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Abstract

The effects of annealing temperature on the photocatalytic activity of nitrogen-doped (N-doped) titanium oxide (TiO,) thin films deposited on
soda-lime-silica slide glass by radio frequency (RF) magnetron sputtering have been studied. Glancing incident X-ray diffraction (GIAXRD),
Raman spectrum, scanning electron microscopy (SEM), atomic force microscopy (AFM) and UV-vis spectra were utilized to characterize the N-
doped TiO, thin films with and without annealing treatment. GIAXRD and Raman results show as-deposited N-doped TiO, thin films to be nearly
amorphous and that the rutile and anatase phases coexisted when the N-doped TiO, thin films were annealed at 623 and 823 K for 1 h, respectively.
SEM microstructure shows uniformly close packed and nearly round particles with a size of about 10 nm which are on the slide glass surface for
TiO, thin films annealed at 623 K for 1 h. AFM image shows the lowest surface roughness for the N-doped TiO, thin films annealed at 623 K for
1 h. The N-doped TiO, thin films annealed at 623 K for 1 h exhibit the best photocatalytic activity, with a rate constant (k,) of about 0.0034 h™".

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium dioxide (TiO,) with an energy band of about 3.2 eV
has various applications, such as optical coating, dyesensitized
solar cell, gas sensors, and so on [1,2]. In addition, one particular
area of interest for TiO, is its photocatalytic activity for
environmental protection. The current—voltage curves of a
semiconducting n-type TiO, electrode with a static potenti-
ometer in the dark and under light irradiation have been reported
[3]. The degradation of organic pollutants in water [4] and
gaseous formaldehyde using TiO, photocatalysis has attracted
extensive attention due to its optical and electronic properties,
chemical stability, low cost and non-toxicity.

TiO, has three polymorphic forms of crystal structure:
brookite (orthorhombic), anatase (tetragonal) and rutile
(tetragonal). The photocatalytic activity of TiO, is dependent
on its crystal structure, crystal size distribution, surface
roughness, surface hydroxyl group density, and so on [5]. It
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has been found that the anatase structure has higher
photocatalytic activity than the rutile one. In addition, it was
also pointed out [6] that TiO, photocatalysis could not be
widely applied in industry to treat wastewater, as its reaction
rate is not high enough owing to a quick carriers recombination
process. The excitation of TiO, can only be achieved by high
energy ultraviolet (UV) irradiation with a wavelength not
longer than 387.5 nm, because of its high energy band, which
rules out the use of sunlight as energy for the photoreaction.
Moreover, the low rate of electron transfer and high rate of
combination of the pairs of excited electrons and holes lead to a
low quantum yield, and also limit the photo-oxidation rate [7].

To extend the light absorption of TiO, into the visible light
region and reduce the recombination of excited electrons and
holes for highly active photo-catalysts, various preparations [8—
10], different dopants [8—11], and surface modification [8—12]
have been reported. Moreover, the transition metal ions have
been used as dopants for TiO, with the intention of improving
photocatalytic properties and extending absorption into the
visible light range [13-16]. It was pointed out [15] that the
absorption edge of TiO, thin films shifts towards longer
wavelengths from 355 to 415nm when the Fe’*-doped
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concentration increased from 0 to 25.0 wt%. The values of the
refractive index and extinction coefficient decreased with
increasing Fe>* content. In addition, the energy band gap of
TiO, thin films also decreased from 3.29 to 2.83 eV with an
increase in the Fe** content from 0 to 25.0 wt%.

Furthermore, non-metallic elements doped TiO, has also
reported [17,18]. N-doped TiO, using a sputtered TiO, target in
a nitrogen/argon mixture gas lead to a narrowing in the band
gap due to the mixing of N (2p) and O (2p) states [19].
Therefore, many processes have been used to prepare visible-
light-active N-doped TiO, (TiO,_,N,) films, such as pyrolysis
[20], sol-gel method [21], plasma-treatment [22], ion-implan-
tation [23], dip-coating [24] and sputtering [25]. However, the
effect of annealing temperature on the photocatalytic activity of
N-doped TiO, thin films has not been discussed in detail.

In the present study, N-doped TiO, thin films were prepared
by radio-frequency (RF) sputtering, and the effects of annealing
temperature on the crystalline structure, surface morphology
and photocatalytic activity are discussed in detail.

2. Experimental procedure
2.1. Sample preparation

The TiO, ceramic targets used were a commercial product
(purity>99.99%, supplied by Ultimate Materials Technology
Co. Ltd., UMAT). Before RF sputtering, the soda-lime-silica
slide glass substrate with a dimension of 2 cm x 2 cm x 0.3 cm,
was degreased, cleaned thoroughly and dried in an oven at 423 K
for 30 min.

The N-doped TiO, thin films were deposited on a soda-lime-
silica slide glass substrate by RF magnetron sputtering in a
mixture of argon (Ar, purity >99.99%, supplied by Air
Products San Fu Co. Ltd.), and nitrogen (N, purity >99.99%,
supplied by Air Products San Fu Co. Ltd.). The overall
sputtering conditions for the preparation of N-doped TiO, thin
films are listed in Table 1. After RF magnetron sputtering, the
N-doped thin films were annealed at 523, 623, 723 and 823 K
for 1 h, respectively.

2.2. Characterization of N-doped TiO,; thin films

The crystalline phases of the N-doped TiO, thin films were
examined using an X-ray diffractometer with Cu Ka radiation

Table 1

RF magnetron sputtering conditions for N-doped TiO, thin films deposition.
Target diameter (cm) 10.1
Target-substrate distance (cm) 3.6
Background pressure (Pa) 13 %1072
Working pressure (Pa) 1.3
Sputtering gas Ar and N,
No/(N> + Ar) (N, fraction) 20/(20 + 20)
Total flow rate (sccm) 40

RF power (W) 250
Substrate temperature (K) RT
Deposition time (min) 60
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Fig. 1. The schematic diagram of the photocatalytic activity measurement.

and Ni filter, operated at 30 kV and 20 mA (Rigaku D/Max
2200, Tokyo). The scanning range (26) was from 20° to 80°
with a scanning rate of 0.25°/min. The surface morphologies of
the N-doped thin films were observed by field emission
scanning electron microscopy (FESEM, JEOL, JSM 6700F,
Tokyo). The surface roughness of the N-doped TiO, thin films
were characterized by atomic force microscopy (AFM, Digital
Instruments Dimension 3100, New York) in the scanning area
of 5 pm X 5 pm.

The photocatalytic activities of the N-doped TiO, thin films
were evaluated by the decomposition of methylene blue
solution under visible light. The schematic diagram of the
photocatalytic activity measurement is shown in Fig. 1. A30 W
fluorescent lamp was used as the irradiating visible light source
with a central wavelength of 430-550 nm. The N-doped TiO,
thin film sample was immersed in 50 ml methylene blue
aqueous solution with a concentration of 4 mg/L. The distance
between the film sample and the lamp was fixed at 5 cm. The
photodegradation of methylene blue under the fluorescent
irradiation was monitored by the absorption peak around
665 nm in UV-vis spectra (UV-2401 PC, Schimadzu, Japan).

The photocatalyst reaction is described by the pseudo-first-
order model [26].

In (?) = k,t (1)

where Cy and C are the initial concentration and the reaction
concentration of methylene blue at various reaction time,
respectively, and k, is the apparent rate constant of the pseu-
do-first-order.

3. Results and discussion

3.1. Crystalline structure of N-doped TiO,; thin films
annealed at various temperatures

The GIAXRD patterns of the N-doped TiO, thin films
annealed at various temperatures for 1 h are shown in Fig. 2.
They reveal that the N-doped TiO, thin films at the as-deposited
state are almost amorphous as shown in Fig. 2(a) and the films
annealed at different temperatures are polycrystalline with a
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Fig. 2. GIAXRD patterns of the N-doped TiO, thin films annealed at various
temperatures for 1 h: (a) as-deposited, (b) 623 K, and (c) 823 K.

tetragonal structure as shown in Fig. 2(b) and (c). Fig. 2(b)
indicates the films annealed at 623 K to show coexistence of
the anatase [(101), (004), (105), (204)] and rutile
[(1 10), (10 1)] structures. The GIAXRD pattern of the N-
doped TiO, thin films annealed at 823 K, shown in Fig. 2(c),
indicates a predominant orientation with rutile TiO, along
(110), (101) and (21 1) reflections and anatase along
(1 01) reflection. Previous researchers [27] noted that the
TiO, thin films prepared in the air ambient are amorphous.
When the films were annealed at 673 K, the GIAXRD pattern
revealed the (1 0 1) and (0 O 4) reflections of the anatase, and
(1 1 0) reflection of the rutile. However, the films annealed at
773 K showed a predominant orientation with the anatase
structure along the (004), (101) and (105) reflections.
Moreover, it was also noted [25] that when the TiO, films are
deposited at a substrate temperature of 523 K, they exhibit a
well-crystallized anatase structure with (10 1) preferred
orientation. In addition, the TiO,N, films maintain the
primary anatase phase with decreasing crystallinity, in which
the diffraction peaks become broadened and shifted to the
lower angular side, when the N, fraction (F,) is increased
gradually. In the present study, the structure of as-deposited
films is amorphous, according to the result of previous
researchers [27]. After annealing, the anatase phase along the
(10 1) reflection agrees with the results of previous studies
[25,27]. However, the rutile phase along the (110) and
(101) reflections does not agree with results of previous
researchers [25,27].

The Raman spectra of the films of Fig. 2 are shown in Fig. 3.
Fig. 3(a) of the Raman spectra of the as-deposited N-doped
TiO, thin films, show that no significant peaks can be found.
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Fig. 3. Raman spectra of the N-doped TiO, thin films annealed at various
temperatures for 1 h: (a) as-deposited, (b) 623 K, and (c) 823 K.

This result is consistent with Fig. 2(a). The Raman spectra of
the N-doped TiO, thin films annealed at 623 and 823 K for 1 h
are shown in Fig. 3(b) and (c), respectively. Six peaks are
observed: 398, 448, 515, 612, 640 and 817 cm™'. The peaks
around 398, 515 and 640 cm ™! are attributed to the anatase
[28], while the bands around 448, 612 and 817 cm™ ! are
attributed to the rutile phase [28]. Some additional bands
around 290 and 325 cm™' may be ascribed to the disordered
phase [29].

The results in Figs. 2 and 3 show that all of these peaks can
be attributed to the anatase and rutile phases, whereas no other
phase, such as TiN, are present. This is because oxygen has a
stronger reactivity than nitrogen with Ti** ions where the
formation heat of AHr;y is —338 kJ/mol, which is greater than
that of AH®1j0, = —944Kk] /mol [30]. From the results of the
thermodynamic calculation, it was noted [31] that nitrogen was
only incorporated at a critical relative partial pressure of N,
above 0.95, while insufficient oxygen is available to form TiO,.
Moreover, the majority of TiO, films formed in the large range
of the N, fraction from O to 0.57, and the TiN phase was found
when the N, fraction was up to 0.75 by reactive sputtering N-
doped TiO, [25]. The above discrepancy is due to the reactive
sputtering being partially controlled by kinetics, and not only
by thermodynamics [25]. The N incorporation in the N,
fraction range from 0 to 0.57, violating the thermodynamic
predication [31], should be primarily attributed to the very
reactive N, ions formed in the sputtering plasma [25]. In the
present study, the N, fraction is 0.50, and the reactive N," ions
cannot be formed and thus there is not enough capability to
replace oxygen in TiO, to form substitutional N in the TiO,N,,
films [32].



198 M.-C. Wang et al./Ceramics International 38 (2012) 195-200

3.2. Effect of annealing temperature on the surface
microstructure and roughness of the TiO, thin films

The SEM surface morphologies of the N-doped TiO, thin
films are clearly different with and without annealing treatment
(Fig. 4). The island-like morphology of about 25 nm particles
arrayed uniformly on the slide glass surface of the as-deposited

Fig. 4. SEM microstructure of N-doped TiO, thin films annealed at various
temperatures for 1 h: (a) as-deposited, (b) 623 K, and (c) 823 K.

N-doped TiO; thin films is shown in Fig. 4(a). Fig. 4(b) shows
the surface morphology of the N-doped TiO, thin films
annealed at 623 K for 1h, which reveals nearly round
nanoparticles with a size of about 10 nm. This is because
the N-doped TiO, thin films after annealing at 623 K for 1 h are
crystallized and anatase is formed, whereas the as-deposited N-
doped TiO, films are amorphous. In addition, Fig. 4(c) shows

3
um 4

Fig. 5. AFM images of N-doped TiO, thin films (a) without annealing and
annealed at various temperatures for 1 h: (b) 623 K and (c) 823 K.
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Fig. 6. Relation between surface roughness and annealing temperature for N-
doped TiO, thin films.

the surface microstructure of N-doped TiO, thin films annealed
at 823 K for 1h, which reveals closely packed enlarged
particles ranging from 25 to 55 nm. This result is due to a
thermal effect promoting crystal growth.

The AFM images of the N-doped TiO, thin films annealed at
various temperatures for 1h (Fig. 5) shows the surface
roughness of N-doped TiO, thin films annealed at 623 K to be
smaller than those at other temperatures. In addition, surface
roughness is largest for N-doped TiO, thin films annealed at
823 K. These results agree with Fig. 4.

The surface roughness of N-doped TiO, thin films annealed
at various temperatures for 1 h, shown in Fig. 6, decreases from
1.71 to 0.35 nm for as-deposited thin films and annealed at
623 K, respectively. Moreover, the surface roughness increases
from 0.35 to 4.1 nm as the temperature increases from 623 to
823 K. This phenomenon agrees with the results of Figs. 4 and
5.

3.3. Photocatalytic activity of N-doped TiO, thin films after
annealing at various temperatures for 1 h

The visible light-induced photocatalyzed disappearance of
methylene blue for the N-doped TiO, thin films after annealing
at various temperatures for 1 h is illustrated in Fig. 7. The TiO,
thin films annealed at 623 K exhibit the best photocatalytic
activity with the rate-constant (k,) of about 0.0034 h !,
assuming pseudo-first-order reaction kinetics. The N-doped
TiO, thin films annealed at 823 K show the lowest
photocatalytic activity with k, of about 0.0015h™" of visible
light illumination. The photocatalytic activity rate of the N-
doped TiO; thin films annealed at 623 K is a twofold faster than
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Fig. 7. Photodegradation of methylene blue variation following the visible light
irradiation time for the N-doped TiO, thin films annealed at various tempera-
tures for 1 h.

that annealed at 823 K. Furthermore, the photocatalytic activity
of the as-deposited thin films is close to that of the film annealed
at 823 K.

As mentioned above, the different photocatalytic activities
for the five samples are possibly due to the differences in their
surface roughness. Studies on the photocatalytic activity of
TiO, films grown on various substrates have pointed out [33]
that rutile and anatase phases coexist in the TiO, grains, and
that no separation was observed in TiO,/indium-tin oxide glass,
meaning that the interaction between the two phases probably
contributes to its high photoreactivity. On the other hand, that
the well-crystallized anatase TiO, lattice plays an important
role in the visible light-induced photocatalytic activity has been
previously reported [32]. However, in the present study, the
rutile and anatase phases coexisted and no separation can be
observed. In addition, the crystallinity of the anatase in the thin
films is poor. Therefore, the photocatalytic activity of the N-
doped TiO, thin films annealed at 623 K is higher than those
annealed at other temperatures due to the lowest surface
roughness, which enhances photoactivity.

4. Conclusions

The effects of annealing temperature on the photocatalytic
activity of N-doped TiO, thin films have been studied. The
glancing incident angle X-ray diffraction (GIAXRD) and
Raman spectra patterns show that the N-doped TiO, thin films
in absence of annealing treatment are amorphous. In addition,
the rutile and anatase phases coexist when the N-doped TiO,
thin films are annealed at 623 and 823 K for 1 h, respectively.
The SEM microstructure analysis showed island-like aggrega-
tion of about 25 nm nanoparticles arrayed uniformly for as-
deposited thin films. When TiO, thin films are annealed at
623 K for 1 h, nearly round nanoparticles with a size of about
10 nm are observed. Moreover, enlarged particles, ranging
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from 25 to 55 nm, are also found when the TiO, thin films are
annealed at 823 K for 1 h. The surface roughness is 1.71 and
0.35 nm for TiO, thin films unannealed and annealed at 623 K
for 1 h, respectively, whereas, the surface roughness increases
from 0.35 to 4.1 nm as the annealing temperature increases
from 623 to 823 K. The best photocatalytic activity of N-doped
TiO, thin films is obtained when the films are annealed at
623 K, due to the lowest surface roughness, which appears to
enhance photoactivity.
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