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a b s t r a c t

Titanium dioxide (TiO2), co-deposited with Fe and N, is first implanted with Fe by a metal plasma

ion implantation (MPII) process and then annealed in N2 atmosphere at a temperature regime of

400–600 1C. First-principle calculations show that the (Fe, N) co-deposited TiO2 films produced additional

band gap levels at the bottom of the conduction band (CB) and on the top of the valence band (VB).

The (Fe, N) co-deposited TiO2 films were effective in both prohibiting electron–hole recombination and

generating additional Fe–O and N–Ti–O impurity levels for the TiO2 band gap. The (Fe, N) co-deposited TiO2

has a narrower band gap of 1.97 eV than Fe-implanted TiO2 (3.14 eV) and N-doped TiO2 (2.16 eV).

A significant reduction of TiO2 band gap energy from 3.22 to 1.97 eV was achieved, which resulted in the

extension of photocatalytic activity of TiO2 from UV to Vis regime. The photocatalytic activity and removal

rate were approximately two-fold higher than that of the Fe-implanted TiO2 under visible light irradiation.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Ever since Fujishima and Honda discovered TiO2, a number of
researchers have been highly interested in this material [1].
However, the wide band gap of TiO2 (anatase TiO2 band gap¼
3.2 eV) allows activity only under ultraviolet light (lo387 nm),
which accounts for only a small part of the solar spectrum
(3–5%) [2]. As such, the modification of TiO2 photocatalytic
systems for enhanced activities under visible light (l4387 nm)
has become an important research topic in recent years.

The impurity doping of TiO2 is one strategy used to extend the
spectral response of this material to the visible light region.
Researchers have used transition metals to enhance the photo-
catalytic activities of TiO2. Some metals, such as Fe3þ , Cr3þ , Co2þ ,
V4þ , and Mo5þ , enhance the photocatalytic activity of TiO2 under
visible light irradiation [3–7]. However, fast recombination rates
prohibit untreated anatase TiO2 from being used in a wide variety
of practical applications. Few metals, such as Fe3þ and Cu2þ ,
effectively reduce electron–hole recombination [8,9]. Nonmetal-
doped TiO2 has been proposed to be a promising material with
which photo-responses can be extended from the ultraviolet to
ll rights reserved.
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the visible light region. Some of these nonmetals include B� , C� ,
N� , S� , and F� [10–14]. Anion-doped TiO2 shows considerable
effects on band gap alterations [15]. Among them, N-doped TiO2

has been proven to be the most effective in narrowing the band
gap and in increasing photocatalytic activities in the visible
regime [11]. Recent papers have reported the effects of Fe- and
N-modification of co-doped TiO2 in enhancing photocatalysis
applications [16–19]. They found that the photocatalytic activities
of these powders are about two to four times higher than pure
anatase TiO2 under visible light irradiation. However, the char-
acteristics and electron structures of co-deposited (Fe, N) TiO2

films by means of experimental and theoretical calculations have
yet to be studied.

In this research, we report on the (Fe, N) co-deposited TiO2

system using a combination of experimental characterizations
and theoretical calculations of its electronic structure and density
of states (DOS). The local structure around Fe and N in anatase
TiO2 is likewise determined. (Fe, N) co-deposited TiO2 films were
prepared using a metal plasma ion implantation (MPII) technique
and then annealed in N2 atmosphere. MPII [20–22] is a simple
method that can modify the physical and chemical performances
of films [23,24]. MPII is able to efficiently control the ion
distribution, depth, and dosages in the TiO2 matrix. The
as-deposited TiO2 thin film was subjected to MPII to incorporate
the Fe ions, allowing for its steady dispersal onto the surface.
However MPII uses a high accelerating voltage to implant metal
ions into the TiO2 matrix, resulting in radiation damage and
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defects in the implanted samples. The Fe-doped samples were
annealed in N2 atmosphere, both to reduce radiation damage and
to incorporate the N ions for the fabrication of visible-light
photocatalysts of stable (Fe, N) co-doped TiO2 films. Here, the
co-deposited system demonstrates that Fe and N replace Ti and O
in the anatase structure with band gap narrowing. The relation-
ships of the different annealing temperatures on the microstruc-
tures, chemical states, optical properties, band structures, and
DOS of these (Fe, N) co-deposited TiO2 films were also investi-
gated. The films manifest higher photocatalytic activities, as
evidenced by the photodegradation of methylene blue (MB)
solution, under visible light irradiation.
Fig. 1. The 1�2�1 supercell model for (a) anatase TiO2, (b) Fe-implanted TiO2,

(c) N-doped TiO2, and (d) (Fe, N) co-deposited TiO2.
2. Experimental

2.1. Film preparation and characterization

Anatase TiO2 was prepared by the sol–gel process starting
from titanium butoxide precursors. Fe-implanted TiO2 coatings
were fabricated using the MPII technique. After the deposition of
the TiO2 films, Fe ions were implanted into the as-deposited TiO2

films at an acceleration voltage of 20 keV and an ion dosage of
5�1015 ions/cm2. These conditions are in accordance with our
previous experimental results [25]. The Fe-implanted films were
annealed in N2 atmosphere at 400, 500, and 600 1C for 3 h at a
heating rate of 5 1C/min. The N2 flow rate in the furnace was
controlled at 100 sccm at l atm. The final product of (Fe, N) co-
deposited TiO2 films was thus obtained. For comparison, the as-
deposited TiO2 was annealed in N2 atmosphere at 500 1C for 3 h.

The crystal structures of the films were measured using
grazing incidence X-ray diffraction (GIXRD) (PANalytica X’Per
PRO MRD) with the incidence angle of 21 operated at 40 kV and
30 mA with a CuKa (l¼0.154 nm) excitation source. The mor-
phology of the (Fe, N) co-deposited TiO2 coatings was examined
by field-emission scanning electron microscopy (FE-SEM; JEOL
JSM-6700F) operated at 3 kV. The chemical compositions of the
films were determined using X-ray photoelectron spectroscopy
(XPS; ULVAC-PHI 5000 VersaProbe; AlKa radiation: 1486.6 eV).
The optical absorption of the films was obtained by measuring the
absorption edge at 300–800 nm with a UV–visible spectrophot-
ometer (HITACHI U3010).

The photocatalytic activity of (Fe, N) co-deposition TiO2 coat-
ings was measured by degrading an MB solution. For the photo-
catalytic experiment, the specimens were placed in a solution
containing 20 mL aqueous MB with a concentration of 10�6 M
under fluorescent light (peaked at l¼452 and 543 nm) as the
irradiation source. The decolorization of the MB solution was
measured through a UV–vis spectrometer at 665 nm to monitor
the concentration degradation of MB. The removal efficiency of
the (Fe, N) co-deposited TiO2 films was calculated based on the
steps detailed below [26]:

Removal%¼
initial concentration�final concentration

initial concentration
� 100%: ð1Þ

2.2. Computational methods

The modification of the band gap of the (Fe, N) co-deposited
TiO2 films was investigated using the CASTEP method [27] in
Materials Studio 4.0 developed by Accelrys Software Inc. We
calculated the band structure of the films using the first-principle
density functional theory. Calculations were performed using the
spin-polarized density functional theory (DFT) with generalized-
gradient-approximation (GGA)/Perdew–Burke–Ernzerhof (PBE)
function. We first formed the atomic structure with the optimum
lattice constants (a¼0.3776 nm, c¼0.9486 nm) of the as-deposited
anatase TiO2, which is consistent with the experimental data.
A 7�3�3 Monkhorst–Park grid was used for the irreducible
Brillouim zone. The plane-wave kinetic energy cutoff was set as
300 eV. The self-consistent field tolerance was 5.0�10�6 eV/atom.
The co-deposited system used anatase 1�2�1 supercell, a Ti atom
was replaced by a Fe atom, and an O atom was replaced by an N
atom [28]. Therefore, the models of energy band gap configuration
were compared using four types of 1�2�1 supercells: (a) anatase
TiO2, (b) Fe-implanted TiO2, (c) N-doped TiO2, and (d) (Fe, N)
co-deposited TiO2, as shown in Fig. 1.
3. Results and discussion

3.1. Microstructure of coatings

Fig. 2 shows the XRD patterns of the (Fe, N) co-deposited TiO2

films prepared at different temperatures. The results demonstrate
the presence of the anatase phase for all co-deposited TiO2 films
at annealing temperatures between 400 and 600 1C. In the
previous study [29], we have studied the phase change of TiO2

calcined at various temperatures. The result indicated that the
formation of anatase TiO2 thin films occurred at calcination
temperatures between 400 and 600 1C. The TiO2 thin films
remained amorphous at calcination temperatures below 400 1C.
The phase transformation of our MPII-treated TiO2 from anatase
to rutile occurred at 700 1C. It reveals that the phase transforma-
tion of the metal-doped TiO2 from anatase to rutile occurred at
temperatures higher than 600 1C. The variation of the phase
transformation temperature from that of the pure TiO2 may be
resulted from the impurity effects from the implanted metal ions,
which formed strong bonding with the TiO2 substrate. The crystal
size of TiO2 calcined at various annealing temperatures was
calculated based on the Scherrer equation; crystal size of TiO2

increased to 15, 18, and 20 nm with the increase in the annealing
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temperatures. Higher annealing temperatures result in unwanted
aggregation. However, at lower annealing temperatures of
400 and 500 1C, crystal size was maintained at less than 20 nm,
similar to the as-deposited TiO2, favoring the maximum lifecycle
of excited electrons [30]; therefore, stable co-doped catalyst is
obtained. Despite the lower voltage of 20 keV, the intensity of Fe-
implanted TiO2 is slightly decreased by Fe ion implantation
compared with as-deposited TiO2. Thermal annealing was used
to improve the structural properties of co-deposited films. The
(Fe, N) co-deposited TiO2 films show the sharpening of diffraction
peaks because of the annealing-out of high-energy ion beam-
induced defects. The N-doping by thermal annealing is considered
beneficial to improve the crystal and without the excessive
increase in crystallite size.
Fig. 2. XRD pattern of the as-deposited TiO2, Fe-implanted TiO2, and (Fe, N)

co-deposited TiO2 at the various annealing temperature.

Fig. 3. Surface morphology of the (Fe, N) co-deposited TiO2 films annealed in N2 atmo
Fig. 3 shows the SEM image of the co-deposited films at
various annealing temperatures, with the start of aggregation at
above 500 1C. For surface reactions such as photocatalysis, the
aggregation surface may be disadvantageous in terms of an
increase in effective surface area. The thickness of the (Fe, N)
co-deposited TiO2 films after annealing at various temperatures
was measured from cross-sectional morphology, and was
revealed to be 10075 nm, as shown in Fig. 3(d). Therefore, a
suitable thermal treatment range not only retains the beneficial
morphologies and crystallinity, but also incorporates N into the
Fe-implanted TiO2 thin films.

3.2. Chemical composition

The chemical states of Fe and N incorporated into TiO2 were
measured by XPS. Fig. 4 shows the XPS spectra for the high-
resolution N 1s and Fe 2p core levels of (Fe, N) co-deposited TiO2

films in N2 atmosphere at the temperature regime of 400–600 1C.
In Fig. 4(a), the relative intensity of the N 1s peak increases
slightly with increasing annealing temperatures. The concentra-
tion of N with N 1s in XPS spectra, which may depend on the
annealing temperature at 400, 500, and 600 1C, was found to be
approximately 0.1, 0.4, and 0.1 at%, respectively. This result
implies that the N concentration in the films can be controlled
by changing the temperature of the N2 treatment. However, at
600 1C, the amount of N doped into the TiO2 lattice reveals a
significant decrease because of the higher annealing temperature
[31,32]. Typical binding energies of 396–404 eV in N-doped TiO2

have been observed by several researchers [11,33,34]. The N 1s

spectra could be deconvoluted into two peaks at 398.2 and
400 eV. The peak at 398.2 eV is attributed to N substitution in O
sites and the formation of N–Ti–O bonds in the TiO2 lattice [32]. In
contrast, the slight peak at 400 eV is assigned to the interaction
between the N and O characteristics of interstitial N doping, as in
N–O bound species [35]. A main peak at the N 1s core level
located at 398.2 eV corresponds to the substitution of N, which
effectively narrows the band gap. This is discussed further later in
sphere at (a) 400 1C, (b) 500 1C, (c) 600 1C, and (d) its cross-sectional morphology.



Fig. 4. High resolution (a) N 1s and (b) Fe 2p XPS spectra of the films prepared at

various annealing temperatures in N2 atmosphere.

Fig. 5. Optical absorption spectra of (Fe, N) co-deposited TiO2 films surface treated

in N2 atmosphere in the annealing temperature range of 400–600 1C.
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this paper. Fig. 4(b) depicts the Fe 2p core levels of the films. The
Fe 2p peaks reveal a weak intensity resulting from the low doping
level [36]. Here, Fe2þ and Fe3þ coexist in the Fe-doped TiO2

because of the reduction by the electrons generated by the
incident light on the TiO2 materials. The transformation of
electron can be shown as Fe3þ

þe�-Fe2þ . In addition, Fe3þ

can be easily photo-induced to Fe2þ compared with other oxida-
tion potential [37]. However, the main peak in the XPS spectra is
at 710.9 eV, and is attributed to Fe3þ [38]. Li et al. [39] have
reported the preparation of Fe3þ-doped TiO2 by the sol–gel
processes. Although these researchers used a precursor to control
the chemical states of iron in the TiO2, the Fe-doped TiO2 sample
also induced a small amount of Fe2þ . They considered that the
Fe2þ favors photocatalytic efficiency; however, the enhancement
of photocatalytic activity of Fe-doped TiO2 composite obviously
depended on the Fe3þ ion doping. Hence, they frequently
redefined the optimal concentration of Fe. The XPS results verify
that Fe and N are successfully co-deposited into the TiO2

lattice.
3.3. Optical analysis and band gap of co-deposited TiO2 coatings

Fig. 5 shows the optical absorption spectra of films. The co-
deposited films demonstrate extended visible-light absorptions
higher than those of the as-deposited TiO2 and N- or Fe-doped
TiO2. The (Fe, N) co-deposited TiO2 film was annealed under N2

atmosphere at 500 1C, showing noticeable absorbance at less than
500 nm compared with the Fe or N-doped TiO2 films and notice-
able absorption from 400 to 500 nm. For photocatalysis, the
stronger absorption in the visible light can be advantageous in
terms of increased effective photosensitivity. The noticeable
absorption starts at 500 1C; this can be attributed to N doping
in the TiO2 lattice [11,40]. Asahi et al. [11] calculated the DOS of
N-doped TiO2 and reported that N-doped TiO2 films noticeably
absorbed light at less than 500 nm; this depended on the
concentration of N with N 1s in the XPS spectra. After being
annealed at 500 1C in N2 atmosphere for 3 h, N was significantly
incorporated into the TiO2 films, as determined by XPS data. The
red-shift of the absorption edge of the N-doped TiO2 films has
been attributed to the formation of impurity levels below the TiO2

conduction band (CB) [18,41]. However, at higher annealing
temperatures (e.g., 600 1C), the visible region loss becomes more
severe, possibly because of a significant decrease on the amount
of N doping on the TiO2 lattice with an excessive annealing
temperature. This hypothesis agrees with XPS analytic results.
Thus, the absorption edges of films annealed at higher tempera-
tures did not noticeably absorb light at less than 500 nm.

The optical band gap energies of films can be determined by
the Tauc relationship, according to the following formula [42]:

ðahnÞ1=2
¼ Aðhn�EgÞ, ð2Þ

a¼�1=d lnðI=IoÞ, ð3Þ

where A is the absorption constant, hn is the photon energy, a is
the absorption coefficient related to transmittance T, d is the film
thickness, and I/Io is the transmission intensity. The optical band
gap energies of all films were calculated from the Tauc relation-
ship (Fig. 6). The band gap energies are 3.14, 2.16, and 1.97 eV for
Fe-doped TiO2, N-doped TiO2, and (Fe, N) co-deposited TiO2,
respectively. Among these films, the band gap of (Fe, N)
co-deposited TiO2 is the lowest. In the co-deposited film, two
impurity levels are evident in the TiO2 band. This could be



Fig. 6. Tauc plots of (ahn)1/2 as a function of the photon energy of (Fe, N)

co-deposited TiO2 films with respect to the annealing temperatures.

Fig. 7. Removal of MB over (Fe, N) co-deposited TiO2 films at various annealing

temperatures under visible light irradiation.
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attributed to the transition processes from the valence band (VB)
to the impurity level or from the impurity level to the CB [19]. The
co-deposited system seems to favor more visible absorption than
that of N or Fe-doped films.

3.4. Photocatalytic activities

The photocatalytic activities of the (Fe, N) co-deposited TiO2

films were evaluated using the photodegradation of MB solution
under visible-light irradiation, as shown in Fig. 7. The best results
were obtained from the films annealed at 500 1C, at which
temperature the removal rate was 30.1%. In the visible region,
the (Fe, N) co-deposited TiO2 films (annealed at 400 and 500 1C)
show higher activities than the Fe-implanted TiO2 films (17.8%).
Nevertheless, at higher annealing temperatures of 600 1C, the
photoactivity decreased to 16.4%. The good correspondence
between the experimental data and the photoactivity results of
(Fe, N) co-deposited TiO2 films annealed at 600 1C indicates the
progressive loss of larger surface areas and of N-doping because of
higher treatments. In this experimental range, the optimal
annealing temperature is 500 1C. The high photocatalytic activity
of the co-deposited film is caused by several factors. First,
improved photosensitivity could be attributed to the reduced
band gap energy of TiO2 by the N doping, as demonstrated in the
band gap energy calculation results. For the N-doped films, the
major role of N doped into TiO2 is to narrow the band gap,
resulting in visible-light photoresponses [35]. Second, when the
optimal concentration of Fe3þ is doped into the TiO2, the major
role of Fe3þ involves increasing carrier centers and improving the
trapping efficiency of electrons to inhibit electron–hole recombi-
nation [8]. In the previous study [25], it was reported that the
optimal value is 0.5 at%. Hence, the co-deposited film could
decrease both the band gap and recombination of e�/hþpairs to
improve the photocatalytic activity in visible-light region.

3.5. Theoretical calculations

The supercell model for the (Fe, N) co-deposited TiO2 was
modeled by a single substitution of Fe and N for the Ti and O
atoms, respectively. Fig. 1 shows the supercell model. The band
gap energy of the TiO2 thin film was calculated using the DOS of
the substitutional doping of Fe and N in the anatase TiO2 crystal.
Fig. 8 shows the calculated electronic band structures of all films.
The evaluated band gap energy is 2.27 eV for as-deposited TiO2, as
shown in Fig. 8(a). The calculated value is lower than the
experimental value of 3.22 eV because of the limitation of DFT,
because it has a discontinuity of the exchange-correlation energy
in DFT [43,44].

The calculated band structures of Fe-doped TiO2, N-doped
TiO2, and (Fe, N) co-deposited TiO2 are shown in Figs. 8(b)–(d).
For Fe-implanted films, we observed a split in energy levels
because of the crystal symmetry and degree of degeneration of
coatings after the doping process. An isolated impurity energy
level was found below the CB of TiO2 [Fig. 8(b)]. These impurity
energy levels agree well with the CB of TiO2 and the band gap
decreases to 2.18 eV. In the Fe-implanted film, the Fe3þ ions were
incorporated for the substitution replacement of Ti4þ in the TiO2

lattice and exist in states of Fe3þ . They have a half-full d orbital,
which has a special stability in this kind of electron configuration.
Furthermore, Fe3þ doping can form a new state for shallow
impurity levels in the band gap of TiO2.

For the N-doped TiO2, an upward shift toward the top of the
VB led to the narrowing of the band gap energy to 1.89 eV, as
shown in Fig. 8(c). The band gap is narrower compared to that of
Fe-implanted TiO2. For N substitution in TiO2 lattice, the combi-
nation of the N 2p and O 2p states is the most effective way to
narrow the band gap. These states introduced by N are shallow in
the gap above the valence band.

For the (Fe, N) co-deposited TiO2 [Fig. 8(d)] film, a downward
shift toward the bottom of the CB and an upward shift toward the
top of the VB cause narrowing of the band gap energy to 0.9 eV
lower than that of mono-doped TiO2. These results demonstrate
that the co-deposited film could form the two impurity levels
within the band gap of TiO2. Furthermore, the reduction regime of
the band gap between VB and CB is more significant than that in
the Fe or N-doped TiO2. For the calculations, the addition of a
scissor operation of 0.95 eV to the calculated band gap is depen-
dent on the difference between the calculated band gap (3.22 eV)
and the experimental type (2.27 eV). As a benchmark for compar-
ison, the band gap used the results from Fe-implanted TiO2,
N-doped TiO2, and (Fe, N) co-deposited TiO2 calculations, and
the band gaps are 3.13, 2.84, and 1.85 eV, respectively. This
rationalizes the experimental data, showing that the fundamental
absorption edges of (Fe, N) co-deposited TiO2 red-shifted toward
the visible-light regime (Fig. 5) and exhibited lower band gap



Fig. 8. Calculated electronic band structures for (a) anatase TiO2, (b) Fe-implanted TiO2, (c) N-doped TiO2, and (d) (Fe, N) co-deposited TiO2 thin films.

Fig. 9. Total density of states (left) and partial density of states (right) for (a) anatase TiO2, (b) Fe-implanted TiO2, (c) N-doped TiO2, and (d) (Fe, N) co-deposited TiO2

thin films.
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energies (Fig. 6) compared with Fe or N-doped TiO2. Thus, Fe and
N co-deposition can further modify the band structure and
improve the sensitivity of the film to visible light.

To further understand the changes in the band gap of
co-deposited TiO2, the calculated DOS is illustrated in Fig. 9,
including the total density of states (TDOS) and partial density of
states (PDOS) of as-deposited TiO2, Fe-implanted TiO2, N-doped
TiO2, and (Fe, N) co-deposited TiO2. The Fermi energy (EF) is
located at the 0 eV binding energy. The CB and VB of the
TiO2 correspond to the Ti 3d and O 2p states, respectively.
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The incorporation of Fe and N atoms results in different d and p

orbitals in connection with the Ti 3d and O 2p states. The
co-deposited TiO2 system is able to modify both CB and VB after
the doping process.

For the Fe-implanted TiO2 [Fig. 9(b)], the shallow donor levels
near the CB after the Ti atom is replaced by an Fe atom, and the
impurity of the Fe 3d states appear below the Ti 3d states, which
is attributed to Fe eg orbital contribution. As a result, the band gap
of the Fe-implanted TiO2 is slightly reduced. This kind of impurity
state is located above EF, which can improve electron trapping in
shallow trapping sites, thereby separating the arrival times
between the electron–hole pairs at the surface [45]. These gap
states are able to act as electron traps and enhance photocatalytic
activities. The experimental work on the Fe-implanted TiO2

reveals a significant increase in photocatalytic activity compared
with the as-deposited TiO2. A significant peak near the Fermi level
could be observed, which is mainly attributed to the Fe t2g orbital
contribution. These impurity states are located at the Fermi level,
which implies easy electron transition to CB. However, these
impurity states result in deep trapping. When the concentration
of Fe3þ ions is higher, the impurities become the recombination
centers that increase the e�/hþrecombination, leading to poor
photocatalytic activities [46].

For the N-doped TiO2, Fig. 9(c) shows the shallow acceptor for
the N 2p states located near the O 2p states. This impurity level
shows the advantage of better photo-excited carrier migration
over deeper impurity levels because deep impurity levels are able
to act as recombination centers and reduce photo-excited carrier
migration [11,47,48]. In contrast, hybridization between the N 2p

and O 2p states occurred near the Fermi level to form continuum
states results in strong mixing at the O 2p states. This shows that
the continuum states form after the N-doping. For photocatalysis,
the continuum states can be advantageous in terms of increased
effective photo-excited carrier migration compared with Fe-doped
TiO2. Similar results were reported by Long and English [49] and Mi
et al. [50], indicating that the hybrid continuum states are unable to
function as a recombination center because of the presence of fully
occupied states.

As for the (Fe, N) co-deposited TiO2 [Fig. 9(d)], shallow donor
and shallow acceptor were induced close to the CB and VB levels
in the narrowing band, which corresponds to the experimental
work. The (Fe, N) co-deposited TiO2 structure showed narrowed
band gaps with higher photocatalytic efficiency under visible-
light radiation, similar to some reports in literature [19]. Never-
theless, our results differ from the findings of Liu et al. [17], which
showed lower photocatalytic activity of (Fe, N) co-doped TiO2

compared with those in single doping; this may be attributable to
the dopant concentration. Some investigations on co-doping
systems have considered the relation between photocatalytic
activity and dopant concentration [18,19]. When the dopant
concentration is higher than the optimal value, the dopant
transforms into recombination centers, resulting in an increase
in e�/hþ recombination, and, consequently, poor photocatalytic
activity. In the present study, MPII could efficiently control
ion distribution and ion dosages in the TiO2 matrix. Thus, we
expect that a small amount of Fe ions would disperse on the
surface layer of the TiO2, leading to an enhanced photocatalytic
activity.
4. Conclusions

(Fe, N) co-deposited TiO2 films were successfully synthesized
using the MPII technique in conjunction with a heat treatment
process. The N doping can effectively decrease the band gap. The
formation of N–Ti–O bonds was observed in the impurity level of
TiO2 coatings after N2 treatment and an effective band gap
modification. In addition, N-doping in Fe-implanted TiO2 films
extended the absorption edge, which was red-shifted toward
the visible light region. The band gap energy of the (Fe, N)
co-deposited TiO2 films was reduced by 0.23–1.25 eV after anneal-
ing in N2 atmosphere. The reduction of the band gap energy
resulted in the increased photosensitivity of TiO2 in the visible
light regime. The films annealed in N2 atmosphere at 500 1C
demonstrated the best photocatalytic activity and degradation
efficiency, reaching values that are about two-fold higher than
those of Fe-implanted TiO2 under visible light irradiation. More-
over, the energetic and electronic properties of (Fe, N) co-deposited
TiO2 films were evaluated by the theoretical first-principle calcula-
tions. (Fe, N) co-deposited TiO2 films were found to be highly
effective potocatalysts. This design also responded to the visible
light regime. The shallow acceptor and donor also formed in the
band gap of TiO2. It is strongly suggested that (Fe, N) co-deposited
TiO2 films not only enable easy photo-excited electron–hole
separation, but also reduce the band gap significantly. These results
suggest that the proposed (Fe, N) co-deposited TiO2 film design
conforms to the requirements for highly effective photocatalysts
under visible light irradiation.
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