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Abstract
A novel Multifunctional TiO2(R)/VO2(M)/TiO2(A) multilayer film is designed and deposited by
medium frequency reactive magnetron sputtering. An exciting fact that the antifogging, self-
cleaning and energy-saving effects are integrated into the multilayer film could offer significant
potential for wider applications of smart window. Thereinto, the bottom TiO2 layer with rutile
phase plays an important role in the formation of monoclinic phase of VO2 layer and serves as an
antireflection layer. Then, the VO2 layer with dominant monoclinic phase performs an
automatic solar/heat control for saving energy. Finally, the top TiO2 layer containing a mixed
phase of anatase and rutile displays the remarkable photocatalytic and photoinduced proper-
ties. According to optical tests, the multilayer film shows satisfactory optical properties with an
excellent solar regulation efficiency (ΔTsol=10.2%) and an applicable luminous transmittance
(Tlum-L=30.1%) in a low-temperature state. In addition, the multilayer film implements a
photoinduced super-hydrophilicity (� 2.11) through UV-irradiation, resulting in an antifogging
effect. A high level of photocatalytic activity is detected on the surface of the multilayer film
through degradation of stearic acid and rhodamine B.
& 2014 Elsevier Ltd. All rights reserved.
014.09.023
hts reserved.

ey Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of
es, Dingxi Rd. 1295, Changning District, Shanghai 200050, China. Tel.: +86 21 69906208.
n (P. Jin).

dx.doi.org/10.1016/j.nanoen.2014.09.023
dx.doi.org/10.1016/j.nanoen.2014.09.023
dx.doi.org/10.1016/j.nanoen.2014.09.023
dx.doi.org/10.1016/j.nanoen.2014.09.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2014.09.023&domain=pdf
mailto:p-jin@mail.sic.ac.cn
dx.doi.org/10.1016/j.nanoen.2014.09.023


137TiO2(R)/VO2(M)/TiO2(A) multilayer film as smart window:
Introduction

Windows capable of regulating solar/heat transmission for
energy efficiency and comfort are called smart. [1,2] Smart
windows have the potential to moderate the energy consump-
tion of buildings, which is almost the equivalent of 30�40% of
the primary energy used in worldwide. [3,4] Among the various
types of chromogenic materials, thermochromic materials have
attracted the attention of researchers and been the subject of
extensive studies for applications to smart windows. [5–7] The
most widely studied thermochromic material as smart window
is VO2 with the monoclinic (M) phase (shown as VO2(M)), which
is able to execute a reversible transition at a phase-transition
temperature (TcE68 1C): below Tc the material is monoclinic,
insulating and quite infrared transparent (VO2(M)), and above
Tc it is tetragonal, metallic and infrared reflecting (VO2(R)). [8]
The idea of using VO2(M) for a smart window can be realized
because �40 1C of Tc has been attained by various dopings, in
which the replacement of V4+ by a small amount of penta- or
hexavalent ions seems to be the most effective. [9,10]
Currently, to fabricate VO2(M) based films, several methods
have been applied, such as wet chemical approaches [11,12],
chemical vapor deposition (CVD) [13–15], pulsed laser deposi-
tion (PLD) [16,17] and magnetron sputtering (MS) [18–20].

As is well known, the windows of the buildings and vehicles
always need to be washed by the cleaners using detergents.
With respect to these cleaning processes, there are two
disadvantageous factors: (1) producing additional pollutants
from the use of the detergents and (2) wasting a mass of
labour. In addition, the common windows are in favor of
fogging leading to low visibility. Thus, owing to photocatalytic
and photoinduced hydrophilic properties, semiconductor
photocatalysts are widely and frequently employed to treat
pollutants and withstand fogs. For these photocatalysts,
titania (TiO2) is one of the most active and stable, arousing
tremendous interests of many researchers. [21–24] Usually,
crystalline TiO2 exists in three different polymorphs: rutile
(tetragonal), anatase (tetragonal) and brookite (orthorhom-
bic). [25,26] Rutile TiO2 (TiO2(R)) is a thermodynamically
stable phase at all temperatures and the most common
natural form of TiO2. Due to similar lattice parameters,
TiO2(R) films are acted as buffer layer and growth template
of VO2(M) films. [17] Nevertheless, TiO2(R) films are less
efficient photocatalysts than anatase TiO2 (TiO2(A)) films,
which occupy an important position in the studies of photo-
catalytic active.

As mentioned above, it is reasonably hypothesized that the
materials consisting of VO2 and TiO2 by the composites of
compositions and the multilayer structure would simulta-
neously present antifogging, self-cleaning and energy-saving
effects. This proposed material is a thrilling concept and of
great value for applications in buildings. Frankly, a VO2/TiO2

composite film has been prepared by atmospheric pressure
CVD and introduced both photocatalytic and thermochromic
properties. [27] However, the composite film reveals the
graded distribution of surface composition from rich TiO2 on
the left to rich VO2 on the right, which results in an
unsatisfied combinatorial property. In addition, in 2003, to
improve luminous transmittance of the VO2 film, Jin et al. [1]
have designed a TiO2(R)/VO2(M)/TiO2(R) multilayer film,
where both TiO2 layers are only applied its antireflection
effect. Subsequently, the work reported by Evans et al. [28]
has dedicated to the fabrication of TiO2(A)/VO2(M) multilayer
film and to the exploration of photocatalytic and thermo-
chromic properties. But this film shows a low solar/heat
control and a high contact angle (CA) with water. Therefore,
to meet the requirements of application, some new innova-
tions over the TiO2/VO2-based multilayer film are required.

Based on the above introduction, we propose a concept
for constructing a TiO2(R)/VO2(M)/TiO2(A) multilayer film
with antifogging, self-cleaning and energy-saving effects. As
the buffer layer and the growth template of VO2(M) layer,
bottom TiO2(R) layer with (1 1 0) orientation is a tetragonal
form for VO2(M) layer with the less lattice mismatch (3.6%)
[29] and restrains the Ca2+ and Na+ of flat glass diffusing
into VO2(M) layer during the deposition process. Besides,
TiO2(R) layer can increase the luminous transmittance (Tlum)
as antireflection layer because of its high transmittance.
Then we successfully obtained localized epitaxial growth
of VO2(M) layer on TiO2(R) layer at 300 1C of deposition
temperature. Following top TiO2(A) layer with a graded
structure was deposited on the VO2(M) layer. The graded
structure from amorphous to crystalline can prevent the
epitaxial growth of top TiO2 layer on VO2(M) layer. It is
pointed out by other researchers that the optimal photo-
catalytic performances are reached in a TiO2 film with a
mixed phase, in which anatase phase is predominant. [30]
Thus a suitable amount of rutile TiO2 is incorporated into
the top TiO2(A) layer to improve the photocatalytic and
photoinduced hydrophilic properties. In addition, to mea-
sure the multilayer film for application in smart window,
we used a large-size MS apparatus with medium freque-
ncy pulsed power to deposit large-scale TiO2(R)/VO2(M)/
TiO2(A) multilayer film. MS method can afford large areas
for industrial purposes due to the advantages below: good
adhesion of deposited films on substrates, excellent thick-
ness uniformity, precise compositional control and long-
term stability of the deposition process [31].

In this article, we report for the first time prepara-
tion of large-scale (400� 400 mm2 area) TiO2(R)/VO2(M)/
TiO2(A) multilayer film at glass substrate as smart window
for building applications. This film performed triple func-
tions: thermochromism from the middle VO2(M) layer for
solar energy modulation, photocatalytic and photoinduced
hydrophilic properties from the top TiO2(A) layer for anti-
fogging and self-cleaning effects. Furthermore, it was worth
noting that the TiO2 layers with a proper thickness could
increase the Tlum of the film and enhance the regulation
ability of the film for solar energy.
Experimental section

Sample preparation

The n-type Si (1 0 0) and the flat glasses with 400� 400mm2 area
were applied as the substrates. TiO2(R)/VO2(M)/TiO2(A) multilayer
film was deposited using medium frequency reactive MS (MFRMS)
system to sputter planar rectangular metal targets (purity499..5
wt.%, 610� 85mm2 of area) in Ar (99.99%) and O2 (99.99%) mixed
atmosphere. Using a load-lock system, the base pressure of the
deposition chamber was kept at 5.0� 10–4 Pa. Thereafter, the
power was charged on the metal target with injection of mixed



Table 1 Deposition conditions of each layer to produce the multilayer film.

Layer Work current
(A)

Work voltage
(V)

Time
(min)

Deposition pressure
(Pa)

Deposition
temperature (1C)

Ar flow rate
(sccm)

O2 flow rate
(sccm)

TiO2(R) 20 620 30 0.4 300 12 28
VO2(M) 3 640 40 0.8 300 72 5
TiO2(A) 4 535 4 1.3 below 100 56 131

8 555 3
12 567 3
16 587 80
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gas and the layer/film was deposited. On the basis of a serious of
studies by our group, [24,32–35] details of the deposition condi-
tions of each layer are listed in Table 1. As shown in Table 1, the
graded structure of TiO2(A) layer from amorphous to crystalline
was realized by step by step process for increasing the work
current of TiO2(A) layer. The initial amorphous structure was
designed to prevent the epitaxial growth of top TiO2 layer on
VO2(M) layer.

Film characterization

X-ray diffraction (XRD) was applied to characterize the
crystalline structure of the films using a Rigaku Ultima IV
diffractometer with grazing angle mode using Cu Kα radia-
tion (λ=0.15418 nm). Fourier transformed infrared (FTIR)
spectroscopy at a grazing angle of 801 (Thermo-Nicolet is10
Fourier spectrometer equipped with variable angle reflec-
tion accessory), 800 scans and 4 cm�1 resolution, was used
to analyse the organic contamination of the film surface.
The root-mean-square (RMS) roughness of the films was
obtained using atomic force microscopy (AFM, SII Nano
Technology Ltd, Nanonavi Π) in tapping mode. Unless stated
otherwise, the RMS roughness of the multilayer film was
calculated three times at a different spot with 3� 3 μm2

area. Aiming to determine the microstructure of the film,
field emission scanning electron microscopy (FESEM, Magel-
lan 400) and high-resolution transmission electron micro-
scopy (TEM, Tecnai G2 F20 S-Twin) were employed to
observe the surface and cross section of the multilayer film.

Evaluation of energy-saving effect

The optical transmittance characteristics were monitored
using a Hitachi U-3010 UV-visible-near-IR spectrophotometer
at normal incidence from 250 to 2600 nm with an incorpo-
rated heating stage. The spectra of the multilayer film were
taken at 25 and 90 1C, corresponding to VO2(M) and VO2(R),
respectively. For the multilayer film, the integrated luminous
transmittance (Tlum, 380–780 nm) and solar transmittance
(Tsol, 240–2600 nm) were acquired from the recorded spectra
using the following equation:

Ti ¼
Z

ϕi λð ÞT λð Þdλ=
Z

ϕi λð Þdλ ð1Þ

where T(λ) is the transmittance at wavelength λ, i luminous or
solar for calculations, φlum the standard luminous efficiency
function for photopic vision, and φsol the solar irradiance
spectrum for an air mass of 1.5 (corresponding to the sun
standing 371 above the horizon). In addition, the optical
transition behaviour was studied by recording the IR transmit-
tance at 2000 nm against temperature with a heating-cooling
rate of 2 1C/min, and a transition temperature Tc was defined
as the temperature at the half-maximum on the heating
curve, as has been described in an earlier article[36].

Contact angle measurements

The wettability of the TiO2(R)/VO2(M)/TiO2(A) multilayer film
was determined by measuring the CA of a water droplet on
the film surfaces. The method of digital video image was
used to process the sessile droplets by a contact angle
apparatus (Chengde Dingsheng Testing Machine Co. Ltd,
JY-82A). A CCD camera with space resolution 1280� 1024
and color resolution 256 Gy levels was applied to capture the
droplet images. A deionized water droplet was injected onto
the surface using a 1 mL micro-injector. Typical time,
necessary for equilibrating the initial shape of water droplet,
did not exceed milliseconds, and thus we referred to the
angle obtained in 2 s after the droplet deposition, as an
initial contact angle. [37] The measured initial contact
angles, as follows from the behaviour of contact diameter,
corresponded to advancing contact angles. Subsequent evo-
lution of droplet shape was determined by pinning of contact
line in droplet spreading over rough surfaces. However, the
flat film surface (RMSo5.5 nm) could give rise to little
evolution of droplet shape, as shown in the manuscript.
[34] The water contact for each film before or after UV light
irradiation (produced by a Xe lamp with 300 W power and
wavelength range from 250 to 2000 nm) was averaged from
five measurements. The multilayer film after UV light
irradiation was further stored in an open vessel to observe
the time-dependent evolution of contact angle. To examine
the antifogging effect, the multilayer film was cooled at
about �15 1C for 30 min in a refrigerator, and exposed to a
constant and humid laboratory conditions (25 1C and relative
humidity of 45%).

Photocatalytic activity

Prior to all tests of photocatalytic activity, the multilayer film
was irradiated by UV lights for 2 h to decompose poll-
utants adsorbed on the surface. The photocatalytic activity
of the multilayer film was measured against a stearic acid
overlayer, which was formed by drop-casting a saturated
methanolic solution and drying in an oven at 60 1C for 30 min.
The photodegradation of the stearic acid overlayer was



139TiO2(R)/VO2(M)/TiO2(A) multilayer film as smart window:
conducted by irradiating with UV lights, monitoring the CA of
the film surface and the adsorption intensity of IR spectrum
by using the FTIR spectroscopy versus irradiation time.

An amount of 0.5 mL of a 0.01 M rhodamine B (RhB)
aqueous solution was diluted to 100 mL with deionized
water, and then the diluted solution was stirred under
darkness for 2 h to achieve adsorption-desorption equili-
brium. Subsequently, the solution was injected into a small-
size container with a hollow volume of 2.5� 2.5� 1.0 cm3

using a 5 mL injector. A similar schematic diagram of the
degradation experiments has been shown in previous work.
[24] At given irradiation intervals (30 min), the adsorption
spectrum of the RhB solution was obtained with an UV-
visible spectrometer at wavelengths from 650 to 400 nm.
The concentration of RhB was determined by monitoring the
changes in the absorbance maximum at about 500 nm.
According to the Lambert-beer law, the absorbance is
proportional to the concentration of a dilute solution, from
which the photodegradation percentage could be calculated
using the formula:

η¼ C0�C
C0

� 100% ð2Þ

where η denotes the degradation rate, C0 the initial
concentration of the RhB solution and C the concentration
at a certain irradiation time.
Results and discussion

Microstructure

TiO2(R)/VO2(M)/TiO2(A) multilayer film was prepared on a
large-scale glass with area of 400� 400 mm2 using magne-
tron sputtering method, as shown in Fig. 1a. The multilayer
film is homogeneous and brown-yellow in color. Fig. 1b
displays XRD patterns of monolayer (TiO2(R), VO2(M) and
TiO2(A)), bilayer (TiO2(R)/VO2(M)) and multilayer (TiO2(R)/
VO2(M)/TiO2(A)) films, respectively. The deposition condi-
tions of the monolayer and bilayer films were in line with
that of the multilayer film. By comparing our results with
Powder Diffraction File cards [38], it was evident that
TiO2(R) and TiO2(A) films were pure rutile phase and mixed
phase with dominant anatase phase, respectively. An esti-
mation of the anatase content in the TiO2(A) film, as
developed by Spurr and Myers [39], was made using the
following equation:

fA ¼
1

1þ1:26ðIR=IAÞ
ð3Þ

where fA is the weight fraction of anatase and IR and IA are
the intensities of rutile (1 1 0) and anatase (1 0 1), respec-
tively. In the light of Eq. (3) and the values of IR and IA
obtained by Jade 5 data analysis software, fA reaches up to
0.95 in the film. Furthermore, it was easily observed that
the VO2 monolayer film presented a bad crystallinity with-
out existence of M phase. This result can be attributed to
the diffusion of Ca2+ and Na+ of flat glass into the VO2 film
and the requirement of higher temperature (4 400 1C) to
crystallize the VO2 film [40]. However, for the TiO2/VO2

film, the mixed phase of vanadium oxide was found in the
top VO2 layer, which consisted primarily of M phase, another
monoclinic phase (B phase) [41] and tetragonal phase (A
phase) [42] of VO2. The peaks assignable to VO2(M) were
those at 27.861, 33.341, 36.981, 42.271 and 55.451. The
characteristic peaks of VO2(A) and VO2(B) were at 25.461
and 26.271, respectively, while the other peaks were assigned
to the phases of V6O13 and V2O5. Finally, in this article, the
VO2 layer with mixed phase was presented as VO2(M). There
are some reasons for explaining the mixed phase of VO2 layer.
First of all, due to lack of covering layer, the VO2 is liable to
be oxidized to VOx (x42). [43] In addition, the bottom
TiO2(R) layer deposited at low temperature can possess
imperfect crystalline region leading to formation of other
phases, namely, the growth of M phase of VO2 layer on the
TiO2(R) layer is localized epitaxial. As shown in Fig. 1b, XRD
pattern of TiO2(R)/VO2(M)/TiO2(A) multilayer film simulta-
neously reflected the information of the phase structure of
the top TiO2(A) layer and middle VO2(M) layer. The diffraction
peaks of V6O13 and V2O5 were hardly found in XRD pattern of
the multilayer film, in contrast to that of TiO2(R)/VO2(M) film.
This result can be ascribed to weak signals of these peaks and
the presence of antioxidation of TiO2(A) layer. FESEM image of
fractured cross-section of the multilayer film is displayed in
Fig. 1c. The thickness of the multilayer film was about 440 nm,
which made up of 100 nm TiO2(R) layer, 150 nm VO2(M) layer
and 190 nm TiO2(A) layer. Obviously, VO2(M) layer showed
loose and porous structure, while both TiO2 layer were
compact and dense. It is demonstrated by their surface
morphology (in the insets of Fig. 1c) that the surface of
VO2(M) layer derived from TiO2(R)/VO2(M) bilayer film was
plain structure with cracks and pores. The presence of the
cracks and pores should be expected to enhance the thermo-
chromic performance of VO2(M) layer. [44] In addition, the
surface of top TiO2(A) layer owned high nonequilibrium nano
grain boundaries, which can increase the adsorption capacity
of the film surface. [34] HRTEM study was done on the
multilayer film with much attention devoted to the interface
between TiO2(R) layer and VO2(M) layer, as exhibited in
Fig. 1d. The spacing of the lattice fringes was around 0.325
and 0.319 nm in the TiO2(R) layer and VO2(M) layer, which
could be indexed as the (1 1 0) plane of rutile and (0 1 1) plane
of M phase, respectively. On account of existence of other
phases in VO2(M) layer, we express such growth, that is, the
preferential growth of VO2(M) lattice as the extension of
crystal structure of TiO2(R) grains, as localized epitaxial
growth. The localized epitaxy presents a growth relationship
with [0 1 1]VO2(M)//[1 1 0] TiO2(R), as a reasonable result of the
great similarity of the two materials in crystal structure.
Energy-saving effects

Fig. 2a and Table 2 depict the optical properties of TiO2(R)/
VO2(M)/TiO2(A) multilayer film in response to different
ambient temperature (25 1C and 90 1C), in comparison to
that of TiO2(R)/VO2(M) bilayer film. Spectral transmittance
of TiO2(R)/VO2(M)/TiO2(A) and TiO2(R)/VO2(M) films on the
large-scale glasses measured by the spectrophotometer is
almost accord with the spectra obtained by computational
simulation with normal optical parameters (shown in
Supporting Information). It is clearly manifested in Table 2
that ΔTsol (10.2%) of the multilayer film was reasonably
improved and its Tlum was nearly constant, compared with



Fig. 1 (a) Photograph of large-scale (400� 400 mm2 area) multilayer film at room temperature (the inset is corresponding
structure diagram of the multilayer film). (b) XRD patterns of monolayer (TiO2(R), VO2(M) and TiO2(A)), bilayer (TiO2(R)/VO2(M)) and
multilayer (TiO2(R)/VO2(M)/TiO2(A)) films. (c) FESEM image of fractured cross-section of the multilayer film (the insets are surface
morphology of VO2(M) (left) and TiO2(A) layers (right), respectively). (d) HRTEM image of the interface between TiO2(R) layer and
VO2(M) layer (the insets correspond to the red rings in the image with high magnification).
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those of the bilayer film. The increase of ΔTsol could be
expounded by the following two aspects. To begin with, the
top TiO2(A) layer with a proper thickness (190 nm) is
regarded as antireflection coating to reduce the reflectivity
of the multilayer film. According to the Sellmeier dispersion
formula, [45] the decreased reflectivity would directly lead
to the enhancement of the solar regulation efficiency.
Besides, another role of TiO2(A) layer is as a protective
layer to avoid or retard the oxidation of VO2 layer.
Generally, the VOx (x42) hardly works under the testing
conditions owing to a high phase-transition temperature
(Tc4100 1C). [46] In addition, temperature dependence of
the optical transmittance of the multilayer film at a fixed
wavelength of 2000 nm is displayed in Fig. 2b. In the case, a
metal-insulator transition (MIT) was obviously assessed to
occur at about 61.5 1C, which is lower than Tc=68 1C
reported by previous studies. [8,47] It is noticed that no
action was deliberately taken for the reduction of Tc. We
suggest at least the following reasons most probably
responsible for the reduction of Tc. A slight deviation from
stoichiometry, either under- or overstoichiometry, is known
to reduce Tc. [48] Furthermore, the crystal defects (shown
in Fig. 1c) may damage the zigzag chains of the V-V pairs
characteristic of the low-temperature phase, resulting in
the decrease of Tc. [49] And lastly, the tensile stress
(2.54 GPa, shown in Supporting Information) of the multi-
layer film can also devote to causing a Tc reduction [50].

To estimate the applied properties, the 400� 400 mm2

area of flat glass (3 mm in thickness) coated with TiO2(R)/
VO2(M)/TiO2(A) multilayer film was employed in a model
house (Fig. 2c) to survey roughly the regulation effect of
infrared light. The house was made of some boards (15 mm
thickness) painted on both sides for thermal insulation. The
internal space of the house was about 8.5� 107 mm3

(550� 360� 430 mm3). The glass with the multilayer film
was placed in the front of the house as windows (390�
390 mm2), and the combination of the house and the
window was sealed during the testing process. On the side,
a house with a piece of blank glass was served as a control
group at the identical test conditions, in comparison with
the former. The separation distance of both houses was
90 mm. Two infrared lamps (PHILIPS, R125 IR R 150 W)
irradiated the houses, while two thermoelectric couples
were employed to monitor the temperature changes.
Furthermore, two InGaAs PIN photodiodes (Hamamatsu
Co., G8373-01), which sensed the changes of transmittance
of infrared light (as shown in Fig. 2d), were installed in the
small pores on the center of back panel of each model
house. Initially, the experiment was conducted at 13 1C
without irradiation of infrared lamps. After 90 min of



Fig. 2 (a) Optical transmittance spectra of TiO2(R)/VO2(M)/TiO2(A) multilayer film and TiO2(R)/VO2(M) bilayer film at low and high
temperature. (b) Temperature dependence of the optical transmittance of the multilayer film at a fixed wavelength of 2000 nm.
(c) Photographic illustration of the testing system, 1: temperature monitor, 2: temperature probe, 3: infrared lamps, 4: blank glass,
and 5: glass with TiO2(R)/VO2(M)/TiO2(A) multilayer film. (d) Transmittance of infrared light dependence on irradiation time for
multilayer film (the inset is the infrared shielding ability of the multilayer film).

Table 2 The solar energy control properties of TiO2(R)/VO2(M)/TiO2(A) multilayer film and TiO2(R)/VO2(M) bilayer film.

Film Tsol-L (%) Tsol-H (%) ΔTsol (%) Tlum-L (%) Tlum-H (%) ΔT2000 (%)

TiO2/VO2/TiO2 33.8 23.6 10.2 30.1 27.8 49.5
TiO2/VO2 37.2 28.6 8.6 32.4 31.3 24.6

141TiO2(R)/VO2(M)/TiO2(A) multilayer film as smart window:
irradiation, it is clearly indicated in Fig. 2c that the application
of the multilayer film causes a temperature reduction of 12 1C
compared with the blank glass (temperature of 41 1C). To
further analyze the phenomenon, transmittance of infrared
light dependence on irradiation time for multilayer film is
shown in Fig. 2d. The transmittance (or loss) of infrared light
for the multilayer film decreased (or increase) from 100 (0%) to
45.2% (54.8%) in response to irradiation time from 0 to 3 min.
Afterwards, the transmittance of infrared light was almost
constant value (43.7%). Therefore, the infrared shielding ability
of TiO2(R)/VO2(M)/TiO2(A) multilayer film reaches up to 56.3%
and is higher than that of TiO2(R)/VO2(M) film (39.7%, shown in
Supporting Information).
Wettability

Fig. 3a exhibits the influence of irradiation time of UV light on
the CAs of the surface of TiO2(R)/VO2(M)/TiO2(A) multilayer
film. When the irradiation time was 5 min, the static water CAs
of the multilayer film reduced abruptly from 86.4 (hydropho-
bicity) [51] to 6.41 (hydrophilicity). Along with the irradiation
time being extended to 10 min, the wettability of the multi-
layer film transformed into superhydrophilicity (CAo51).
[52,53] However, it should be mentioned that the multilayer
film performed more sensitive photoinduced hydrophilicity and
lower CA than TiO2(A) single film (CA451, shown in Supporting
Information). The sandwich structure of the multilayer film can
be responsible for the excellent photoinduced action because
of effective separation of photogenerated electrons and holes.
[54] Moreover, on account of Wenzel equation, [55] the multi-
layer film has more rough surface giving rise to lower CA, in
contrast to the TiO2(A) single film (shown in Supporting
Information). As shown in Fig. 3a, the water droplet shape on
the multilayer film surface was hydrophobicity before UV
irradiation. Usually, the wettability of materials is governed
by both the chemical composition and the structure of solid
surfaces. In Fig. 1c, RMS of the multilayer film was 5.2 nm,



Fig. 3 (a) Effect of irradiation time of UV light on the CAs of the surface of TiO2(R)/VO2(M)/TiO2(A) multilayer film (the insets show
relevant water droplet shapes on the film surface and their optical images). (b) IR absorbance spectrum of the multilayer film.
(c) Time-dependent evolution of CA for the multilayer film exposed to ambient air in dark. (d) Photographs of a naked glass (upper)
and both glasses coated with TiO2(R)/VO2(M) (middle) and TiO2(R)/VO2(M)/TiO2(A) (bottom) films before (B) and after (A) cooled
below �15 1C for 30 min in a refrigerator followed by exposure to humid laboratory air.

J. Zheng et al.142
making known the relatively flat surface. For the flat surface of
TiO2, the origin of hydrophobicity is identified as fully stoichio-
metric TiO2 and hydrocarbon adsorbates on the film surface
reported in our previous work. [34] To confirm the adsorption of
organic contaminants on the surface, infrared (IR) absorption
section spectrum (Fig. 3b) was measured at a grazing angle of
801. The characteristic alkyl C�H bond stretching vibrations of
CH2 and CH3 groups were ubiquitous detected from the multi-
layer film in the range 3000�2800 cm�1. [37] This result
provides a direct evidence for the hydrocarbon contaminants
existing in the multilayer film surface. In addition, the chemical
composition of the multilayer film surface was determined by
X-ray photoelectron spectroscopy (XPS). The Ti 2p3/2 spectrum
of the multilayer film (show in Supporting Information) only had
a peak at 458.8 eV, which was assigned to Ti4+. [56] Thus, the
surface of TiO2(R)/VO2(M)/TiO2(A) multilayer film is approx-
imate fully oxidized or free oxygen vacancy.

After UV irradiation, we subjected the TiO2(R)/VO2(M)/
TiO2(A) multilayer film to ambient air in dark, as displayed in
Fig. 3c. Apparently, CAs of the multilayer film increased
gradually from �0 to �801 when the multilayer film was
stored in dark within 2 days. This result implies that the
wettability of the multilayer film returns to hydrophobic in the
air again, and the cycles of hydrophobicity and superhydrophi-
licity is repeated by alteration of external circumstances. It
should be noted that the multilayer film maintained in super-
hydrophilicity (CAo51) in 30 min exposure time under the
ambient air. As mentioned above, a combined action of fully
stoichiometric TiO2 of the multilayer film surface and adsor-
bates with low surface energy on the surface can yield a
hydrophobic surface. In regard to the mechanism of the
reversible conversion of hydrophobic to superhydrophilic, both
factors should be considered in the reaction process. When the
multilayer film is irradiated by UV light, the film surface rapidly
generates the oxygen vacancies at bridging sites of the
film surface, resulting in the conversion of relevant Ti4+

sites to Ti3+ sites. These defects react with water mole-
cules to form hydrophilic domain (–OH) and improve the
surface hydrophilicity greatly. [51,57–59] Meanwhile,
hydrocarbon adsorbates on the film surface are decom-
posed under UV irradiation, which further decrease the CA
of the film. [37,60] Subsequently, the multilayer film
surface exposed to the ambient air in dark, which is an
energetically metastable state, [61] needs to reabsorb the
atmospheric oxygen and organic contaminants to reduce
the Gibbs free energy of the film and be hydrophobic. The
superhydrophilicity generally brings about an antifogging
effect, which may be demonstrated by exposing the coated
or bared glasses to humid environments after cooling it at
a low temperature (below �15 1C). The photographs in
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Fig. 3d exhibit that the naked glass (upper left of the
Fig. 3d) and the glass with TiO2(R)/VO2(M) film (middle left
of the Fig. 3d) immediately fogged to scatter light whereas
the glass with TiO2(R)/VO2(M)/TiO2(A) multilayer film
(bottom left of the Fig. 3d) remained original transparence
after cooled below �15 1C for 30 min followed by exposure
to humid laboratory air.
Self-cleaning function

Self-cleaning property of TiO2(R)/VO2(M)/TiO2(A) multilayer
film was evaluated by the decomposition of stearic acid
under UV light. The degradation of stearic acid was related
to the decrease in IR absorption of the C�H stretches. [62]
Fig. 4a summarizes IR absorbance spectra of TiO2(R)/
VO2(M)/TiO2(A) multilayer film with stearic acid overlayer
at various irradiation time under UV light. Before UV light
irradiation, the characteristic alkyl C�H bond stretching
vibrations
of CH2 and CH3 groups (3000�2800 cm�1) were distinctly
detected from the multilayer film surface. It is observed
that the absorbance of alkyl C�H bond stretching vibrations
decreased drastically after UV light irradiation of 20 min,
Fig. 4 (a) IR absorbance spectra of TiO2(R)/VO2(M)/TiO2(A) multil
under UV light. (b) CAs of the multilayer film with stearic aci
corresponding water droplet shapes on the surface). (c) Variation o
multilayer film. (d) Photodegradation of RhB aqueous solution over t
under UV light (C0 is the initial concentration of RhB, C the concen
which means that a considerable proportion of stearic acid
overlayer was decomposed. Whereafter, the IR absorbance
slowly became weak with the increase of irradiation time,
and finally almost faded away after 180 irradiation time. In
addition, to further acquire precisely information for the
degradation of stearic acid overlayer, we also studied the CAs
of the multilayer film with stearic acid overlayer dependence
on irradiation time (Fig. 4b). As acknowledged widely, the
stearic acid is frequently used for surface modification of other
materials to produce hydrophobic or superhydrophobic surface
due to its low surface energy. In Fig. 4b, the multilayer film
with stearic acid overlayer was hydrophobic and its CA
(�99.51) was higher than that of untreated multilayer film
(CAE86.41). The CAs on the surface decreased from 99.5 to
11.51 in response to the changes of irradiation time from 0 to
180 min. The fact that the surface transforms from hydrophobic
to hydrophilic should be ascribed to the degradation of stearic
acid overlayer and the photoinduced hydrophilicity of multi-
layer film. Under UV irradiation, the change trend of CAs, which
could be similar to the variation of IR absorption, was faster
reduction at the initial stage and slower reduction in the rest of
time. However, after 180 min UV irradiation, the multilayer film
surface still had the presence of residual stearic acid, because
the CA (=11.51) was higher than 51.
ayer film with stearic acid overlayer at various irradiation time
d overlayer dependence on irradiation time (the insets are
f absorption spectra of RhB aqueous solution degraded by the
he films (TiO2(A), TiO2(R)/VO2(M), and TiO2(R)/VO2(M)/TiO2(A))
tration of RhB after irradiation).
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The decomposition rate of RhB under UV light irradiation
was another way to assess the photocatalytic activity of
TiO2(R)/VO2(M)/TiO2(A) multilayer film. Fig. 4c presents the
absorption spectra of RhB aqueous solution degraded by the
multilayer film under UV light irradiation. The decrease of
the absorbance for the primary peak at around 550 nm
means the degradation of RhB. As shown in Fig. 4c, after
120 min of illumination, this peak had an obvious reduction.
It is worth to declare that the decomposition of RhB was
completely translated to final products, and not to inter-
mediate species (N-deethylation of RhB). The peak of the
intermediate species should be observed at about 500 nm.
[63] On basis of Lambert-Beer law, the absorbance of RhB
was transformed into the concentration appeared in Fig. 4d.
It needs to be pointed out that a slight photodegradation of
RhB was found on the surface of bare glass. Owing to more
degradation of RhB, TiO2(R)/VO2(M)/TiO2(A) multilayer film
had a better photocatalytic activity than TiO2(A) film.
However, TiO2(R)/VO2(M) film decomposed a small amount
of RhB as a result of adsorption by loose structure of the
surface (e.g. cracks and pores, as shown in Fig. 1c).

It is well known that the activity of a photocatalytic film
is dependent upon its four physical properties: bandgap
energy, crystallinity, surface roughness and film thickness.
[64] The decent photocatalytic activity of TiO2(R)/VO2(M)/
TiO2(A) multilayer film should be resulted from wide
bandgap of TiO2(A) layer (3.35 eV, shown in Supporting
Information) and relatively high film thickness (440 nm).
The efficiency of photocatalysis strongly depends on the
lifetime of electron-hole pairs generated by electronic
excitation, and the recombination probability is inversely
proportional to the magnitude of the band gap. [65] Thus a
large bandgap can prolong the lifetime of electron-hole
pairs to enhance the photocatalytic activity of the multi-
layer film. On the other hand, it is demonstrated by
previous studies that there is a linear relationship with a
high degree of correlation between film thickness and the
level of UV light absorbed. [64] The thick film can increase
the probability for photon absorption.
Conclusion

A large-scale multifunctional TiO2(R)/VO2(M)/TiO2(A) multilayer
film was deposited by MFRMS under a moderate deposition
temperature. The bottom TiO2(R) layer, which only showed
rutile phase with (1 1 0) orientation, played as the buffer layer
and growth template of VO2(M) layer. The middle VO2(M) layer
owned a excellent thermochromic property, and the top
TiO2(A) layer displayed a eminent photoinduced hydrophilicity
and a considerable photocatalytic activity. In short, the multi-
layer film incorporating into energy-saving, antifogging and self-
cleaning effects can have a great potential application for
smart windows.
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