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a  b  s  t  r  a  c  t

The  effect  of substitutional  Si,  Fe,  and Si and  Fe  (co)doping  on the electronic  structure  and  optical  prop-
erties  of anatase  and  rutile  TiO2 have  been  investigated  by  the  density  functional  theory.  The  calculated
results  indicate  that  Si  doping  TiO2 will  induce  an  obvious  band  gap  narrowing  by  mixing  O  2p  with  Si
3p  states,  and  a series  of impurity  energy  levels  (Fe 3d)  appear  in edge  of  the  VB  and  the CB  through  Fe
doping.  The  synergistic  effects  of Si  and  Fe  codoping  can  extend  optical  absorption  edge,  which  leads  to
higher  visible-light  photocatalytic  activities  than  pure  and  monodoped  anatase  TiO2.  Si  and  Fe-codoped
TiO2 nanoparticles  was  prepared  by a sol–gel-solvothermal  method,  and  the  photocatalytic  activity  of
TiO2 nanoparticles  was  examined  by  measuring  the  rate of methylene  blue  decomposition.  The  experi-
1.20.−b

eywords:
iO2

odoping

mental  results  show  that  Si and Fe-codoped  TiO2 sample  exhibits  better  optical  absorption  performance
and  higher  photocatalytic  activities  for the  degradation  of  methylene  blue  than  pure  and  monodoped
TiO2,  which  verifies  the  reliability  of  our  calculated  results.

© 2013 Elsevier B.V. All rights reserved.
isible-light photocatalyst
ensity functional theory

. Introduction

Solar energy is the most noteworthy among renewable and
ustainable energy resources because it is a clean and unlimited
esource of energy and has the global availability. In order to relieve
he energy crises, environment pollution and global warming, uti-
ization of solar energy using photocatalysts has been extensively
tudied [1–3]. Among all materials developed for photocatalytic
pplications, titanium dioxide (TiO2) is shown to be most promising
wing to its high efficiency, low cost, photostability and nontoxicity
4–8]. However, as an important functional semiconductor mate-
ial, the universal applications of TiO2 are restricted to ultraviolet
UV) light (� < 400 nm)  due to the wide band gap of TiO2 (3.2 eV
or anatase phase and 3.0 eV for rutile phase). To efficiently utilize

olar energy, reducing the band gap of TiO2 to make it photosensi-
ive to visible light has become one of the most important goals in
hotocatalytic and photovoltaic applications.

∗ Corresponding author. Tel.: +86 29 88303491; fax: +86 29 88302331.
E-mail addresses: jiangzy@nwu.edu.cn, linymnwu@gmail.com (Z. Jiang).

926-3373/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcatb.2013.04.061
In the past decades, considerable efforts have been devoted to
modifying of the electronic structure of TiO2-based materials. For
example, doping with transition metals such as Ag, Fe, Cr, and
Ni [9–12], for the sake of shifting the absorption edge of TiO2 to
visible light. However, the drawbacks of transition-metal-doped
materials are attributed to their thermal instability, increase of
carrier-recombination centers and the requirement of an expensive
facility (e.g. ion implantation). An alternative method to decrease
the band gap of TiO2 can be achieved by substituting lattice oxygen
with nonmetal elements such as C, N, Si, F, and I [13–17]. Among the
nonmetal doping systems, Si-doping TiO2 has been reported to be a
good candidate due to its unique properties of high thermal stabil-
ity, low carrier-recombination centers and narrowing the band gap
of TiO2, as Si 3p states can effectively mix  with O 2p states, leading
to an acceptor level above the valence band maximum [15,18–21].

A few latest researches show that different ions codoping into
TiO2 can further narrow its band gap and enhance its photocatalytic

activity [22–28]. For instance, Li et al. reported the C/H-codoping
produces significant band gap narrowing, which leads to higher
visible-light photocatalytic efficiency than the C-doped anatase
TiO2 [23]. The research of Su et al. suggested that the codoping

dx.doi.org/10.1016/j.apcatb.2013.04.061
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apcatb.2013.04.061&domain=pdf
mailto:jiangzy@nwu.edu.cn
mailto:linymnwu@gmail.com
dx.doi.org/10.1016/j.apcatb.2013.04.061
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ig. 1. Geometries of doping systems: (a) anatase supercell (Ti16O32) and (b) rutile
nd  red spheres represent the Ti and O atoms, respectively. The purple sphere and 

o  color in this figure legend, the reader is referred to the web version of the article

f TiO2 with N and Fe leads to the much narrowing of the band gap
nd greatly improves the photocatalytic activity under visible light
rradiation [25]. Lv et al. reported the (Bi, C and N)-codoped TiO2
anoparticles [26]. It was found that the cation and the anion affect
he properties of TiO2 differently, and the order of photoreacti-
ity for TiO2 samples is as follow: (Bi,SCN)-TiO2 > Bi-TiO2 > undoped
iO2 > P25 TiO2 under UV- or visible-light illumination. Long et al.
nvestigated systematically the band gap engineering of (N,Si)-
odoped TiO2 from hydrid density functional theory calculations
28]. The calculated results show that N and Si codoping can harvest
onger-wavelength visible light than either those of N and Si mon-
doping, owing to the contribution from N 2p in the forbidden gap
nd Si 3p at the tail of the conduction band. These results indicate
hat codoping is one of the most effective approaches to extend the
bsorption edge to the visible light range in TiO2. However, to the
est of our knowledge, photocatalytic activity and optical absorp-
ion properties of Si and Fe-codoped TiO2 for the degradation of

ethylene blue (MB) solution have no report on the theory and
xperiment. Therefore, the enhanced absorption of visible-light
nd photocatalytic activity are expected for Si and Fe-codoped TiO2
aterial.
In this work, the electronic and optical performances of Si and

e-codoped TiO2 photocatalyst are studied using the density func-
ional theory (DFT) to reveal the synergistic effects of Si and Fe
odoping on the mechanism of band gap reducing and the origin
f the enhanced visible-light photocatalytic activity. Nanocrys-
alline Si and Fe-codoped TiO2 sample was successfully prepared
y sol–gel-solvothermal method. It was found that the Si and Fe-
odoped TiO2 sample exhibited strong visible-light absorption and
utstanding visible-light photocatalytic activity for the degrada-
ion of MB  solution, which verified the reliability of our calculated
esults.

. Calculational methods and experimental details

.1. Computational details
The spin-polarized calculations were performed using the pro-
ector augmented wave (PAW) pseudopotentials as implemented
n the VASP code [29,30]. The exchange correlation function was
reated by the generalized gradient approximation (GGA) with
rcell (Ti16O32). The atom doping sites are marked with Si and Fe. The gray spheres
phere represent Si and Fe atom, respectively. (For interpretation of the references

the Perdew-Wang parameterization (known as GGA-PW91) [31].
The Brillouin-zone integrations were approximated by using the
special k-point sampling of the Monhkorst-Pack scheme [32]. A
cutoff energy of 500 eV and a mesh size of 5 × 5 × 5 were used for
geometry optimization and electronic structure calculations. Using
the block Davidson scheme, both the atomic positions and cell
parameters were optimized until the residual forces were below
0.01 eV/Å. In order to obtain the band gap that was consistent with
the experimental result, the GGA + U method [33] was  employed.
The Coulombic interaction U and exchange energy J were set to be
10.0 eV and 1.0 eV, respectively. The calculated band gap of pure
anatase TiO2 was 2.9 eV, which was in good agreement with the
experimental value [34].

The valence electron configurations considered in this study
included Ti (3d24s2), O (2s22p4), Si (3s23p2), and Fe (3d64s2). All
the (co)doped systems were constructed from a relaxed (2 × 2 × 1)
48-atom anatase and a relaxed (2 × 2 × 2) 48-atom rutile TiO2
supercell, and shown in Fig. 1. As the position of Fe in the TiO2
lattice was  unclear, variety of positions of Fe atoms in the lattice
were considered, such as substitutional Fe at the Ti site (Fe@Ti) and
O site (Fe@O). In the Si-doped TiO2, an Ti atom is substituted by an
Si atom (Si@Ti) [6]. Similar substitutions were also considered for
codoped systems, as Fe locates at either Ti or O site and Si locates
at Ti site, namely, Si@Ti and Fe@Ti and Si@Ti and Fe@O.

2.2. Preparation of the photocatalyst

Nanocrystalline TiO2 codoped with Si and Fe in this work was
prepared by a sol–gel-solvothermal method. Tetrabutyl titanate
([CH3(CH2)3O]4Ti) was used as a starting material, tetraethyl
orthosilicate ((C2H5O)4Si) as a silicon source, and ferric nitrate
hexahydrate (Fe(NO3)3·9H2O) as an iron source. All chemicals
used in the experiments were of analytical reagent grade. Firstly,
a desired amount (0.3367 g) of Fe(NO3)3·9H2O was dissolved in
39.66 mL  of glacial acetic acid (CH3COOH) solution under stirring.
Then, 5.58 mL  of (C2H5O)4Si was dropwise added into the solution
with stirring for 1 h. Secondly, 28.36 mL  of [CH3(CH2)3O]4Ti was

also dropwise added into the solution with continuous stirring for
2 h, and the solution was  transferred to a Teflon tube and placed in a
300 cm3 stainless steel autoclave and the solution was heated in an
oven and kept at 140 ◦C for 14 h. Thirdly, the precipitate obtained
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Table 1
Defect formation energies of (co)doped anatase and rutile TiO2 systems.

Doped systems Defect formation energy (eV)

Anatase Rutile

Ti-rich O-rich Ti-rich O-rich

Doped Si@Ti 1.1112 −9.1550 1.7109 −8.6382
Si@O 5.8479 10.9810 6.1921 11.3667
Fe@Ti 8.2451 −2.0211 7.4622 −2.8869
Fe@O 7.8023 12.9354 9.8703 15.0449

Codoped Si@Ti and Fe@Ti 8.4273 −12.1051 8.9740 −11.7242
Si@O and Fe@O 10.0410 20.3072 15.5263 25.8755
0 Y. Lin et al. / Applied Catalysis B: En

as washed with ethanol and distilled water, respectively. Finally,
he precipitate obtained was dried in a vacuum oven at 70 ◦C for
8 h. For comparison purposes, the samples of pure, Si-doped and
e-doped TiO2 were also prepared by similar procedures, respec-
ively.

.3. Characterizations

X-ray diffraction (XRD) patterns were recorded on a
igaku D/MAX-2400 diffractometer with Cu K� radiation with

 = 0.154178 nm.  The Brunauer–Emmett–Teller (BET) surface area
f the samples were measured through nitrogen adsorption at
7 K (Nova 2000e). All the samples were degassed at 473 K for

 h before the measurement. The UV–vis absorption spectra were
btained on an UV–vis spectrophotometer (UV-3600) equipped
ith an integrating sphere assembly, and using BaSO4 as the

eference sample. The spectra were recorded at room temperature
n air within the range 300–800 nm.

.4. Photocatalytic measurement

To evaluate the photocatalytic activity of samples, photocat-
lytic experiments were carried out in an inner-irradiation-type
eactor. A cylindrical reaction cell was used to contain the reac-
ion solution and a 500 W long-arc xenon lamp surrounded with a
ater cooling system was  fixed in the center of the reaction cell.

.2 g of photocatalyst was suspended in 200 mL  of a methylene blue
olution (20 mg/L) under stirring magnetically. The mixture was
ept in the dark for 30 min  to establish an adsorption–desorption
quilibrium before the light radiation. The amount of MB  in the
olution was determined on the basis of its characteristic optical
bsorption at 665 nm using an UV–vis spectrophotometer based
n Lambert-Beer’s law.

. Results and discussion

.1. Optimized structure and defect formation energy

We  performed structure optimization for the pure anatase and
utile TiO2 supercell. For the anatase TiO2, our calculated lat-
ice parameters are a = b = 3.774 Å and c = 9.409 Å, which are in
ood agreement with the experimental values of a = b = 3.782 Å and

 = 9.502 Å (within an error of 0.98%) [35]. For the rutile TiO2, the cal-
ulated parameters of the unit cell are a = b = 4.566 Å and c = 2.950 Å,
hich are consistent with the experimental values of a = b = 4.593 Å

nd c = 2.959 Å (within an error of 0.59%) [35]. These results indi-
ate that our calculation methods are reasonable, and the calculated
esults are authentic.

To probe the stabilities of the doped systems, we calculated the
efect formation energy (Ef) for the doped and codoped systems
ccording to the formulas

f (X@Y) = E(X@Y) − E(Pure) − (�X − �Y) (1)

f (Si@Y&Fe@Y) = E(Si@Y&Fe@Y) − E(Pure) − (�S1 + �Fe − �Y − �Y) (2)

X = Si, Fe; Y = Ti, O)

here E(pure) is the total energy of the host pure TiO2 supercell,
(X@Y) and Ef(Si@Y and Fe@Y) are the total energies of the supercells
ontaining the impurities. For TiO2, the chemical potentials of O and
i satisfy the relation ships �Ti + 2 �O = �TiO2, �O ≤ �O2/2, and �Ti
 �Ti
metal. The chemical potential �O is determined by the energy

f an O2 molecule, �Ti is the energy of one Ti atom in the bulk Ti.
Si and �Fe are the chemical potentials of the Si and Fe impurities,
hich are calculated from the bulk Si and Fe, respectively. It should
Si@Ti and Fe@O 6.6897 1.5566 9.9587 4.7842
Si@O and Fe@Ti 10.3176 5.1845 11.4982 6.3237

be noted that the smaller the Ef value, the more easily the impurity
ions can be incorporated into the TiO2 supercell. Our calculated for-
mation energies for all doped and codoped TiO2 are listed in Table 1.
It can be observed that the formation energy of Fe@Ti and Si@Ti and
Fe@Ti are much smaller than that of Fe@O and Si@Ti and Fe@O in
Fe-doped and Si and Fe-codoped anatase TiO2 under O-rich growth
condition, and the formation energy of Fe@O and Si@Ti and Fe@O
are much smaller than that of Fe@Ti and Si@Ti and Fe@Ti under
Ti-rich growth condition, respectively. In particular, the formation
energy of Fe@Ti and Si@Ti and Fe@Ti are negative values under O-
rich growth condition, which indicates that the Si and Fe impurity
are readily incorporated into the crystal. For the rutile TiO2 sys-
tem, the formation energy of Fe@Ti and Si@Ti and Fe@Ti are much
smaller than that of Fe@O and Si@Ti and Fe@O in Fe-doped and
Si and Fe-codoped systems under both O-rich and Ti-rich growth
conditions. These results indicate that Si and Fe impurities are pre-
ferred to substitute the Ti ion in anatase and rutile TiO2 systems
under both Ti-rich and O-rich growth conditions, and Si@Ti and
Fe@Ti TiO2 photocatalyst has higher stability than other doped sys-
tems. Fig. 1(a) and (b) shows the corresponding anatase and rutile
TiO2 geometries, respectively.

3.2. Electronic structures

To study the effects of Si or/and Fe doping on the photocatalytic
activity and optical absorption properties of anatase and rutile TiO2,
the electronic structures of all the (co)doping models are calcu-
lated. As the traditional DFT method seriously underestimated the
band gap for semiconductors [35–37], we calculated the electronic
structure using the DFT + U method, and the calculated band gap is
2.90 eV and 2.67 eV for anatase and rutile TiO2, respectively. This
calculated results are consistent with the experimental value of
3.20 eV for anatase structure [38] and 3.00 eV for rutile structure
[39,40].

The total density of states (TDOS) and partial density of states
(PDOS) of the (co)doping anatase TiO2 are calculated and plotted in
Fig. 2 for all the pure and doping anatase TiO2 models, with up-spin
DOS above zero and down-spin DOS below zero. For comparison,
the TDOS and PDOS of pure anatase are also calculated, which indi-
cate that the valence band (VB) mainly consists of the O 2p states
with a large bandwidth, showing strong delocalization and bonding
characteristic among the O 2p electrons, while the conduction band
(CB) is mainly contributed by the Ti 3d states. In Si-doped anatase
TiO2 (Si@Ti), the VB broadens with the mixing of O 2p and Si 3p
states, and the CB bottom has a decline about 0.15 eV, which can
lead to a band gap narrowing. For Fe-doped anatase TiO2 (Fe@Ti),
it is shown that the band gap decreases by about 0.6 eV and most

Fe 3d states are located in the band gap compared with the pure
anatase TiO2, which may  be due to stronger interactions between
the Fe 3d and Ti 3d orbitals. For Si and Fe-codoped anatase TiO2 sys-
tem (Si@Ti and Fe@Ti), some impurity states (Si 3p and Fe 3d) are



Y. Lin et al. / Applied Catalysis B: Environmental 142– 143 (2013) 38– 44 41

F alence
t

m
u
w
w
c
a

o
i
a
s
b
O
s
w
r
S
w
F
0
p
t
c
f
p
F

ig. 2. Calculated TDOS and PDOS of different doping anatase TiO2. The top of the v
he  horizontal axis refer to the up-spin and down-spin DOS, respectively.

ixed with the VB and CB edge. The top of the VB has an obvious
pward shift while the CB bottom has an obvious downward shift,
hich results in a band gap narrowing of about 1.0 eV compared
ith the pure anatase TiO2. Thus, synergistic effect of Si and Fe

odoping can lead to a decrease of the photon excitation energy
nd redshift the optical absorption edge to the visible-light range.

As in the case of (co)doping rutile TiO2, the electronic structures
f all the pure and doping rutile TiO2 models were also calculated
n order to investigate the Si and Fe doping effects on the optical
bsorption of rutile TiO2. The TDOS and PDOS of all the models are
hown in Fig. 3, with up-spin DOS above zero and down-spin DOS
elow zero. For pure rutile TiO2, the VB is mainly contributed by the

 2p state, while the CB is mainly contributed by the Ti 3d state, as
hown in Fig. 3(a) and (a’). The calculated band gap value is 2.67 eV,
hich is similar to other theoretical results [41,42]. For Si-doped

utile TiO2 (Si@Ti), the VB broadens with the coupling of O 2p and
i 3p states, and the top of the VB has a rise about 0.12 eV compared
ith pure rutile TiO2. These results lead to a band gap narrowing.

or Fe-doped rutile TiO2 (Fe@Ti), the top of the VB has a rise about
.3 eV with the mixing of Fe 3d and O 2p states. Compared with the
ure rutile TiO2, the CB bottom has a decline about 0.11 eV with
he coupling of Fe 3d and Ti 3d states. Consequently, Fe doping

an further reduce the energy needed for electrons to be excited
rom the VB to the CB, which may  be responsible for the redshift
henomena of optical absorption edge in Fe-doped TiO2. For Si and
e-codoped rutile TiO2 (Si@Ti and Fe@Ti), the top of the VB also
 band of pure anatase TiO2 is taken as the reference level. Curves above and below

has a rise about 0.48 eV with the coupling of Si 3p, Fe 3d and O 2p
states. And the bottom of the CB has a decline about 0.23 eV with
the mixing of Fe 3d down-spin state and Ti 3d state. These results
may  induce an obvious redshift of the optical absorption edge in Si
and Fe-codoped TiO2.

Therefore, synergistic effects of Si and Fe codoping lead to a
decrease of the photon excitation energy from the VB to the CB,
which may  induce more significant redshift of the absorption spec-
tra edge. The calculated results indicate that Si and Fe codoping may
lead to an outstanding photocatalytic activity in TiO2 material.

3.3. Optical properties

According to the obtained electronic structures, we calculated
the complex dielectric function � = �1 + i�2. The dielectric function
can be defined in terms of current and field, which is most appli-
cable for conductivity and optical responses. The corresponding
absorption spectrum was estimated by the following equation

I(ω) = 2ω

(
(�2

1(ω) + �2
2(ω))

1/2 − �1(ω)
2

)1/2

(3)
where I is the optical absorption coefficient, ω is the angular fre-
quency (E = �ω).

The absorption spectrum of the pure and doping TiO2 systems
are calculated and shown in Fig. 4. In anatase TiO2 (see Fig. 4(a)), it is
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Fig. 3. Calculated TDOS and PDOS of different doping rutile TiO2. The top of the valence band of pure rutile TiO2 is taken as the reference level. Curves above and below the
horizontal axis refer to the up-spin and down-spin DOS, respectively.

Fig. 4. The optical absorption spectra of pure and doping T

Fig. 5. XRD patterns for the pure and doping TiO2 samples.
iO2 models: (a) anatase phase, and (b) rutile phase.

found that pure anatase TiO2 can only respond to the UV-light and
show no absorption activity in the visible-light region. For Si-doped
system, it is clear that the narrowed band gap induces the increas-
ing optical absorption in the UV-light region. For Fe-doped system,
there are a series of impurity states (Fe 3d orbital) appearing in
the band gap and the band gap has an obvious narrowing, which
leads to a good optical absorption in the visible-light region. For Si
and Fe-codoped TiO2 system, synergistic effect of Si and Fe codop-
ing induces a band gap narrowing, which lead to a decrease of the
photon excitation energy in the view of electronic structure. It is
also found that the pure rutile TiO2 (Fig. 4(b)) can only respond to
the UV-light and shows no absorption performance in the visible-
light region. For Si doping system, with the coupling of O 2p and
Si 3p states, the narrowed band gap induces the increasing optical
absorption in the UV-light region. For Fe doping system, there are

some impurity states (Fe 3d states) appearing in the edge of the
VB and the CB. Thus, the electron transition from these impurity
states to the CB would lead to an obvious reduction of absorption
energy, which enhances the visible-light absorption for Fe-doped
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experiments reveal that Si and Fe-codoped TiO2 sample exhibits
ig. 6. UV–vis absorption spectra of (a) pure, (b) Si-doped, (c) Fe-doped, and (d) Si
nd  Fe-codoped TiO2 samples.

iO2. For Si and Fe-codoped system, it is obvious that the Si and
e-codoped TiO2 has a strong visible-light absorption in the range
f 420–680 nm,  which is due to decrease energy needed for elec-
rons to be excited from the VB to the CB with synergistic effect of
i and Fe codoping. Therefore, Si and Fe codoping may  lead to an
xcellent visible-light photocatalytic activity in TiO2 material.

.4. Characterization of the samples

Fig. 5 illustrates the XRD patterns for pure anatase TiO2, Si-
oped, Fe-doped and Si and Fe-codoped TiO2 samples. It is found
hat almost all of the diffraction peaks are contributed by the
natase TiO2 phase and no other visible impurity peak can be dis-
inguished in the pattern of pure or doped sample. The BET surface
reas for pure, Si-, Fe-, and Si and Fe-codoped TiO2 are 84.21, 252.42,
26.72 and 308.31 m2/g, respectively. It is shown that the surface
rea of TiO2 powders is increased to 308.31 m2/g with the coex-
stence of Si and Fe in TiO2, about four times of that of pure TiO2
owders.

The optical absorption spectra of the pure and doping systems
re also measured by experiments, and shown in Fig. 6. Compared
ith the pure TiO2, it is clear that the incorporation of Si into TiO2

attice induces the enhanced optical absorption in the UV-light
egion. For Fe-doped system, it exhibits an excellent absorption

ctivity in the visible-light region. For Si and Fe-codoped TiO2,
t is obvious that the optical absorption in the UV–vis region is
tronger than that of pure TiO2, especially in the visible-light region

ig. 7. Photocatalytic degradation rate of MB  test during irradiation with visible-light ra
omparison of degradation rate after 3 h of visible-light radiation. In figures, a: pure TiO2
mental 142– 143 (2013) 38– 44 43

. Therefore, the enhancement of absorption in the visible-light
region can promote the utilization of the solar light, which may
be responsible for the redshift of optical absorption edge and the
outstanding photocatalytic activity in Si and Fe-codoped anatase
TiO2. However, there are small misalignments between the exper-
imental and theoretical results, which may  be due to neglect of the
anisotropy of the absorption coefficient and the well-known limi-
tation of DFT. But, from the perspective of qualitative analysis, the
experimental results are consistent with the calculations.

3.5. Photocatalytic activity

The photocatalytic activity of the undoping and doping TiO2
samples were evaluated by monitoring the degradation of MB, as
shown in Fig. 7. The “Dark environment” shows that MB almost
cannot be degraded using catalysts without the visible-light irradi-
ation. The ‘Blank’ shows that MB  almost cannot be degraded under
the visible-light irradiation without catalysts, indicating that the
photolysis can be ignored. The Si- and Fe-doped samples present
the better photocatalytic activity compared with the pure TiO2. This
is because Si doping can reduce the band gap of TiO2, while the
impurity states of Fe 3d is also easy to appear in the forbidden gap
of TiO2. For Si and Fe-codoped TiO2 sample (see Fig. 7), it has the
best photocatalytic activity compared with the pure, Si-, Fe-doped
TiO2 samples, which is due to the enhanced optical absorption of
visible and UV-light through Si and Fe codoping. Therefore, the Si
and Fe-codoped TiO2 sample exhibits best photocatalytic activity
than the pure, Si-, Fe-doped TiO2 samples.

4. Conclusion

In conclusion, we have investigated the electronic and opti-
cal performances of pure, Si-doped, Fe-doped, Si and Fe-codoped
anatase and rutile TiO2 based on DFT calculations. Our calculated
results show that Si doping TiO2 will induce an obvious band gap
narrowing by mixing O 2p with Si 3p states, and there are a series
of impurity energy states (Fe 3d) appearing in edge of the VB
and the CB through Fe doping. The synergistic effects of Si and Fe
codoping may  further reduce the electrons excited energy from the
VB to the CB under the visible-light irradiation, which enhances
the photocatalytic activity and the redshift of absorption edge.
The photocatalytic and optical absorption properties obtained by
diation: (a) MB  concentration changes as a function of irradiation time and (b) the
, b: Si-doped, c: Fe-doped, d: Si and Fe-codoped, e: blank, f: dark environment.

better optical absorption performance and higher photocatalytic
activities for the degradation of methylene blue than pure and mon-
odoped TiO2, which verifies the reliability of our calculated results.
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