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ABSTRACT: Sunlight-responsive anatase N-doped TiO, thin films
undergoing reversible and switchable hydrophobic to superhydrophilic
transition were synthesized by ultrasonic spray pyrolysis in a single step.
Film thickness, roughness, surface morphology, crystal structure,
composition, band gap, and wetting properties were studied using surface
profilometry, scanning electron microscopy, X-ray diffraction, X-ray
photoelectron spectroscopy, UV—vis spectroscopy, and water contact
angle measurements, respectively. Surface X-ray photoelectron spectros-
copy before and after sunlight irradiation revealed the major
physicochemical process responsible for the hydrophobic — hydrophilic
transition as surface hydroxylation and that responsible for hydrophilic —
superhydrophilic transition as destruction of surface adsorbed organic
species. The kinetic rates of the hydrophobic — superhydrophilic
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transition under sunlight and superhydrophilic — hydrophobic transition when kept under dark are found to be 0.215 min~" and

2.03 X 10~* min~", respectively.
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B INTRODUCTION

Nanocrystalline TiO, thin films and powders find application in
photocatalytic destruction of organic wastes in air and water,"
photocatalytic generation of hydrogen from water,> photo-
voltaic solar cells,”® gas sensors,”” self-cleaning surfaces.¥ ™12
The photoinduced hydrophobic < superhydrophilic conver-
sion of TiO, surfaces along with their ability to photo
catalytically decompose organics have generated much interest
in the past decade because of its potential use as self-cleaning
surfaces.*The hydrophobic <> hydrophilic transitions of TiO,
thin films were first reported by Wang and co-workers, who
showed that under UV light irradiation, the wetting contact
angle of polycrystalline TiO, thin films change from partially
hydrophobic to superhydrophilic and revert to their initial
hydrophobic state upon keeping under visible light or dark.'*
The commonly accepted physicochemical processes, respon-
sible for the hydrophobic « superhydrophilic switching
behavior, though is in debate ever since Wang’s report, are
photoinduced reconstruction of TiO, surfaces due to
hydroxylation'® and removal of surface adsorbed organic
species responsible for hydrophobicity.'® When TiO, surface
is irradiated with UV light, electrons from the valence band
(VB) are excited to the conduction band (CB) leaving behind
holes in the VB. The photogenerated electrons and holes “walk

-4 ACS Publications  © 2013 American Chemical Society

3967

randomly” to the surface and holes attack the surface Ti—O
bonds leading to their cleavage, resulting in formation of
oxygen vacancies. These surface oxygen vacancies cause
reduction of Ti*" to Ti’*, and the Ti’* species facilitate
dissociative chemisorption of molecular water at the oxygen
vacancies leading to generation of surface hydroxyl groups. The
generation of surface Ti—OH groups results in structural
changes at the TiO, surface such that the intrinsically
hydrophobic surface is converted to a hydrophilic one. The
reverse happens, though slowly, when exposed to visible light/
dark due to dehydration process and oxidation of Ti** to Ti**'
The second mechanism proposes migration of photogenerated
holes and electrons to the surface followed by destruction of
the very small amount of hydrocarbons, responsible for the
hydrophobicity, present on the surface, by the reaction®

hydrocarbons + O,
— oxidized products (such as CO,and H,0)
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The reverse takes place by the recontamination of the
hydrophilic surfaces by air-borne hydrophobic organics.lé
Presently, both the mechanisms are considered to be
responsible for the reversible hydrophobic < hydrophilic
transition.

From the application point of view, control and reproduci-
bility of the material properties is a basic prerequisite to
improve its performance and reliability. The major drawback of
TiO, is its wide band gap (~3:2 eV), which enables only about
5% of the solar spectrum, corresponding to the UV region (4 <
380 nm), to be absorbed. The visible region accounts for
almost 45% of the solar spectrum. Hence, it is important to
engineer the band gap of TiO, to make it a visible-light-
absorbing material. Among the various methods adopted for
making TiO, visible-light-absorbing, N-doping has been found
to be energetically favorable and quite promising.'® The
wetting—dewetting properties of N-doped TiO, surfaces were
studied by few groups in the recent past.'”~>* However, none
of them report reversible hydrophobic (8 > 90°) «
superhydrophilic (¢ < 10°) conversion in N-doped TiO,
under sunlight/visible light. All the studies report reduction
in contact angles in the hydropbhilic regime (6 &~ 15—25°) to (0
~ 3-9°)"""?! and (0 ~ 80°) to (A ~ 55 and 30°).>* A recent
study by Wang et al*® on visible-light-driven reversible
hydrophobic to hydrophilic transition of N-doped TiO,
powders dispersed on a wafer surface reports water contact
angle reduction from 135 + 5° to 0° in 6 h of visible light
irradiation. However, the authors did not report the results with
respect to nature of N-doping. In all the reports on sunlight or
visible-light-induced hydrophobic to hydrophilic conversion of
N-doped TiO, surfaces, though the mechanisms have been
proposed as reconstruction of TiO, surfaces due to
hydroxylation and removal of surface adsorbed organic species
responsible for hydrophobicity, experimental evidence for the
increase in surface hydroxyl groups and decrease in carbon-
containing surface species on photo irradiation are lacking. In
addition to this, we have not come across any report on kinetics
of reversible hydrophobic (6 > 90°) < superhydrophilic (6 <
10°) conversion in N-doped TiO,.

In the present study, we report synthesis of N-doped TiO,
thin films by ultrasonic spray pyrolysis, a facile and very cost-
effective open atmospheric technique, their hydrophobic <
superhydrophilic transition, kinetic rates of hydrophobic «>
superhydrophilic conversion and surface XPS to understand the
chemistry of the surfaces before and after photoirradiation and
delineate the mechanism behind the reversible hydrophobic <
superhydrophilic transition. The kinetic rates of reversible
hydrophobic < superhydrophilic transitions are deduced
following the theoretical analysis given by Seki and Tachiya.**

B EXPERIMENTAL SECTION

Synthesis. Nitrogen-doped TiO, thin films were synthesized by
ultrasonic spray pyrolysis technique described elsewhere.”*~*’ For a
typical synthesis, S0 mL of 0.035 M titanium oxyacetylacetonate and
20 mL of 0.15 M hexamine solution in alcohol was first ultrasonically
atomized using a 1.7 MHz ultrasonic nebulizer. The generated
aerosols, having fairly uniform size distribution in the range 0.5—5 mm
with maximum distribution around 3 mm, were transported to the
Si(100) substrates fastened on to a flat heater, through a vertical glass
column. The substrate temperature was varied from 400 to 550 °C.
The aerosols on reaching the hot zone evaporated and the vapors
reacted with oxygen at the substrate surface to form the desired thin

film.
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Characterization. The film thickness and roughness were
measured using a surface profilometer (Dektak, USA). The surface
morphology of the thin films were analyzed using FESEM (Ziess,
Germany) having EDAX facility. The crystal structure of the films
were characterized by GIXRD (Bruker D8 Discover, Germany) using
Cu Ka (4 = 1.5406 A) radiation at 0.5° angle of incidence, with a scan
step of 0.25° over 20—80°. The thin film surface chemistry before and
after photoirradiation, as well as its chemical composition were studied
using XPS (SPECS make, having monochromatic Al Ka radiation, at
1486.71 eV used as probe). The X-ray source was operated at a power
of 300 W. Ar* jon beam with 1 keV and current of 0.5 mA was
employed to sputter clean the specimen surface. An electron gun was
used to neutralize charging during measurement. The spectrometer
was calibrated using a standard silver sample. Data were processed by
Specslab2 software. The BE of C-1s transition from contaminated C at
284.8 eV was used as a reference to account for any charging of the
sample and the peak positions were compared to standard values for
identification of different elements and their respective oxidation
states. Optical absorption spectra of the thin films were recorded at
room temperature using UV—visible spectrophotometer (AVANTES,
The Netherlands)

Wetting studies. The water contact angle experiments were
carried out by using a contact angle meter equipped with a CCD
camera (Holmarc, HO-IAD-CAM-01, India). The contact angles were
determined by analyzing the high resolution images of the water
droplets on the thin films using Image] software. The as prepared
samples were kept in the dark for a week and the water contact angles
were measured. The contact angles of the samples, after exposure to
sunlight of intensity ~10.0 mW cm™, were then measured as a
function of exposure time. The samples were then kept under dark and
the contact angles were measured intermittently in order to study the
recovery of the initial hydrophobic state. The reversible and switchable
wetting properties of the samples were studied by repeating photo
irradiation, contact angle measurement followed by keeping in the
dark and measuring the contact angle.

B RESULTS AND DISCUSSION

The thickness and roughness of the films, synthesized at
substrate temperatures of 400, 500, and 550 °C on Si(100)
substrates, obtained from surface profilometry are given in
Table 1. From the roughness values it is clear that the films are
sufficiently smooth and coherent.

Table 1. Crystallite Size, Film Thickness, and Roughness of
the N-Doped TiO, Films

synthesis temperature  crystallite size ~ film thickness  film roughness
°C

(nm) (nm) (nm)
400 19 +2 313 3.1
500 32+3 297 2.9
550 54 +6 343 1.2

The microstructure of the films obtained from FESEM
studies are given in Figure 1. The surface morphology of the
films synthesized at 400 °C indicate the early stages of
formation of grains. The surface is smooth and dense, but
appears hazy. Well-defined grains could not be discerned.
Formation of well-defined ~20 nm long and ~10 nm thick
grains are easily discerned from the FESEM images of the
samples synthesized at 500 °C. Because the film surface is very
smooth and dense, the grain geometry in third dimension could
not be discerned. The morphology of films synthesized at 550
°C show well-defined ~10 nm thick nanoplatelets with
triangular and rectangular shapes. Crystal twinning can also
be discerned.
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Figure 1. FESEM of N-doped TiO, synthesized at (a) 400, (b) 500, and (c) S50 °C.

The GIXRD patterns of pristine and N-doped TiO, thin
films are shown in Figure 2. The films are of anatase phase, as
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Figure 2. GIXRD pattern of pristine and N-doped TiO,.

evidenced from the GIXRD patterns (JCPDS 21- 1272, space
group I41/amd). The most intense peak appears at a 26 value
of 25.30°, which corresponds to the (101) plane of the anatase
phase. The crystallite sizes calculated using Scherrer formula are
given in Table 1. An increase in crystallite size with synthesis
temperature is clearly seen. When the crystallites try to grow
bigger in size with an increase in temperature, the film is
expected to experience reduced magnitude of strain. The strain
relaxation could have caused the morphological changes
observed from the FESEM images, as strain relaxation can
give rise to shape transition.”®

X-ray photoelectron spectroscopic studies of the N-doped
TiO, thin films were undertaken to understand the
stoichiometry and bonding nature. The high resolution spectra
were analyzed using the product of Gaussian and Lorentzian
functions with the mixing parameter, “m” being 30%
Lorentzian. For the background subtraction, conventional
Shirley type fitting was used.

Typical N-1s spectra of the samples synthesized at 400 and
500 °C are shown in Figure 3. A similar pattern was obtained
for films made at 550 °C. Depth profiling XPS was carried out
to ascertain the nature and concentration of doped nitrogen at
various depths. The N-1s spectra obtained at various sputter
depths for films synthesized at 550 °C, given in Figure 1 of the
Supporting Information, show same chemical nature and
concentration of nitrogen at different depths indicating uniform
distribution. The N-1s spectra all the samples were
deconvoluted and found to consist of one high intensity peak
at 396.6 eV and two low intensity peaks at 397.5 and 400.5 eV.
In the case of samples synthesized at 500 °C, the broad
deconvoluted peak at the tail end of the spectra was further
deconvoluted to two peaks, 399.3 and 400.4 eV (Figure 2 in the
Supporting Information). However, the y* value obtained after
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Figure 3. Deconvoluted N 1s spectrum of the N-doped TiO,
synthesized at (a) 400 and (b) 500 °C.

the second deconvolution was not as good as before. The
different N-1s BE values represent different electron density
around nitrogen suggesting various N environments in the
lattice. The high intensity peak at 396.6 eV and the low
intensity peak at 397.5 eV can be ascribed to substitutional
nitrogen (Np) in the oxide lattice.” ' The variation of N-1s
BE in the range 396—398 eV can be attributed to the variation
in the number of N in each (TiO4) octahedron. On the basis
of the studies of Palgrave and co-workers®*™>' and Wang et
al,* the N-1s peaks in the range ~399 to ~401 eV can be
assigned to interstitial nitrogen doping (N;) at low levels in the
presence of higher level N;. The low peak intensity indicates a
very low amount of N;. Thus, the XPS data reveal incorporation
of nitrogen to the TiO, crystal lattice mainly as N along with a
very small amount of N,

The composition of the thin films synthesized at 400, 500,
and 550 °C were calculated from the high resolution Ti-2p, O-
1s, and the N-1s spectra, all obtained at 6 min sputter depth,
using the equations

Xn = (In=15)/ S/ [T iz ap)/ 1) + 0215/ S0)

+ (In-15)/S8)] (1)
Xri = Urricap)/S1i) / [(Imiz2p)/ 1) + (I0-15/S0)

+ (In-19/5%)] )
Xo = (Lo-15)/S0)/ [(Timi—ap)/S1i) + (I0-15)/So)

+ (In-19/S0)] 3)
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and found to have 9.4, 8.0, and 2.6 at % of nitrogen,
respectively, where Iy, is the peak area of the N-1s peak
corresponding to O—Ti—N (Nj), Iy, is the sum of the areas
of the Ti-2p deconvoluted peaks, and Iy is area of the O-1s
corresponding to bonded oxygen. St;, S, and Sy are sensitivity
factors of the respective elements.

The optical band gap of the doped thin films are calculated
using Tauc Plot (variation of (ahv)®* with hv), obtained from
the absorption spectra of the samples. The Tauc expression is
given as

(h9a)''" = A(hS — E) )
where h is the Planck’s constant, d frequency of vibration,
absorption coeflicient, E; band gap, and A the proportionality
constant. The value of the exponent “n” denotes the type of
transition. For direct allowed transition n = 1/2 and for indirect
allowed transition n = 2. Because TiO, is an indirect band gap
material, n = 2. The variation in (ahv)®® with h, for samples
synthesized at 400, 500, and 550 °C, are shown in Figure 4. It
can be seen from the spectra that there are two linear regions.
The optical band gap obtained by extending the major linear
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Figure 4. Tauc plot of N-doped TiO, thin films synthesized at 400,
500, and 550 °C.
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region to x = 0 was calculated as ~3.20 eV. The intercept from
the smaller linear region show transition states situated at a
difference of around 0.26 eV. This indicates introduction of
interband state with substitutional N-doping. The first principle
density-functional calculation by Lee et al.*® have shown that
absorption of visible light is due to isolated N-2p states above
the valence band maximum of TiO, rather than band gap
narrowing, as the mixing of N-2p states with O-2p states are too
weak to produce significant band gap narrowing.'>'®** The
additional features in the tail region of the spectra are due to
the modified electronic structures although direct one to one
correlation is not straightforward.**

The wetting characteristics of the N-doped samples were
evaluated by contact angle measurements. All the samples
exhibited hydrophobicity (contact angle in the range 88—105°)
before light irradiation. The difference in the initial wetting
contact angle (WCA) can be attributed to the difference in
surface roughness. According to Cassie and Baxter®>*® the
WCA increases with roughness because of the cushioning effect
from trapped air. The samples synthesized at 400 and 500 °C
have roughness around 3 nm and have wetting contact angle
around 105°. The sample synthesized at 550 °C has the least
surface roughness (1.2 nm) and therefore has the lowest WCA
(88°). Recently Boras and Gonzalez-Elipe’” estimated the
wetting contact angle for a smooth polycrystalline anatase—
TiO, surface (free of OH-Ti), as 82° from the results of
wettability studies of polycrystalline anatase—TiO, films with
different microstructure, texture and surface roughness using
Miwa model.*® The initial WCA of 88° for the sample having
the least surface roughness (1.2 nm) is in reasonable agreement
with the model value of 82°.

The variation in contact angle with duration of sunlight
irradiation of ~10 mW cm ™ intensity, of the doped samples, is
depicted in Figure S. The sunlight intensity at the beginning, in
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Figure S. Variation in contact angle with irradiation time for samples
synthesized at (a) 400, (b) 500, and (c) S50 °C.

between and end of irradiation was measured to ensure
constant irradiation intensity. It can be seen from figure 5 that
the doped samples synthesized at 500 and S50 °C attained
superhydrophilicity upon exposure to sunlight for 40 min
whereas the ones synthesized at 400 °C did not. No remarkable
change in contact angle with sunlight irradiation could be seen
in the case of pristine TiO, films synthesized at 550 °C,
whereas the samples showed superhydrophilicity under UV
light (4 ~ 360 nm). This indicates the visible-light-induced

dx.doi.org/10.1021/am400785x | ACS Appl. Mater. Interfaces 2013, 5, 3967—3974
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hydrophobic — superhydrophilic conversion of N-doped TiO,
films. The superhydrophilic N-doped samples synthesized at
550 °C when kept in dark for ~5 days reverted to the initial
hydrophobic state and on sunlight irradiation attained hydro-
philicity in 30—40 min and reverted to hydrophobic state in 5
days confirming switching behavior (Figure 6).

100
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Figure 6. Switching pattern of N-doped samples synthesized at S50
°C.

Though all the samples are substitutionally N-doped, the
sunlight driven hydrophobic — hydrophilic transitions are
found to be different. To find the reason for the difference, we
analyzed the thin film surfaces by XPS, before and after
irradiation. The hydrophobic samples (before irradiation) were
loaded into the XPS chamber under dark with its view ports
covered with aluminum foils to avoid exposure to light during
loading and analysis. Figures 7—9 shows the deconvoluted high
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Figure 7. Deconvoluted O1s spectra of N-doped TiO, synthesized at
400 °C (a) before sunlight irradiation and (b) after sunlight
irradiation.

Table 2. Fraction of HO-Ti and CO Surface Species with
Respect to Total Surface O—Ti

OH/(Ti~O+OH) CO/(TiO+OH+CO)
synthesis before after before after
temperature (°C) irradiation  irradiation  irradiation irradiation
400 0.139 0.247 0.0336 0.11
500 0.09 0.114 0.0186 0.0
550 0.113 0.447 0.0202 0.0

From the table, it is clear that for all the samples, the fraction
of OH species bonded to Ti increases with sunlight irradiation
confirming surface hydroxylation as one of the physicochemical
process responsible for photoinduced hydrophilicity. Though
there is an increase in HO-Ti species for films synthesized at
400 °C, superhydrophilicity was not observed. To understand
the discrepancy, the O-1s peak at 534.2 eV attributed to O—C
bonds were analyzed. The O—C bonds represent the presence
of certain carbonaceous species at the film surface. From the
area under the peak (Figure 7—9) and the relative sensitivity
factors, the fraction/amount of the carbonaceous species
(corresponding to the 534.2 eV O-1s peaks) present at the
surface was evaluated. The calculated values are given in table-2.
From Table 2, it is clear that there is no reduction in the
amount of the carbonaceous species, in the case of samples
synthesized at 400 °C, upon sunlight irradiation. This accounts
for the observed hydrophobic — hydrophilic behavior of the
samples. The samples did not attain superhydrophilicity upon
sunlight irradiation. The analyses of 534.2 eV O-1s peaks, of
samples synthesized at 500 and 550 °C, before and after
sunlight irradiation clearly indicate destruction of the organic
species represented by the 534.2 eV O-1s peak (Figures 8 and 9
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Figure 8. Deconvoluted Ols spectra of N-doped TiO, synthesized at
500 °C (a) before sunlight irradiation and (b) after sunlight
irradiation.

resolution O-1s spectra of the films before and after irradiation.
The Ols spectrum upon deconvolution shows five peaks. The
peaks corresponding to BE values 530.6 and 531.3 eV can be
attributed to the O—Ti bonds.**** The peaks at 532.4 and
533.2 eV correspond to HO-Ti and adsorbed H,O,
respectively, and the one at 534.2 eV can be attributed to
O—C bonds.*' ™ The fraction of HO-Ti species present can
be evaluated from the area under the corresponding peak and
relative sensitivity factor of oxygen, and is given in Table 2.

3971

and Table 2). These samples achieved superhydrophilicity upon
sunlight irradiation (Figure S) in 40 min. The results confirm
the role of adsorbed carbonaceous species in the super-
hydrophilic behavior of TiO, surfaces. The reason for the
presence of carbonaceous species, which account for the
wetting performance of N-doped TiO, thin films synthesized at
400 °C, can be ascribed to the low synthesis temperature. The
presence of carbon in the form of amorphous carbon as well as
carbon containing compounds results from incomplete surface
reaction of the carbon bearing metal—organic precursors used

dx.doi.org/10.1021/am400785x | ACS Appl. Mater. Interfaces 2013, 5, 3967—3974
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Figure 9. Deconvoluted Ols spectra of N-doped TiO, synthesized at
550 °C, (a) before sunlight irradiation and (b) after sunlight
irradiation.

in the synthesis of N-doped TiO, films. The oxidation of the
carbon/carbonaceous species present in the film matrix, to CO,
and other gaseous products, increases with increase in
temperature and is reflected as reduction in intensity of the
corresponding C-1s peaks (Figures 3—5 in the Supporting
Information). Similar trends were observed in previous
studies.”®”” A clear reduction in the intensity of peaks
corresponding to BE values ~287.4 and ~289.75 eV, which
correspond to oxygen bearing carbonaceous species, is seen in
the case of samples synthesized at 500 and 550 °C, after
sunlight irradiation, indicating the role of carbonaceous species
in the superhydrophilic character of TiO, surfaces. No such
reduction was observed in the case of films synthesized at 400
°C. This indicates that the major factor behind the hydrophobic
— hydrophilic transition is surface hydroxylation whereas the
process responsible for the hydrophilic — superhydrophilic
transition is destruction of hydrocarbons present on the surface.
In view of the above, the mechanism behind the hydrophobic
— superhydrophilic conversion can be described as follows.
The hydrophobic nature of the films indicates that its surface
energy is not adequate to overcome the surface tension of
water, when the water droplets come in contact with it. The
low surface energy of the films can be attributed to the presence

of adsorbed hydrocarbons. Because the molecular forces that
hold the hydrocarbons together are much weaker than the
forces that act between water molecules, the film surface do not
possess adequate energy to overcome the water surface tension
and consequently the surface remains hydrophobic. The
photogenerated free electrons and holes diffuse to the surface
and destroy the adsorbed hydrocarbon species generating high
energy fresh surfaces. In addition, the holes attack and cleave
the surface Ti—O bonds leading to the formation of surface
hydroxyl groups and consequent surface restructuring enhanc-
ing the surface energy. The resultant high-energy surface
decreases its energy by surface wetting. Thus the intrinsically
hydrophobic surface is transformed to superhydrophilic.

The kinetic rates of hydrophobic « superhydrophilic
transition can be studied from the variation of cosine of
contact angle (cos) with time. According to Young’s theory
the cos 0 of a liquid droplet on a solid surface is a function of
the interfacial energy between the solid and liquid** that in turn
changes with the surface fraction of hydrophilic region. The
three interfacial energies are related to the cos @ by the Young’s
equation

reos 0 =y — 15

)

where y is the surface tension of liquid, s is the interfacial
energy between the solid and the gas, and yg; is the interfacial
energy between the solid and the liquid. Upon photoirradiation,
the hydrophobic regions are converted to hydrophilic regions
reducing the interfacial energy between the solid surface and
liquid. Therefore, the change in fraction of hydrophilic region
with time (rate of hydrophilic conversion during irradiation and
the rate of hydrophobic conversion when kept in dark) can be
represented as a function of cos . According to Seki and
Tachiya®* the difference in interfacial energy can be related to
the surface fraction of hydrophilic region by the relation

f=cosf = (}/SG - ]/SL)/}’ = (}’I(C) + }’2)/7’ =fc+f,
(6)

where f; = 7,/y, f, = 72/7, and c is the surface fraction of
hydrophilic region. Assuming single rate constants for the
photoassisted hydrophilic conversion and the hydrophilic to
hydrophobic conversion under dark, they obtained the
following rate equations

i, (t) = cos 0 = f ¢,(0)exp(—ky)t + f, )
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Figure 10. Variation in cos 0 with time (a) under sunlight and (b) while being kept in the dark after the superhydrophilic surface is generated.
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and

f(t) = cos @
= [fc(0) = fike/ (ke + ky)exp — (ke + ki)t

+ [fike/ (ke + k) + f, ] (8)
for the hydrophilic to hydrophobic conversion under dark and
photoassisted hydrophilic conversion respectively. Figure 10
depicts the variation in cos @ with time for the N-doped TiO,
samples under sunlight irradiation as well as the respective
decay in cos 6 when kept in dark. The decay in cos € in dark
and increase in cos @ during photoirradiation with time are
fitted using the exponential function given by eq 7 and 8,
respectively. Reasonable agreement between equations and the
experimental data can be seen for the forward and reverse
processes. From the decay of cos € with time kept in dark the
rate of superhydrophilic — hydrophobic conversion is
calculated as 1.97 X 10™* min~". The long time (¢t = co0) limit
of cos @ obtained from eq 7 is the normalized interfacial energy
of the hydrophobic surface, f,, and is 0.1918 and it corresponds
to the largest contact angle, 79°. The hydrophobic to
superhydrophilic conversion rate, k; under sunlight can be
obtained from the plot of cos @ against irradiation time, using
the value of k,. The calculated rate, k;, is 0.216 min™'. Because
ke > ki, the largest value of cos @ obtained at t = oo from the
cos O versus time curve for the hydrophobic — super-
hydrophilic conversion can be described by cos @ = f; + f,. The
highest value of cos @ corresponds to 0.99. The value of f,
(which is y,/7) obtained from the largest value of cos € is 0.798.
The smallest and largest contact angles obtained from the
analysis of cos € versus time curves given in panels a and b in
Figure 10, 8 and 79°, respectively, matches with the
corresponding experimentally observed values ~5 and ~88°.

Bl CONCLUSION

Transparent N-doped TiO, thin films were synthesized by
ultrasonic spray pyrolysis, a facile and very cost-effective open
atmospheric technique, in a single step without any post-
annealing/chemical treatment, which has the potential of
scaling up. The incorporation of nitrogen into TiO, crystal
lattice primarily as N along with very small amounts of N; was
confirmed from XPS studies. The N-doped samples were found
to undergo hydrophobic — hydrophilic transition under
sunlight irradiation. The hydrophilic samples reverted to the
initial hydrophobic state in 5 days when kept in dark and
became hydrophilic again on sunlight irradiation confirming the
switching behavior. Analysis of the surface before and after
irradiation, by XPS, revealed generation of HO-Ti species and
destruction of organic species upon sunlight irradiation
confirming the role of surface hydroxylation and organic
species removal in the wetting behavior. The rate of
hydrophobic — superhydrophilic conversion when irradiated
with sunlight and the rate of superhydrophilic — hydrophobic
conversion when the irradiated film is kept under dark
calculated following the theoretical analysis of Seki and Tachiya
is 022 min~' and 2.03 X 107* min~', respectively. The N-
doped TiO, films find application as transparent sunlight active
antifogging coatings. The calculated kinetic rates help to fix the
duration of photoirradiation for obtaining superhydrophilicity
as well as decide how long the coating can be left in the dark
without losing its superhydrophilicity.
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© Supporting Information

Figure 1 shows the representative N-1s spectra of the thin film
synthesized at 550 °C at various sputter depths. Figure 2 shows
the deconvoluted N-1s spectra of thin film synthesized at 500
°C. Figures 3, 4, and 5 show the C-1s spectra, before and after
sunlight irradiation, of N-doped TiO, synthesized at 400, 500,
and 550 °C, respectively. This material is available free of
charge via the Internet at http://pubs.acs.org/.
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