an X'Celerator detector in glancing angle £ 3°) mode, using Ni filtered Cu<
radiation. The diffraction patterns were collecteer the ® range 20-70°, with a step size of
0.033° and an effective count time of 1.7 s pep.skeray photoelectron spectroscopy (XPS)
measurements were performed using a VG Scient8€A_AB-210 spectrometer, with Al-
Ka non-monochromated radiation (1486.6 eV; 300 W)hasexcitation source. The pressure
during analysis was 5% 10° mbar. The binding energies of the target elem@nt@p, Ti 2p)
were determined at a pass energy of 25 eV, usegitiding energy of carbon (:1284.8+

0.2 eV) as a reference. A Shirley backgrotimslibtraction was applied to obtain the XPS
signal intensity. Data were corrected for surfabarging effects, prior to fitting using an

asymmetric Gaussian/Lorentzian function.

2.3  Thermochromic Activity



UV/Vis/NIR transmission spectra were measured usmgLambda 950 UV-Vis—NIR
spectrometer over the wavelength range 300-2500vitm an air spectral background. In
order to determine the thermochromic propertietheffilms, transmission was recorded above
and belowT, by heating the samples on a hot plate. Hystedzges were obtained for films by
heating betweena. 20°C and 80 °C, using a custom-built heated sampléehoSpectra were
recorded at 5 °C intervals on heating and cooliRgwas measured as the mid-point of the

hysteresis loop.

24  Water Droplet Contact Angle

Photo-induced super-hydrophilicity (PSH) was meaduhrough changes in the contact angle
of a water droplet on the film surface upon UV diiegion. The samples were irradiated for 30
min in a custom-built light box using a 32 W UVITEQV lamp, with a main emission
wavelength of 254 nm and an incident light intensif 15 pW cnf. In each case, a 3 pl
droplet of deionised water was placed on the filmnface. The diameter of the drop was then
measured after it had settled. Measurements weferped on a Goniometer Kruss DSA100
drop shape analyser, using digital images to redaoglet base length and height, from which
the contact angles were calculated. If a coatimgvshPSH after UV irradiation, the water
droplet will be seen to spread out with a very lmamtact angle. Contact angles were measured
prior to and post UV irradiation.

3. Resultsand Discussion
3.1 Crystalline Structure and Physical Properties

All the VO, films produced were translucent brown in coloupitgl of these film$®2® The
films could not be wiped away with tissue, and pdsthe Scotch tape test. They could not be
removed with a brass stylus, but they could be dmhaising a steel stylus. YiO, bilayer
films were lighter in colour compared to the ba®,\films and showed good transparency (Fig.
1). These V@TIiO; bilayer films also showed good adherence to thetsaie, passing the tissue
and Scotch-tape tests. They were additionally taesiso damage from both brass and steel styli.

The XRD patterns of representative films are shawfig. 2 and are dominated by peaks
from the FTO coating of the glass substrate. Insingle layer VQ films, peaks attributable to
VO, are observed and are indicated in Fig. 2, but fthendata it is impossible to distinguish
between the tetragonal (JCPDS # 44-253) and mano¢CPDS # 33-1441) forms of ¥(lue
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to the weakness of diffraction from this layertte XRD patterns of the VIO, bilayer films,
peaks associated with the Y@nhder-layer are not visible and only the (101)etibn of anatase
TiO, (JCPDS # 21-1272) is evident at about 226 along with peaks from the FTO coating of

the substrate.

3.2 Surface Mor phology

Fig. 3 shows SEM images of bare Mims prepared under different deposition condision
as summarised in Table 1. In the absence of aneapfptld (VO), the surface morphology of
the film is comprised of small nanoparticles (~30 im diameter), which are coalesced to form
randomly aligned larger grains, typical of AACVD misited VQ films.?*?%% For films
produced in the presence of an electric field, éhare significant changes in the surface
morphology. For films deposited under a positive bi@s (Vdc+15), the surface is formed of
smaller particles, with sizes in the range of 2580 The films produced under a negative bias
DC field (Vdc-15) were found to be formed of clustdca. 140 nm in diameter) of small
particles (~10 nm in diameter), similar to thosseved at zero applied field, but with a larger
grain size and higher porosity. Y@Ims, produced in an AC field (Vac15), where taarity
alternates during the deposition, show charactesisimilar to those produced under positive
and negative DC biases, consisting of clustersylisparticles (10 nm in diameter), but with
less porosity than seen under negative DC biasrdhets are consistent with those previously

reportec?®2®

Fig. 4 shows SEM images of ¥iO, bilayer films. The surface morphologies of the
films are similar to each other and show a smoathlass complex structure compared to the
bare VQ films, which is more typical of sol-gel preparetins.*® Particle sizes are in the
order of 5 nm. The VTO film, where the Y@nder-layer was deposited in the absence of an
electric field, has a non-uniform, loose morphologyhich is likely caused by solvent
evaporation during the annealing step, leavingagkad surface. Additionally, the irregular
surface morphology of the \M@nder-layer (Fig. 3) could have a significant efffes the TiQ
top-layer, leaving randomly aligned grains. Simiylathe VTdc+15 film, which had a VO
under-layer deposited under positive DC bias, abdabited an irregular surface, but with a
greater extent of cracking and corresponds to ithe wWhere the VQ under-layer had the

lowest porosity. A much better surface coverage o#sined for the VTdc-15 film, where
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the VO, under-layer was produced under negative DC biass film exhibited complete
crack-free surface coverage. A similar surface molggy was observed for the VTac15 film,
showing complete surface coverage made up of agghtions of small nanoparticles (~5 nm
in diameter). Overall, the SEM results confirm goswface coverage by TiOwith the
porosity and morphology of the \(Qunder-layer exhibiting an influence on that of tbe-

layer.

3.3 Thermochromic Properties

UV-Vis-NIR spectroscopy was used to measure visibght transmittance T{is),
transmittance modulatiom\T) in the NIR region and the critical transition termrgdare ).
Above 1300 nm, the optical properties of all filmere dominated by those of the FTO coated
glass substrate, which exhibits strong absorptioNI& radiation. Fig. 5 shows the spectral
changes in the UV-Vis-NIR transmittance for thedgd bare VQ and VQ,TiO;bilayer films
between room temperature and 80 °C. All R0, bilayer films showed an increase in
transmittance ofa. 20 to 30% in the visiblel{;s) region at both temperatures, compared to the
corresponding bare VOfilms, in agreement with previous work on sputteréO,/TiO,
films.3** The maximuniTy;s value for the bilayer VE@TIO, films was 79% for the VTdc+15
sample and corresponds to the film with the leasbys VQ under-layer and lowest particle
size. Films with the V@layer deposited under AC field showed significawer T,;s values
than other films ¢a. 45%, for Vacl5 increasing tca. 62% for VTacl5). The correlation

between increasinfis and porosity has been noted before in W doped fili@s.?*

As seen in Fig. 5, all samples showed thermochrobghaviour, with a decrease in
transmittance at 80C. The maximum transmittance modulation betweemraemperature
and 80°C occurs at around 1100 nm and therefaf€, values and hysteresis plots were
obtained from the data collected at this wavelendth films showed some degree of
transmittance modulatiodT) at 1100 nm between the cold and hot stages, rafiging2.0%
for the Vdc-15 sample to 21.7% for the VTdc+15 semmtegrated luminous transmittance
and solar modulation values for the films are tated in Table 2. The bare VYQ@ilms
exhibited higher Tiun values than those for films produced by sputtetfngnd sol-
gel method$! AT, values of the bare Viilms varied between 1.3 and 7.7, comparable to

similar nanostructured films prepared by other rog#i™*3



The presence of a Tover-layer is seen to increa3gn, significantly in all films, with
small differences iM\Ts, between the bare \WOand the corresponding bilayer films. This
increase inly, with TiO, coating has previously been observed in bilayersfiproduced by
various other techniques. For instandg., values increased from 32% to 47% in films
produced by RF sputteririwhile for sol-gel produced films more modest irses from 42
to 47 %% and from 39% to 44 % are observe@ihus theT,,m increases seen in the present
study are exceptionally high.

Higher values fofT,um have been reported, for example Cleeal.™® obtained a value of
84.8% for T\ym, with TiO, over-layers, but with a\Ts, of only 0.9%. Indeed, it has been
reported that it is difficult to achieve improvent®m bothT,,, andATsy and that it is often
the case of a compromise between highgx and slightly lowerATsy *3**? In the present
study, the observefiTs, values are comparable with those in other stuffie¥: 3

The evolution of transmittance as a function of gemature was characterised through
hysteresis plots at 1100 nm. Fig. 6 shows a compafetween the hysteresis plots of the bare
Vdc+15 and the bilayer VTdc+15 films. Significantskeresis between heating and cooling is
evident in the bare VEfilm, as previously reportef. The introduction of the TiPtop layer
causes a significant reduction in the hysteresp Midth to around 10C and a reduction of
the Tc value fromca. 59 °C toca. 46 °C. However, there is also a significant reduncin %
transmittance at 1100 nm from 47% to 33% for theeb®O, and TiQ coated films,

respectively.

The observed reduction ©f in the VO/TIO; bilayer films may be due to slight deviations
in stoichiometry of the V@layer caused by diffusion of titanium from the Fi@p-layer
during annealing® This doping phenomenon would be enhanced by thesjtp of the VQ
under-layef’ Ti** doping would introduce oxide ion vacancies whigrupt the zigzag chains
of the V-V pairs, characteristic of the low-tempara phase, resulting in a decreasdof
Similar observations had been made previously in/W@; and VQ/SIO, multilayer
films.*>® Another potential factor is the additional straim the VQ layer caused by lattice
mismatch with the Ti@top-layer, leading to a beneficial extra reductionT.. This strain
induced reduction iff; has been reported in WSO/ TiO, 4" and TiQ/NVO,/TiO, multilayer

films 2”48
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3.4 Thermal Protection

In addition to increasing the visible light transtamnce and NIR transmittance modulation,

TiO, over-layers have been shown to work as thermakeption layers?

% |n our previous
work, we reported that, the application of electietds caused a reduction in the crystallite and
particle sizes, which leads to a higher NIR traritence modulation and low&g compared to
films produced in the absence of electric fiélt€ > However, the smaller particle size leaves
the VO, films susceptible to oxidation on thermal cyclimgsulting in an irreversible loss of
thermochromic properties. The results of the prestry are reproducible over three cycles of
heating and cooling up to 8TC, confirming the protective role of Tdn these bilayer
systems. In order to assess the extent of therrdatmon protection offered by the Ti@op-
layers, previously cycled bilayer flms were exaednby XPS. Fig.7 shows XPS spectra for
selected samples with binding energies summarisedable 3. All spectra showed a
characteristic Ti @, and 21, doublet. The Ti Bz, binding energy showed no significant
variation between samples, with a value typical #0.>* In the case of vanadium,
interpretation is complicated by the closenes$efstrong O4 peak. The V B2 2p;» doublet

is seen in all but the sample with the ¥@yer prepared in an AC field. The \ps% binding
energies are typical for"V and comparable to previously reported values 10 ¥ Analysis

of the vanadium peaks is complicated by the presehstrong single peaks evident at 517.7
eV and 519.2 eV. All attempts at fitting these metakadditional vanadiumpg, 2p;,, doublets
were unsuccessful and their positiorcat 10 and 12 eV below the @peak (atca. 530 eV)
suggests that they are in fact satellites of tke&kp The results therefore appear to confirm the

effectiveness of Ti@as a protective layer preventing oxidation onrtredrcycling.

3.5 Wettability

Photoactive TiQ films often demonstrate photo-induced super-hyditagity (PSH). The
degree of PSH can be monitored by observing thegshan the contact angle of a water
droplet on the film surface upon UV illumination. Wavelength of 254 nm (4.88 eV) was
selected to ensure the radiation had a greategetiean the band gap of Ti@3.2 eV). Fig. 8
shows photographs of water droplets on the surfddbe studied bilayer films prior to and
post UV irradiation for 60 min. As shown in Tablethe measured contact angle decreased in

all cases after irradiation, with that for the V¥d& showing the greatest reduction froni #2
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9°, significantly better than seen for the film whéne VO, under-layer was prepared in the
absence of an electric field (VT0). The observeti B8haviour is consistent with studies of
plain TiO, films, which exhibit PSH after UV irradiatio:>® The PSH effect in TigVO,

multi-layer films has been attributed to the creatof oxide ion vacancies (and associated
reduction of Ti) at the surface by the UV radiafiteading to sites that are attractive to water
molecules and rendering the surface with greaterdphilicity. However, Takeuchét al.>®

have suggested that heating effects caused by\theradiation are more important and lead to
a decrease in surface tension within the waterlet®pn fact the effect of temperature on

surface tension is well known and for a liquid gquaibrium with its vapour can be described

by:

(T
V—Vo{l Tc} (3)

whereT is the temperature in Kl is the critical temperature when surface tensianishes
andyp andn are constants for a particular liquid. While, sgd morphology and in particular
porosity are very likely to influence surface temsithe observed variation of PSH behaviour
between samples, suggests an influence of thewi@er-layer morphology, rather than that of
the TiG, top layer, with the films with the least porous M@hder-layers showing the strongest
PSH effect. This may be attributable to the extdrthe interfacial region formed between the
VO, under-layer and the TiQop layer, with the films with the most porous ¥@hder-layers
likely to exhibit larger interfacial regions withid@, penetrating more extensively during top-
layer deposition. While this is expected to hattéelinfluence on oxide ion vacancy creation at
the TiQ, surface, the improvement of heat flow from the JIl@yer to the VQ under-layer

could lead to a reduced thermal effect from therd®ation at the Ti@surface.

4. Conclusions

The electric field modulated AACVD reaction of V@éx) at 440 °C resulted in the
deposition of thin films of nano-structured YOn FTO coated glass substrates, with complex
and porous surfaces. TiQayers were deposited on the ¥@ms by sol-gel spin coating
followed by annealing at 500 °C. These TiQp-layers increased visible light transmittance as
well as increased,,n by as much as 50% in some cases, with a smalifisadn the solar

modulation values compared to the corresponding V&, films. Application of TiQ top-
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layers resulted in reduced NIR transmittance hgsisy as well as a lowering ®. The best
results were obtained for VTdc+15, where the ,;\i@hder layer was produced under the
application of a positive DC bias, with a fieldestgth of 1500 V i, giving aT. value of 46
°C, significantly lower than seen in previous stedi bare VQ films produced under electric
fields, aAT at 1100 nm of 21.7%, with a reasonable integratdar modulationATs of 4.3%.
Application of the TiQ top layer not only results in enhanced thermochec@roperties, but
also offers protection against oxidation of thermih@chromically active V@ layer, improves
the aesthetic appearance of the glazing and visigite transmittance, as well as providing
enhanced wetting behaviour through PSH. The miarostre of the V@ under-layer is found
to influence the PSH behaviour of the bilayer fiJmsth the least porous VVQunder-layers
showing the strongest PSH effect. The higher ptrosf the films allows for greater
penetration of the Ti®top layer generating a larger interfacial regiaith better heat flow
between the Ti@top layer and the VOunder-layer. This might account for the smalleHPS
effect in samples with high VVOayer porosity by reducing the heating effectre UV source
at the TiQ surface. PSH is an important consideration in resttely glazed structures and
combined with the known property of photocatlytiegdadation of simple organic molecules
by TiO, films, gives the glazing self-cleaning properti@bese bilayer structures, made by a
unique combination of EIFi-AACVD and sol-gel spioating offer a simple and versatile way of
producing durable window coatings with enhancegénties, affording the design and integration

of advanced thermochromic structures with contot#l&unctionalities for intelligent windows.
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Table 1. Reaction conditions used for production of bare VO, and bilayer TiO,/\VVO, films
used in thisstudy.

Sample Voltage Applied voltage Film Field Strength (V m™)
Name type V)
VO - 0 VO, 0
VTO - 0 VGO,/TiO, 0
Vdc+15 DC (+) 15 Vo 1500
Vdc-15 DC (-) 15 VQ 1500
Vacls AC 15 VQ 1500
VTdc+15 DC (+) 15 VQTIO, 1500
VTdc-15 DC (-) 15 VQITIO, 1500
VTacl5 AC 15 VQITIO, 1500

Table 2. Summary of thermochromic response of bare VO, and bilayer TiO,/VO, films.
Hot and cold stages are denoted by h and c.

Sample Tium.c Tiumh Tsolc Tsolh ATl

VO 46.0 44.7 42.5 34.7 7.7
Vdc+15 46.5 45.3 40.5 36.3 4.1
Vdc-15 50.0 48.8 40.7 39.4 1.3
Vaclb 40.0 43.4 32.8 30.0 2.7
VTO 63.8 63.8 60.6 55.2 5.4
VTdc+15 55.7 56.1 62.5 58.2 4.3
VTdc-15 66.0 65.4 61.9 58.1 3.8
VTacl5 59.8 59.8 51.7 49.3 2.4
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Table 3. Binding energies (eV) from XPS spectra for studied bilayer TiO,/VO, films

Sample V 2psp2 V 2p1p2 Ti 2pap Ti 2pyy2
Name
VTO 516.5 523.4 459.1 464.7
VTdc+15 516.7 523.3 459.1 464.7
VTdc-15 516.7 524.2 459.1 464.7
VTacl5 - - 459.1 464.7

Table 4. Average contact angles( °) of VO,/TiO, bilayer filmsbefore and after 60 min of
UV irradiation.

Sample Before UV irradiation After UV irradiation
VTO 63+2 57 +3

VTdc+15 712+3 9+3

VTdc-15 49 + 2 46 + 2

VTacl5 58 +2 10+3
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Figure captions
Fig. 1. Images of VTIO, bilayer films (a) VTO, (b) VTdc+15, (c) VTdc-15 arid) VTacls.

Fig. 1. XRD patterns of bare \l@nd bilayer VQ/TIO; films. Peaks attributable to \4@+),
TiO, (-) and FTO (*) are indicated.

Fig. 3.SEM images of bare \4d@ilms produced by EIFi-AACVD, under 0 and 1500 V" m
field strengths, with positive DC bias, negativ€ bias, and AC.

Fig. 4.SEM images of bilayer VYO films.

Fig. 5. UV-Vis spectra for bare \W@dashed lines) and bilayer \{iO, (solid lines) films at
room temperature (blue) and at 8D (red).

Fig. 6. NIR transmittance hysteresis plots recor@etil00 nm for Vdc+15 and VTdc+15
films. Blue and red lines denote heating and cgalums, respectively. The arrows denote the
Tc values.

Fig. 7. Fitted vanadium XPS spectra for (a) VTQ,\{fhdc+15, (c) VTdc-15 and (d) VTacl5
films. For data representation a Shirley-type baokgd was subtracted.

Fig. 8. Images of water droplets on the surfacé@$/TiO; bilayer films before and after 60
min of UV irradiation at 254 nm.
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Fig. 2. XRD patterns of bare \\@nd bilayer VQ/TIO, films. Peaks attributable to \4@+),
TiOz (-) and FTO (*) are indicated.
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Fig. 3.SEM images of bare \4@Gilms produced by EIFi-AACVD, under 0 and 1500 \*m
field strengths, with positive DC bias, negativ€ bias, and AC.
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VTdc+15

Fig. 4.SEM images of bilayerVATiO, films.
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Fig. 7. Fitted vanadium XPS spectra for (a) VTQ, Y@ dc+15, (c) VTdc-15 and (d) VTacl5
films. For data representation a Shirley-type baokgd was subtracted.
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Fig. 8. Images of water droplets on the surfac¥ ©$/TiO, bilayer films before and after 60

min of UV irradiation at 254 nm.
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