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Titanium dioxide (TiO,) is widely applied as a photocatalyst but limited by its wide band gap. It is challenging and

interesting to make TiO, absorb the whole spectrum range of visible light. In this work, conductive Nb-doped TiO, (NTO)
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thin films were demonstrated to increase the photocatalytic performance of anatase TiO, due to the whole visible-light

absorption and efficient charge transfer. Interestingly, the origin of the whole visible absorption was ascribed to the

extended free-carrier absorption (FCA) based on the theoretical calculation and electrical properties. The NTO thin film

with high degree of (004) orientation showed better photocatalytic performance than others due to the better absorption,

the more effective charge transfer and the greater ability to completely degrade pollutants. In addition, a synergistic effect

for the enhancement of photocatalytic performance was observed when thin films were irradiated by alternating the LED

light source between 365 nm and 515 nm. We also demonstrate that these thin films are suitable for self-cleaning

coatings.

1. Introduction

With the development of industrialization, environmental
pollution has been one of the major problems. Many
researchers have focused on the study of environmental
remediation technologies and environment-friendly
Titanium dioxide (TiO,) has attracted much
attention for photocatalytic applications due to its outstanding
performance, rich abundance, low cost, high stability, and
environment-friendly features.*® However, the wide band gap
(~3.20 eV) makes it only be sensitive to ultraviolet (UV) light,
which accounts for less than 5% of the solar energy.

In order to utilize visible (Vis) light for the photocatalytic
application of TiO,, many efforts have been devoted, such as

.13
materials.

impurity doping,g'13 constructing heterojunction,”’15 and
localized surface plasmon resonance (LSPR) by noble
metals.®*® Though these approaches are effective to create

visible-light-sensitive  TiO,, they suffer from limited
enhancement of light absorption or high cost. Hence, it is still a
great challenge to make TiO, absorb the whole range spectrum
of sun light.

Niobium-doping (Nb-doping) is widely used to improve
photocatalytic activities of anatase TiO, due to its crystal
structure, electrical properties and absorption

characteristics.’” > Firstly, Nb-doping will induce structural
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evolution from rutile to anatase and improve photocatalytic
activity of Ti02.19 Secondly, the pentavalent niobium ion (Nb*)
doping into TiO, introduces more electrons in the conduction
band. These excess electron could assist the speedy initial
reaction of the organic decomposition process.zz'23 What is
more, Nb-doping is reported to narrow the bandgap and make
TiO, visible-light-sensitive due to the formation of some
shallow donor or defect levels below the conduction band
edge.”’20 However, Nb-doped TiO, (Nb:TiO,, NTO) has not
been reported to absorb the whole range spectrum of visible
light as well as we know.

Recently, the NTO film with high degree of (004) orientation
have been reported to performance conductive properties
with decreased visible transmittance in our previous work.?® It
is also a potential candidate as an effective photocatalysis.21
The thin film could create a beneficial way to improve
photocatalytic performance from two aspects. On the one
hand, high percentage of exposed (001) facets will enhance
photocatalytic activities of TiOz.ls’ls’27 On the other hand, the
decreased visible transmittance provides a novel way to use
the whole range spectrum of visible light for photocatalysis. In
addition, the good photocatalytic performance could make the
thin film interesting and attractive for self-cleaning coating
applications.

In this work, we demonstrate that conductive thin films
based on anatase NTO can increase photocatalytic activities of
anatase TiO, due to the extended free-carrier absorption (FCA)
of visible-light and efficient charge transfer. The origin of FCA
was studied by the theoretical calculation of electronic
structure and electrical measurements, and was demonstrated
by the UV-Vis absorption spectra of TiO, and NTO. In addition,
the photocatalytic activities are also effected by the crystal
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structure of NTO. The NTO thin film with high degree of (004)
orientation shows better photocatalytic performance than
others due to the better absorption, the more effective charge
transfer and the greater ability to completely degrade
pollutants. Furthermore, a synergistic effect for photocatalytic
performance is observed for the thin film when alternating
irradiation under 365 nm and 515 nm LED light was used. The
application as self-cleaning coatings is also demonstrated by
investigating the wettability for these thin films.

2. Experimental

2.1 General film preparation

TiO, and NTO thin films with random orientation (TiO,-RO,
NTO-RO) and high degree of (004) orientation (TiO,-004, NTO-
004) were deposited by adjusting sputtering angles of DC
magnetron sputtering. TiO, and NTO thin films were sputtered
onto 3 x 3 cm? soda-lime glass substrate (GULUO GLASS) using
a oxide target (@ 6 cm). The TiO, thin film was prepared from
pure TiO, target. The NTO thin film was prepared from a TiO,
target with 5 % atom of Nb dopant (TiggsNbggsO0,, 99.9%,
Hzamtarget). The substrate was secured ontoa 6 x 6 cm’ piece
of stainless steel substrate holder with a high temperature
polyamide tape (2 mm wide). The distance was 8 cm between
the center of target and substrate. The base pressure prior to
each deposition was 8 x 10™ Pa. Films were deposited in pure
argon (grade 5.0) at a flow rate of 20 sccm (cubic centimeter
per minute at STP) and a system pressure of 0.3 Pa. And the
substrate temperature during deposition was 40-60 °C
measured with a thermocouple during deposition. A DC
sputtering power (SKY Technology Development DC power
system) of 40-45 W was required to prepare films with
thickness of ~¥350 nm on the soda-lime glass substrate after 1 h
of deposition. Before each deposition, the target surface was
sputter-cleaned by pure Ar for 10 min, and then pre-sputtered
for 5 min under the film deposition conditions. The as-
deposited films were annealed and crystallized in Ar/H, (95:5,
v/v) atmosphere at a flow rate of 30 sccm in a horizontal
furnace at 450 °C for 30 min. The temperature was increased
at a rate of 10 °C/min. Then the films were naturally cooled
down to room temperature.

2.2 Film analysis

The crystal structure of NTO and TiO, films was analyzed using
a Bruker D8 Advance powder X-ray diffractometer (XRD)
equipped with CuKa radiation with a two-dimensional
detector. The scan range of 20 was from 10 to 120° and the
scan step of 20 was 0.02°. The scan time was 1s/step and
2s/step for normal analysis and rietveld refinement,
respectively.

Electrical properties of films were measured at room
temperature on an Ecopia HMS-3000 Hall effect measurement
system set up in the Van der Pauw configuration.
Measurements were carried out on 1 x 1 cm’ squares, and
standard ITO sample was tested prior to any NTO thin films
measurements.

2| J. Name., 2012, 00, 1-3
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Photoelectron spectroscopy studies were performed using a
Thermo Fisher ESCALAB 250X surface analysis system
equipped with a monochromatized Al anode X-ray source (X-
ray photoelectron spectroscopy, XPS, hv=1486.6 eV).

Optical properties were analyzed over the wavelength range
of 300-800 nm using a Shimadzu UV-2450 spectrometer with
integrating sphere. The standard sample was newly prepared
from anhydrous BaSO, powder.

The photoluminance (PL) spectra were measured by a
PerkinElmer LS 55 Fluorescence spectrometer with a thin film
carrier.

The morphology of thin films was measured using a Zeiss
SUPRA-55 Scanning Electron Microscope (SEM).

The content of Nb was investigated via an Oxford-Max 20
energy dispersive Spectrometer (EDS).

The surface morphology, roughness and specific area of thin
films were measured and analyzed by Bruker MultiMode 8
AFM (Atomic Force Microscopy) using a tapping model with
SCM-PIT probes.

Thin films were characterized by Raman spectroscopy with
laser excitation energy of 532 nm in a Horiba iHR320 Raman
spectrometer with a cooled CCD detector.

Thickness of films was measured using a Bruker DektakXT
profilometer with proper measurement range of 6.5 um.

The static contact angles (CAs) were measured with a
goniometer (250-F1, DongGuan Precise Test Equipment Co.,
Ltd). Droplets of distilled water, with a volume of 5 pL, were
placed gently onto the surface at room temperature and
pressure. The static CAs of thin films were measured three
times at different locations such that the measurement
variance was +2°.

Photographs were taken using a camera in a Hua Wei Mate
8 mobile phone.

2.3 The degree of preferential (004) orientation (ngos))

The degree of preferential (004) orientation could be
quantified as follows

n _ |(@=MD(g04))? o
004) = —I—MD(OO4)3 X 100% (1)

where MD(004) is the March-Dollase parameter for the (004)
direction and could be obtained from the Rietveld
refinement.”®

2.4 Catalytic activity test

Photocatalytic degradation of Rhodamine B (Rh B) under
simulated solar light irradiation.” Annealed TiO, and NTO thin
films were cleaned by ultrasonic treatment in detergent,
deionized water, acetone, and isopropyl alcohol for 10 min
each and subsequently dried under N, flow. Rh B ethanol
solution of 10000 ppm was prepared for dye degradation
experiment. Subsequently, the prepared solution was spin-
coated onto NTO thin films surface at 600 rpm for 30 seconds.
As-prepared samples were stored in a glass dish covered with
Al foil. After being dried naturally, samples were kept on a
plate with constant temperature of 25 °C, and evaluated for
photocatalytic activity by monitoring the decolorization of Rh B

This journal is © The Royal Society of Chemistry 20xx
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under a AM 1.5 illumination via ABET sun 3000 solar simulator.
The power of the light was calibrated to one sun light intensity
by using a NREL-calibrated Si cell (Oriel 91150). After a
specified time, the maximum peak of absorbance band was
monitored by a UV-Vis spectrophotometer (Shimadzu UV-
2450) to estimate the amount of Rh B. According to the
Lambert-Beer law, the absorbance is proportional to the
concentration of a dilute solution, from which degradation of
Rh B could be describe as follow,

Co _
ln? =kt (2)

where C, is the initial concentration of the Rh B solution, C the
concentration at a specified irradiation time, k the reaction
rate, and t the reaction time. We suppose this law could be
applied to Rh B molecules on the surface of thin films.

Photocatalytic degradation of Rh B under single-
wavelength LED irradiation. Rh B ethanol solution of 120 ppm
was prepared for dye degradation experiment. Then 2 mL
solution was added in a 10 mL glass bottle. The as-prepared
thin film was placed into solution and kept about 20 min.
About 1 mL solution was transferred into quartz colorimetric
utensil when measured. After the maximum peak of
absorbance band monitored to estimate the amount of Rh B,
the solution was transferred back to the glass bottle. Then the
thin film was irradiated under a single-wavelength LED point
light source (SZLAMPLIC, ®3 mm) with 1 x 1 cm? light spot. The
power of the light was measured by using a normal light meter
(CEAULIGHT, CEL-NP2000). After a specified time, the
maximum peak of absorbance band was monitored by a UV-
Vis spectrophotometer to estimate the amount of Rh B.

3. Results and discussion

3.1 The origin of the whole visible absorption

The optical properties of a material is mainly related to its
electronic structure.®® The electronic structures of pure TiO,
and Nb:TiO, (5:95, at%) with anatase structure were calculated
using the Vienna Ab-initio Simulation Package (VASP) based on
generalized gradient approximation with Hubbard U correction
(GGA+U) to the density-functional theory (DFT). The Fermi
level of the pure TiO, is between the conduction and valence
band, indicating no free electrons in the undoped TiO, (Figs. 1a
and b). Therefore, the pure TiO, only shows intrinsic UV
absorption. After Nb doping, the Fermi level moves into the
conduction band (Figs. 1c and d). There are d-orbital electrons
of both Ti and Nb in the conduction band (Fig. 1d). In other
words, NTO has free electrons and performs good
conductivity.

The existence of free electrons in the conduction band of
NTO is also confirmed by the electrical properties of NTO thin
films. The electrical properties were characterized by the
standard four-probe Hall effect measurements. As listed in
Table 1, both NTO-RO (random orientation) and NTO-004 (high
degree of (004) orientation) show good conductivity with a low
resistivity (on the order of 100 cm), while TiO, shows so high
resistivity that it could not be measured by Hall effect

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Electrical properties of NTO thin films

Sheet N
. p u
Sampl t )
ample resis! ar_llce [Q cm] [om”] [om? V' 5]
[Qsq]
NTO-RO 26.5 9.4 x10* 221 x10* 3.01
NTO-004 18.6 6.6 x10*  2.13 x 10* 4.44
TiOz * % * %

* The resistivity of TiO>-RO and TiO»-004 is so high that it could not be measured
by Hall effect measurements or a two-point probe of Agilent Millimeter.
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Fig. 1 (a) Electronic band structure of pure TiO,. (b) PDOS (DOS on specified
atoms and orbitals) of pure TiO, at the DFT level. (c) Electronic band structure of
Nb:TiO; (5% of Nb dopant). Blue line represents the band structure of Nb:TiO,
system. Red dot represents the band structures of Nb. The dot size is
proportional to the weight. The green dashed line represents the Fermi level.
The spectra card on the right shows a reference of UV-Vis-IR free-carrier
absorption. (d) Projected density of states (PDOS) (DOS on specified atoms and
orbitals) of Nb:TiO, at the DFT level. The Fermi level is at zero energy and
marked by the green dashed line.

measurements or a two-point probe of Agilent Millimeter. In
addition, the Hall effect measurements indicate that NTO films
displayed n-type conductivity, with electrons being the
dominant charge carrier species. These results also confirm
that the Fermi level of NTO moves into the conduction.

After Nb doping, energy levels of NTO become degeneracy.
Degenerate energy levels of NTO make direct FCA available, as
conduction-band states are available in the UV-Vis-IR energy
range to accommodate the free electrons excited by vertical

J. Name., 2013, 00, 1-3 | 3
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transitions (Fig. 1c).31'33 Hence, both the intrinsic UV

absorption and UV-Vis-IR FCA could occur in NTO. This result is
contrast to that of tin dioxide (SnO,) TCO thin films reported
by H. Peelaers,34 but is in good agreement with that of NTO
thin films calculated by R. S. Zhang.30

Normally, the FCA is too weak to influence properties of
semiconductors, but the FCA becomes significant at high
carrier concentrations (on the order of 10%°-10% cm'g).gz'34 The
carrier concentrations of NTO thin films are on the order of
10 em? (Table 1), so the FCA should not be negligible for
conductive NTO thin films.

With the theoretical calculation and experiment electrical
measurements analysis above, we consider conductive NTO
thin films could absorb the whole range spectrum of visible
light due to its electronic structure. On one hand, there are
abundant free electrons in the conduction band of NTO. On
the other hand, energy levels of NTO are degenerate and their
conduction-band states are available for the free electrons
exciting.

3.2 The preparation, identification and morphology of thin films

To further study the photocatalytic activities and optional
properties of NTO, both NTO (5% of Nb dopant) and pure TiO,
thin films were prepared with random orientation (NTO-RO,
TiO,-RO) and high degree of (004) orientation (NTO-004, TiO,-
004) using our reported method.?

A systematic XRD study shows that both TiO, and NTO thin
films exhibit typical anatase phase (Fig. 2a). There are no
diffraction peaks of rutile or brookite phases. The peaks
centred around 25.23° and 37.78° can be ascribed to the (101)
and (004) facets of anatase TiO,. The (101) peaks are stronger
than (004) peaks in thin films with random orientation, while
the opposite results have been observed in the thin film with
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Fig. 2 (a) XRD patterns of anatase TiO, and NTO thin films with random
orientation (NTO-RO, TiO,-RO) and high degree of (004) orientation (NTO-004,
TiO,-004). (b) Raman spectra of anatase TiO,-RO, TiO,-004, NTO-RO and NTO-
004 thin films. (c) XPS spectra of pure TiO, thin films showing Ti** state only for
the 2p;,, transition. (d) XPS spectra of NTO thin films showing Ti* and Ti** state
for the 2p;/, transition. The data was treated with a Shirley background and
individual Gaussian/Lorentzian functions for Ti* and Ti*" final states.
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Table 2 Electrical properties of NTO thin films

Band Surface Surface
n(004)
Sample MD %) gap roughness, area
0
(V) Ry (m)  (um)
TiO,-RO 0.722  18.6 3.34 3.57 1.03
Ti0,-004 0.558 323 3.29 3.49 1.07
NTO-RO 0.787 13.7 3.43 1.11 1.03
NTO-004 0.482 39.6 3.38 2.57 1.06

high degree of (004) orientation. Compared with the anatase
phase of pure TiO,, the XRD peak position of NTO thin films
presents a little shift toward low angle. This is attributed to the
doping fact of Nb, because the ionic radius of Nb°* (ca. 0.70 A)
is a little larger than that of Ti*" (ca. 0.68 A).

The Le Bail analysis was used to fit the XRD pattern with
TOPAS to obtain unit cell parameters, unit volume, and
March-Dollase parameter for the (004) direction (Fig. S1 in
ESIT). The unit cell parameters are a = 3.786 A and ¢ = 9.504 A
for the pure TiO, thin films (Table S1 in ESIT). After Nb doping,

both a and c increase around 3.810 A and 9.540 A, respectively.

The March-Dollase (MD) parameter are fitting to be 0.722,
0.558, 0.787 and 0.482 for thin films TiO,-RO, TiO,-004, NTO-
RO and NTO-004, respectively. Therefore, the degree of
preferential (004) orientation are quantified to be 18.6%,
32.3%, 13.7% and 39.6% for thin films TiO,-RO, TiO,-004, NTO-
RO and NTO-004, respectively (Table 2). The EDS data of TiO,
and NTO thin films on soda-lime glass reveal the content of Nb
and Ti as listed in Table S2 in ESIT (Details are shown in Fig. S2
in ESIT). Nb is undetected in pure TiO,. The doping content of
Nb is 8.6 at.% and 8.3 at.% for NTO-RO and NTO-004. The
difference of Nb-doping content between the thin film and the
target is attributed to that the sputtering yield of Nb atom is a
little higher than that of Ti atom.

The typical Raman spectra of TiO, and NTO thin films locate
between 100 and 700 cm™ (Fig. 2b). Compared with the pure
TiO,, the E; mode (around 144 cm'l) of NTO exhibits a blue
shift. In addition, as the (004)-oriented growth becomes
stronger, E; mode (around 144 cm'l) of NTO is further blue
shift. This result is in good agreement with our previous
results.”® The XRD patterns and Raman spectra indicate that
anatase thin films are successfully prepared with random
orientation and high degree of (004) orientation, respectively.

X-ray photoelectron spectroscopy (XPS) was employed to
observe the doping of niobium. No Nb can be detected by XPS
measurement in the pure TiO,. As shown in Fig. 2c, the Ti*
peaks with the binding energy (BE) of 458.3 and 464.0 eV are
fitted well with XPS spectra for the Ti 2p;, and Ti 2p;,,
transition of pure TiO,. After Nb doping, the Ti* peaks with the
BE of 458.5 and 464.2 eV for the Ti 2p3/, and Ti 2p;, transition
are predominant. However, the reduced titanium state (Ti3+)
peaks with the BE of 456.8 and 462.8 eV are observed because
of the compensating mechanism from redundant electrons of
Nb.>®> The reduced titanium state makes some asymmetry to
the Ti 2p3,, and Ti 2py/, transition of NTO. Thin films with
random orientation and with high degree of (004) orientation

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Top down SEM images and AFM 3D images of thin films TiO,-RO (a, b),
TiO,-004 (c, d), NTO-RO (e, f) and NTO-004 (g, h). The insets of SEM images
depict side on images of thin films.
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Fig. 4 Diffuse reflectance spectra of TiO,-RO, Ti0,-004, NTO-RO and NTO-004
thin films and glass substrate. (b) The absorption spectra of thin films and glass
substrate converted from DRS by Kubelka-Munk function. (c) Intrinsic optical
absorption edges (eV) of thin films. (d) photoluminescence (PL) spectra of thin
films for 300 nm laser excitation.

are show similar results of XPS spectra (Fig. S3 in ESIt). These
result indicates the formation of Ti** state and the successful
doping of Nb.

Scanning Electron Microscope (SEM) and Atomic Force
Microscopy (AFM) images are employed to study the
morphology of thin films. As shown in Fig. 3, the surface
morphologies are different between pure and Nb-doping TiO,
thin films. The small particles are spread over the surface of
pure TiO, thin films (Figs. 3a and c), while some bigger
particles could be seen on the surface of NTO thin films (Figs.
3e and g). The side-on images show that the thickness of thin
films is ¥350 nm. AFM was performed on all positions in 1 um
x 1 um areas for NTO and TiO, thin films (Fig. S4 in ESIT). The
root-mean-square roughness (R,) are 3.57, 3.49, 1.11 and 2.57
nm for TiO,-RO, Ti0,-004, NTO-RO and NTO-004 thin films,
respectively. These results indicate that NTO and TiO, thin
films are compact and smooth (Figs. 3a-h). However, the
calculated surface areas are different and measured to be

This journal is © The Royal Society of Chemistry 20xx

1.03, 1.07, 1.03 and 1.06 p.m2 for TiO,-RO, TiO,-004, NTO-RO
and NTO-004 thin films, respectively. AFM 3D images show
that particles are cone-shaped on the surface of TiO, and NTO
thin films (Fig. 3). NTO thin films show more sharply cone-
shaped particles than the pure TiO,. Moreover, the
distribution of cone-shaped particles is more dense on the
surface of thin films with high degree of (004) orientation than
that of thin films with random orientation.

3.3 Electrical and optical properties of thin films

The electrical properties of NTO thin films are listed in Table 1.
Both NTO-RO and NTO-004 show good conductivity with
carrier concentrations > 2 x 10*! em™. The NTO-004 thin film
shows better conductivity than NTO-RO due to the increase of
Hall mobility.26 The sheet resistance are as low as 26.5 and
18.6 Q sq'1 for NTO-RO and NTO-004 thin films. However, the
resistivity of TiO, thin films is too high to be measured. The
electrical properties of NTO and TiO, thin films indicate that
free electrons are of high concentration in NTO but
unobserved in TiO,. This result makes UV-Vis-IR FCA occur in
NTO thin films.

The UV-Vis absorbance spectra of NTO-RO, NTO-004, TiO,-
RO and TiO,-004 were converted from reflectance to
absorbance using the Kubelka-Munk method (Figs. 4a and b).
Compared with the pure TiO,, NTO thin films shows a better
absorption property in the region of 550-800 nm, indicating
Nb-doping significantly modifies visible light absorption
characteristics of TiO,. This result is in good agreement with
our analysis of simulated calculation. Moreover, absorption
properties between random orientation and high degree of
(004) orientation show a slight difference because of the
anisotropy of dielectric function for TiO, along different crystal
orientation.*® With the analysis above, NTO with both random
orientation (NTO-RO) and high degree of (004) orientation
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(NTO-004) could absorb the whole range spectrum of visible
light.

Fig. 4c depicts intrinsic optical bandgaps of TiO, and NTO
thin films by constructing Tauc plots using the (othv)l/2 relation.
The values of Tauc’s gap (Eg) are evaluated from the
extrapolation of high energy points to intercept on the energy
axis with little absorption. The indirect bandgaps are
determined to be 3.43, 3.38, 3.34 and 3.29 eV for NTO-RO,
NTO-004, TiO,-RO and TiO,-004 thin films, respectively. After
Nb doping, an obvious blue shift is found for the intrinsic UV
absorption edge of conductive NTO thin films. This result can
be rationalized by the Burstein-Moss effect, which increases
the optical band gap as electrons populate the conduction
band.?**’ This result is different from the effect of Nb-doping
in non-conductive Nb-doped TiO, powder. Narrowed bandgaps
are observed because of the formation of some shallow donor
or defect levels below the conduction band edge.”’20 This
result also confirms that the Fermi level of NTO moves into the
conduction.

Fig. 4d shows the photoluminescence (PL) spectra of TiO,-
RO, TiO,-004, NTO-RO, and NTO-004 thin films under 300 nm
laser excitation. After Nb doping, there are two more emission
centers than pure TiO,, which results from the change of
energy bands. The emission peaks around 360 (3.4 eV), 380
(3.3eV) and 430 (2.9 eV) nm are attributed to the radiative
recombination of electrons in super-band-gap states, shallow
complex (NbTi-VTi)g’ states and Oiz’ states with holes in the
valence band, respectively.17 The emission peaks around 480
nm (2.55 eV) are attributed to the radiative recombination of
electrons in super-band-gap states with holes in surface
peroxo states.?’ However, the general trend of
photoluminescence spectra intensity is TiO,-RO > TiO,-004 >
NTO-RO > NTO-004. It indicates that Nb doping can decrease
the PL intensity. The NTO-004 thin film shows the lowest
radiative recombination of photoexcited electron-hole pairs.
Three reasons devote to the improvement of charges
separation of NTO-004. Firstly, the introduction of Nb®* into
the TiO, structure could improve the conductivity as shown in
Table 1. It facilitates the migration of photoexcited electrons
to NTO surface and suppresses their recombination. Secondly,
the charge mobility becomes higher due to that the static
effective mass m* along a axis (m (100)*) is lesser than that
along the c axis (m (001)*).38 Finally, the transfer and separation
of photogenerated charges could be enhanced when the
percentage of (004) facets increases.’®
3.4 The photocatalytic abilities of thin films

The photocatalytic abilities of NTO and TiO, thin films were
demonstrated by degrading surface-coated Rh B (Fig. S5 in
ESIT). Rh B is a carcinogenic compound and it is often chosen
as a model molecule for photocatalytic degradation. Both NTO
and TiO, thin films show good photocatalytic ability under
simulated AM 1.5 solar light irradiation (100 mW cm'z) at
constant temperature of 25 °C (Fig. 5a). However, the
photocatalytic abilities are different between NTO and TiO,
thin films (Figs. 5a and b). The trend of the photocatalytic
abilities is NTO-004 > NTO-RO > TiO,-004 > TiO,-RO. NTO-004
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thin films show better photocatalytic performance than others
because of the better light absorption and lower radiative
recombination. After 2 hour irradiation, about 70% Rh B is
degraded by NTO-004 thin films.

The photocatalytic activities depend on the surface
morphology of thin films. The trend of calculated surface areas
is TiO,-004 > NTO-004 > TiO,-RO = NTO-RO. Obviously, thin
films with high degree of (004) orientation have larger contact
area than those with random orientation. Therefore, both TiO,
and NTO thin films with high degree of (004) orientation show
better photocatalytic performance than those with random
orientation. However, the thin film TiO,-004 shows a poorer
photocatalytic performance than NTO-RO, although it has a
larger specific area than NTO-RO. This result is attributed to
that NTO-RO could absorb the whole range spectrum of visible
light, while TiO,-004 is unable.

Fig. 5b shows reaction rates (k-value) of photocatalytic
degradation for NTO and TiO, thin films. Only the NTO-004
thin film is found with a constant reaction rate, because Rh B
could be completely and quickly degraded by NTO-004 thin
films. The gradually decreasing reaction rates of other thin
films are caused by the incomplete degradation of Rh B or
poor photocatalytic ability. The complete and incomplete
degradation of Rh B could be identified by the variation of the
absorption spectra.39 The absorption peaks of Rh B gradually
decrease, suggesting cleavage of the whole chromophore
structure of Rh B, namely complete degradation, eg. thin films
with high degree of 004 orientation (Figs. S5b and d in ESIT). If
only the N-deethylation occurs, then the Rh B is incomplete
degradation and the absorption maximum will gradually shift

1.04
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© 044 . ; o e T
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Fig. 5 (a) Comparison of the photocatalytic degradation rates of Rh B for NTO
and TiO, thin films. The optical pictures show the initial and final state under
simulated solar light irradiation. (b) The reaction rates (k-value) of photocatalytic
degradation for NTO and TiO, thin films. (c) The reaction rates of photocatalytic
degradation for NTO and TiO, thin films under different wavelengths irradiations.
Lines of results for NTO-650 nm and TiO,-515 nm are almost coincident. Lines of
results for TiO,-650 nm and TiO,-780 nm are coincident. (d) The reaction rates of
photocatalytic degradation for NTO and TiO, thin films under 365 and 515 nm
irradiations. The films are without light irradiation for the initial 10 min.
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Fig. 6 Variation of the absorption spectra of a surface-coated Rh B degraded by
NTO-RO (a) and NTO-004 (b) under simulated solar light irradiation. (c)
Comparison of the photocatalytic degradation rates of Rh B for NTO-RO and
NTO-004 thin films. (d) The reaction rates (k-value) of photocatalytic degradation
for NTO-RO and NTO-004 thin films. The incident light is from the Rh B coating
surface in these tests.

blue, eg. thin films with random orientation (Figs. S5a and c in
ESIt). Therefore, the complete degradation of Rh B is of
importance for photocatalytic reactions.

The photocatalytic abilities of NTO-004 and TiO,-004 thin
films were also demonstrated by degrading Rh B under single-
wavelength LED irradiation. To avoid the intrinsic absorption of
thin films, 365 (45.6 mW/cm?), 515 (45.8 mW/cm®), 650 (100
mW/cmZ) and 780 nm (100 mW/cmz) LED irradiations were
used (Fig. S6 in ESIT). NTO-004 thin films are active for
photocatalysis under these wavelengths irradiations, indicting
corresponding FCA is implemented in NTO-004 thin films.
There is no free electron in the TiO, thin film, as a result it is
only active under 365 and 515 nm irradiations (Fig. 5c). This
result is in good agreement with our absorbance spectra
analysis.

Amazingly, NTO-004 thin films show better performance
under 515 nm of LED irradiation than that under 365 nm, while
TiO,-004 thin films show the opposite performance (Fig. 5c).
This result is attributed to that the 515 nm irradiation light
could be absorbed by both thin films and Rh B (Fig. S7 in ESIT).
After being excited, Rh B can inject electrons into the
conduction bands of both TiO,-004 and NTO-004.*%4
However, only electrons injected into NTO-004 can be quickly
transported and reused, because NTO-004 thin films have
good conductive property.42 Electrons injected into TiO,-004
are of noneffective utilization. This result indicates that Rh B
could be photodegraded by NTO-004 thin films, even though
incident light is blocked by the surface-coated dyes. This
conclusion has been confirmed by an additional experiment as
shown in Fig. 6. Both NTO-RO and NTO-004 show good
photocatalytic activities, when the incident light is from the Rh
B coating surface.

It should be noticed that reaction rates of NTO-004
gradually decrease under both 365 and 515 nm LED light
sources irradiation (Fig. 5c). This result seems to be conflict
with that under solar light irradiation (Fig. 5b). To make this

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Contact angles and optical pictures of as-prepared (a)-(d) and UV-treated
(e-h) NTO and TiO2 thin films. From left to right: TiO2-RO, TiO2-004, NTO-RO and
NTO-004 thin films

clear, 365 and 515 nm LED light sources irradiation are used
interchangeably for photocatalytic degradation. Reaction rates
of both NTO and TiO, are gradually decreased under 365 nm
irradiation (Fig. 5d). However, after 515 nm irradiation,
reaction rates of all thin films are increased under latter 365
nm irradiation. This result indicates there might be a
synergistic effect for photocatalytic performance when thin
films were alternately irradiated under 365 nm and 515 nm
LED.

3.5 The self-cleaning performance

A self-cleaning coating could remove pollutants and stains
on its surface and save a lot of time and cost for maintenance
of buildings, cars, outdoor facilities and solar panels.“'48 When
applied as self-cleaning coatings, thin films should
behydrophobic or hydrophilic. TiO, and NTO thin films are of
photo-induced hydrophilicity.46 48 However, some adsorbates
are unable to be removed completely on both hydrophobic
and hydrophilic surface, if rainwater is not abundant or
energetic. Photocatalysts can transform the residual into
harmless small molecules and remove it in a simple way via
being exposed to sunlight. The combination of photocatalytic
and hydrophilic properties makes the self-cleaning coating
effective on both rainy and sunny days.

The wettability of both TiO, and NTO thin films was
investigated by the contact angles. The contact angles are
73.88°,57.47 °, 30.29 °and 18.66 ° for TiO,-RO, TiO,-004, NTO-
RO and NTO-004 thin films, respectively (Figs. 7a-d). After UV
irradiation, the contact angles can be decreased to 21.46 °,
15.92 °, 11.43 ° and 9.29 °, respectively (Figs. 7e-h). All thin
films show good hydrophilic properties and are suitable for
self-cleaning coatings. The wettability is commonly related to
the surface nanostructure of thin films. Compared with pure
TiO, thin films, the particles are more sharply cone-shaped on
the surface of NTO thin films (Fig. 3). Therefore, NTO thin films
show better wettability than TiO, thin films. Moreover, cone-
shaped particles distribute more densely on the surface of
NTO-004 than that on the surface of NTO-RO, so NTO-004
shows better hydrophilic properties than others. These results
indicate NTO thin films could perform as an effective self-
cleaning coating for the glass.

Conclusions

In summary, we demonstrate a novel way to utilize the whole
visible light to improve photocatalytic performance. After Nb
doping, energy levels of TiO, are degenerate and
corresponding carrier concentrations of thin films are on the
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order of 10°* cm?™. These two aspects make NTO thin films
absorb the whole range spectrum of visible light. The whole
visible absorption is demonstrated by theoretical calculation,
absorbance spectra and electrical properties. In addition,
photocatalytic activities of thin films are also correlated with
crystal orientation, surface morphology and
photoluminescence spectra. NTO thin films with high degree of
(004) orientation shows better photocatalytic performance
than others due to the better absorption, the more effective
charge transfer and the greater ability to completely degrade
pollutants. In addition, a synergistic effect for photocatalytic
performance is observed when thin films alternate irradiation
between under 365 nm and 515 nm LED light. Finally, the
combination of photocatalytic and hydrophilic properties
makes NTO thin films suitable for self-cleaning coatings on
both rainy and sunny days.
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