Chin. Phys. B Vol. 21, No. 3 (2012) 033103

First-principles study of the electronic and optical
properties of the (Y, N)-codoped anatase TiO-
photocatalyst*

Lin Yan-Ming(#RZ#])®), Jiang Zhen-Yi(ZHE25)»T, Hu Xiao-Yun(#I z)P%,
Zhang Xiao-Dong(5K/N42)», Fan Jun($t F1)°),
Miao Hui(# #)P), and Shang Yi-Bo(fi %k )b

a) Institute of Modern Physics, Northwest University, Xi’an 710069, China

b)

Department of Physics, Northwest University, Xi’an 710069, China

<) School of Chemical Engineering, Northwest University, Xi’an 710069, China

(Received 11 June 2011; revised manuscript received 14 September 2011)

First-principles plane-wave pseudopotential calculations are performed to study the geometrical structures, for-

mation energies, and electronic and optical properties of Y-doped, N-doped, and (Y, N)-codoped TiO2. The calculated

results show that Y and N codoping leads to lattice distortion, easier separation of photogenerated electron—hole pairs

and band gap narrowing. The optical absorption spectra indicate that an obvious red-shift occurs upon Y and N

codoping, which enhances visible-light photocatalytic activity.

Keywords: TiO,, codoping, visible-light photocatalyst, first-principles calculation

PACS: 31.15.E, 68.55.ag, 71.20.-b

1. Introduction

Titanium dioxide (TiO2) as a semiconductor with
a wide band gap (3.2 eV for anatase structures!!l)
has been widely studied for several decades because
of its superior properties in photoconversion and pho-
tocatalysis.
production and environmental applications due to its

It is an excellent material for energy

characteristics of high chemical stability, low cost and
good oxidation attributes.?=4 TiO, has proved to be
one of the most promising photocatalysts that can be
widely used in pollutant degradation!® and hydrogen

6] However, its wide band gap leads to a

generation.
low photon utilization efficiency of sunlight because
only the ultraviolet light (A < 400 nm) has the en-
ergy to transmit the electron from the valence band
to the conduction band.["8] Furthermore, the photo-
generated electron—hole pairs recombine relatively eas-
ily. Both of these factors inhibit its applications as a
photocatalyst. Therefore, the extension of the opti-
cal absorption in TiOs-based materials to the visible-
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light region, in conjunction with a low photogenerated
electron—hole recombination rate, is of great practical
importance.

An effective approach to extending the TiOy op-
tical absorption edge into the visible-light region and
reducing the photogenerated electron—hole recombina-
tion rate is to dope the TiO2 with transition metal or
non-metal elements. Transition-metal element dop-
ing can effectively reduce the electron—hole recombi-
nation rate, which promotes photocatalytic efficiency
and extends the optical response from the ultravi-
olet region to the visible-light region. For exam-
ple, Dholam et all”) reported on hydrogen produc-
tion by photocatalytic water splitting using a Cr- or
Fe-doped TiO5 composite thin film as the photocat-
alyst. Zhang et all'” investigated the crystal and
electronic band structures of undoped and Fe-doped
anatase TiOy using the first-principles calculation.
Gao et all'!! studied the magnetism and electronic

structure of the Cr-doped rutile TiO5 based on the
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first-principles calculation, and the electronic struc-
ture analysis indicated that the oxygen vacancy has
a large effect on the electronic structure of the Cr-
doped rutile TiO,. Li et al.l'? studied the photocat-
alytic activity of nanoglued Sn-doped TiOs, and the
results suggested that an appropriate amount of Sn
dopant can greatly increase the quantity of hydroxyl
radicals generated by TiOs nanoparticles, which is re-
sponsible for the obvious increase in photocatalytic
activity. Chiou and Juang!*®! examined the photocat-
alytic degradation of phenol in aqueous solution by
Pr-doped TiOs nanoparticles. The Pr-doped TiO4 ex-
hibits high activity for the photocatalytic degradation
of phenol in the experiment, which is due to the pres-
ence of Pr ions in the TiO4 nanoparticles, thus causing
a significant absorption shift towards the visible-light
region. For the non-metal element doping, the doping
of NI1415] - ¢l16,17] " Gj [18,19] and S0 in TiO, can re-
duce its band gap and shift its optical absorption edge
toward the visible-light region because the related im-
purity states are near the valence band edge, which
can minimize their potential as recombination centers
compared with transition-metal doping.?! In addi-
tion, some scientists have attempted to improve the
photocatalytics of TiO5 by using the transition-metal
and non-metal elements codoped method. Huang et
al.?? reported the aerosol-assisted flow synthesis of B-
doped, Ni-doped and (B, Ni)-codoped TiO2 solid and
hollow microspheres for the photocatalytic removal of
NO. Tan et al.?3) studied the visible-light absorption
and the photocatalytic activity in (Mo, N)-codoped
TiO,. Long and English?4 studied the band gap en-
gineering of (N, Ta)-codoped TiOy by using the first-
principles calculation. Zhang et al.[? investigated
the electronic structure and the optical properties of
anatase TiOs codoped with nitrogen and iron by using
the first-principles calculation. These results suggest
that TiO, materials codoped with transition-metal
and non-metal elements can effectively extend their
optical absorption edges from the ultraviolet region to
the visible-light region and prevent the recombination
of the electron—hole pairs.

Recently, (Y, N)-codoped TiOy photocatalysts
have been synthesized by Zhang et al.[?6! The results
indicated that the doping of Y into TiO5 can reduce
the recombination of the electron—hole pairs, and the
doping of N can enhance the photo-response in the
visible-light region. Both effects are beneficial to im-
proving the photocatalytic activity of (Y, N)-codoped
TiOs. However, the physical and chemical origins of
the enhanced photocatalytic activity and optical ab-

sorption in the visible-light range remain unexplained.
In the present work, the electronic and optical prop-
erties of (Y, N)-codoped anatase TiOs will be investi-
gated using density functional theory (DFT) to reveal
the microscopic mechanism of band gap narrowing and
the origin of the enhanced photocatalytic activity. For
comparison, the corresponding calculations and theo-
retical analyses are also conducted for pure, Y-doped
and N-doped anatase TiOs. Our theoretical analysis
provides a probable explanation for the experimental
work of Zhang et al.l?l We also discuss the thermo-
dynamic properties of Y-doped, N-doped and (Y, N)-
codoped TiOy by analyzing the calculated formation

energies.

2. Computational details

We simulated yttrium and nitrogen codoping ef-
fects using a 2 x 2 x 1 (48 atom) supercell of the unit
bulk anatase TiOy (see Fig. 1). Varieties of possible
doping models were considered, such as substitutional
Y at the Ti site (YQTi), substitutional Y at the O
site (Y@O), substitutional N at the Ti site (NQT}),
and substitutional N at the O site (NQO) for the bulk
doped systems. For the codoped systems, Y was lo-
cated either at the Ti or O site, and N was located at
either the O or Tisite, i.e. Y@Tiand NQTi, YQO and
N@O, YQ@Ti and NQO, and YQO and NQTi. The op-
timized partial structures using the 48-atom 2 x 2 x 1
supercell are shown in Fig. 2.

Fig. 1. The 48-atom anatase TiO2 supercell. The gray
spheres represent Ti atoms and the black spheres represent
O atoms.

All the spin-polarized calculations were per-

formed using the projector augmented wave (PAW)

pseudopotential implemented in the VASP code.[27:28]

The exchange-correlation potential was treated
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by the generalized gradient approximation (GGA)
with the Perdew—Wang parameterization (known
as GGA-PW91).*%] The valence electron configura-
tions, which included Ti (3p%4s23d?), O (2s22p%), Y
(4s24p®5s24d'), and N (2s?2p?), were considered in
this study. The wavefunctions were expanded with a
kinetic energy cut-off of 400 eV, and the Monkhorst—
Pack[3% grid parameter for k-point sampling was 5 x
5x 5. Geometry optimization and electronic structure
calculations were carried out, and the block David-
son scheme was used for the geometry optimization.
Cell and atomic relaxations were carried out until the
residual force was below 0.01 eV/A.

In the previous work, the electronic struc-
ture calculations were conducted using the GGA+U
method®!! in conjunction with GGA geometry, which
has led to a good description of TiO, based sys-
tems, such as Cr-doped TiO5!"] and (N, Ta)-codoped
Ti0,.24 Therefore, all our electronic and optical
property calculations for the Ti 3d and Y 4d elec-
trons were conducted using the GGA+U method,
which could produce good band gaps in comparison
with the experimental results. It was found that the
band gap of the pure anatase TiOy was 2.9 eV with
U =10.0 eV and J = 1.0 eV for the Ti 3d electrons,
and only weakly dependent on J. This accords well
with the experimental value of 3.2 eV.[!l For the Y-
doped systems, the U and J values were 10.0 eV and
As for
the optical properties, the complex dielectric function

1.0 eV for the Y 4d electrons, respectively.

& = & + i€, the real part (£1), and the imaginary
part (&2) were calculated theoretically based on the
DFT. The dielectric function can be defined in terms
of current and field, which is most applicable for con-
ductivity and optical responses. The corresponding
absorption spectrum was estimated using the follow-
ing equation:

1/2

2( 2(W)V/2 — & (w
1) - 20 (O 600

where I is the absorption coefficient, and w is the an-

gular frequency of the light.

3. Results and discussion

3.1. Geometry analysis

We performed structure optimization for the pure
anatase TiOs supercell. The calculated lattice pa-
rameters of pure TiOg are ¢ = b = 3.816 A and
¢=9.618 A, which are in good agreement with the ex-
perimental values of ¢ = b= 3.782 A and ¢ = 9.502 A

321 These results indicate

(within an error of 1.2%)
that our calculation methods are reasonable, and the
calculated results are authentic.

The average bond lengths of the doped TiOy ob-
tained after the geometry optimization are listed in
Table 1. For pure anatase TiOs, the average Ti—O
bond length is 1.977 A, and there is no significant
change compared with those of the Y- and N-doped
ones. However, the average Ti—O bond length of the
(Y, N)-codoped TiOs in the supercell is longer than
those of the Y- and N-doped TiOs. The average Y-O
bond lengths in the Y-doped and (Y, N)-codoped sys-
tems are longer than the Ti—O bond length, as the ra-
dius of the Y ion is larger than that of the Tiion. Due
to the larger radius of the N atom, the average Ti-N
bond lengths of the N-doped and the (Y, N)-codoped
TiO4 are also longer than those of the Ti—-O bond.
In the case of codoped TiOs, the lengths of all these
bonds are increased. The results show that (Y, N)-
codoping leads to a significant lattice distortion and
a high defect formation energy, which in turn changes
the dipole and the moments, making the separation of

the photo-excited electron—hole pairs easier.

Table 1. Average bond lengths (in units of A) of doped TiO3 after geometry optimization.

Bond Pure TiO2 Y-doped TiO2 N-doped TiO2 (Y, N)-codoped TiO2
Ti-O 1.977 1.933 1.962 1.967
Ti-N — - 2.033 2.032
Y-O — 2.128 — 2.130
Y-N — - — 2.420

3.2. Defect formation energies

To probe the stabilities of the doped systems, we

calculated the values of defect formation energy (Ff)

for the doped and codoped systems according to the

formulas

Eyxay) = Exay) = Epure) — (1x — py),
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Et(yayand NaY)
= E(yavand Nay) — E(pure) — (by + N — pry — py),
(X =Y,N; Y= Ti,0),

where E(pure) is the total energy of the host pure TiO,
supercell, F(xay) and E(yayand Nay) are the total
energies of the supercells containing the impurities.
Under equilibrium conditions, the concentrations of
point defects are controlled by their formation ener-
gies, which depend on the chemical potentials of the
host and the impurity atoms. For TiOs, the chem-
ical potentials of O and Ti satisfy the relationships
Bri 4 200 = HTiog, KO < fo,/2, and gy < pipetel,
The chemical potential po is determined by the en-
ergy of an Og molecule in the O-rich growth condition
(corresponding to a high value of pp). The pg is the
energy of an O atom in the Oz molecule, pr; is the
energy of one Ti atom in the bulk Ti in the Ti-rich
condition (corresponding to a high value of uri), vy
and pn are the chemical potentials of the Y and N
impurities, which are calculated from the bulk Y and
the N5 molecules, respectively.

Our calculations give successful explanations of a
variety of possible doped models, and the ion of the
dopant may be dependent on the growth condition.
It should be noted that the smaller the E; value, the
more easily the impurity ions can be incorporated into
the TiOs supercell. Our calculated formation energies
for all doped and codoped anatase TiO5 are listed in
Table 2. It can be observed that the formation en-
ergy of YQTi is lower than that of YQO under both
the Ti-rich and the O-rich growth conditions. It is
shown that the Ti atom is easier to be replaced with
the Y atom under both the Ti-rich and O-rich growth
conditions. However, the formation energy of YQO is
slightly higher than that of YQTi under the Ti-rich
growth condition. The partial geometry is shown in
Fig. 2(a).
suggest that the formation energy of NQO is much
smaller than that of NQTi under both the Ti-rich and
O-rich growth conditions in the N-doped TiOs, sug-

For the N-doped TiOs, our calculations

gesting that the O atom is easier to be replaced with
the N atom under both the Ti-rich and O-rich growth
conditions. In particular, under the O-rich growth
condition, the formation energy of NQO is negative,
indicating that the N impurity is readily incorporated
into the crystal. The corresponding partial geometry
is shown in Fig. 2(b). Due to the fact that Y is located
either at the Ti or O site, and N is located at either
the O or Ti site in the codoped systems, the forma-

tion energy of the YQTi and N@QO codoped system is

much smaller than that of the other codoped systems
under both the Ti-rich and O-rich growth conditions.
These results indicate that the Y impurity prefers to
substitute the Ti ion, and the N impurity prefers to
substitute the O ion under both the Ti-rich and the
O-rich growth conditions. Figure 2(c) shows the cor-
responding partial geometry.

Table 2. Defect formation energies of doped and codoped
anatase TiOa2.

Defect formation energy/eV

Doping Ti-rich O-rich
YQTi 4.1313 0.8289
YQ@Oo 4.7103 2.7876
NQTi 16.1896 14.2669
N@O 0.1146 -3.1878
Y@Ti and NQTi 11.0972 5.8721
Y@QO and N@QO 8.6646 3.4395
YQTi and N@QO 4.3658 —0.8593
Y@O and NQTi 13.0785 7.8534

Fig. 2. Optimized partial structures using the 48-atom
2x2x 1 supercell for (a) Y-doped TiO2, (b) N-doped TiO2
and (c) (Y, N)-codoped TiO2. The large gray spheres rep-
resent the Ti atoms, the small gray spheres represent the
O atoms, the large black spheres represent the Y atoms
and the small black spheres represent the N atoms.

3.3. Electronic properties

In order to analyse the electronic properties of
the (co)doped anatase TiOs, the total density of states
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(TDOS) and the partial density of states (PDOS) were
calculated using the GGA+U approach for both Ti
3d and Y 4d. The results are plotted in Fig. 3 for
all the undoped and doped anatase TiOs with the
up-spin DOS above zero and the down-spin DOS be-
low zero. For pure TiOg, the valence band (VB) is
mainly contributed by the O 2p state, while the con-
duction band (CB) is mainly contributed by the Ti 3d
state, as shown in Figs. 3(a) and 3(a’). The calculated
band gap value is 2.9 eV, using the GGA+U scheme
for the Ti 3d electrons, which accords well with the
experimental value of 3.2 eV.[!! However, the calcu-
lated band gap value is 2.05 eV without the GGA+U
scheme for the Ti 3d electrons. This result indicates
that using the GGA+U scheme for the Ti 3d elec-
trons can effectively reduce the underestimation of the
energy gap by the GGA. For Y-doped (YQTi) TiO2
(Figs. 3(b and b')), we also use the GGA+U scheme
for the Y 4d electrons in order to reduce the under-
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estimation of the energy gap by the GGA. The shifts
of the valence band maximum (VBM) and the con-
duction band minimum (CBM) are both about 0.2 eV
upwards, and thus the band gap value is about 3.0 eV,
which is due to the interaction between the Y 4d
state and the Ti 3d state.
tron transition energy from VB to CB increases about

Consequently, the elec-

0.1 eV compared with that of the pure anatase TiO»,
which improves the mobility of the photo-generated
hole. Obviously, the higher the mobility of the photo-
generated carriers (including holes and electrons), the
better the performance of the photocatalysis. For the
N-doped (N@QO) TiOs, it is clear from Figs. 3(c) and
3(c’) that an isolated N 2p state is localized just 0.5
eV above the top of the VB of the host TiOs, which is
because N is less electronegative than O. The electron
in the VB can be excited to the localized impurity (N
2p) states in the forbidden gap and subsequently to
the CB through visible-light absorption.
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Fig. 3. Total densities of states (TDOSs) and partial densities of states (PDOSs) for ((a), (a’)) pure anatase TiOg,
((b), (b”)) Y-doped TiO2, ((c), (¢’)) N-doped TiO2 and ((d), (d)) (Y, N)-codoped TiO2. The top of the valence band

of pure anatase is taken as the reference level.

For the (Y, N)-codoped (Y@Ti and N@O) anatase
TiO,, four different configurations, YQTi and NQTj,
YQO and NQO, YQTi and NQO, and Y@QO and
N@QTi, were calculated according to the doping po-
sition. The results are shown in Figs. 3(d) and
3(d"). The calculations reveal that the defect forma-

tion energy of YQTi and NQO is the lowest. The va-
lence band maximum has no obvious shift compared
with that of the pure anatase, while the conduction
band bottom has a significant decline (about 0.23 eV).
Consequently, the electron transition energy from the
VB to the CB has a decrease of about 0.23 eV, and
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thus may induce a red-shift of the optical absorption
edge. The calculated result gives a good explana-
tion of the experimentally observed optical absorption
broadening toward the longer wavelength in the (Y,

N)-codoped TiOsx.

3.4. Optical properties

According to the obtained electronic structures,
we calculated the optical absorption spectra of the
pure and doped TiO, using the GGA+U method"]
for both the Ti 3d and Y 4d electrons, as show in
Fig. 4.
the TiO, lattice induces the increase in the optical

It is clear that the incorporation of N into

absorption in the visible-light region (about 590 nm),
corresponding to a photo transition energy of 2.1 eV
from the impurity states (N 3p) to the CB. However,
the Y-doped TiO; system does not show any good
This
is because the Y-doped TiO; has a broad band gap,

absorption activity in the visible-light region.

leading to a low optical absorption, which is consistent

with the experimental optical absorption spectra. 2!
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Fig. 4. Optical absorption spectra of pure and doped
anatase TiOs.

It is interesting that the absorption range in the
(Y, N)-codoped TiO; system increases to 530 nm,
and the absorption coefficient of the (Y, N)-codoping
in the long wavelength range exceeds that of the N-
doped TiO4 due to the acceptor—donor impurity band
in the band gap and the VB widening. In fact,
the N-doped anatase TiO; compounds with various
N-doping concentrations show different optical ab-
sorption spectra.[®3] However, in the experiment, the
growth of N-doped anatase TiOy becomes much more
difficult when the N-doping level is increased.*4 Our
theoretical studies find that the incorporation of Y

into the N-doped TiOs can reduce the formation en-
ergy of N-doping, and thus increase the N-doping con-
centration, which can improve the absorption property
of the anatase TiOs.

4. Conclusion

We calculated the electronic and optical absorp-
tion properties of pure, Y-doped, N-doped and (Y,
N)-codoped bulk anatase TiOs using spin-polarized
density functional theory. The calculated results indi-
cated that Y and N codoping leads to a lattice distor-
tion, which changes the dipole moments and makes the
separation of the photo-generated electron—hole pairs
easier. Furthermore, Y and N codoping obviously in-
duces band gap narrowing. The optical absorption
spectra show that a significant red-shift occurs upon
Y and N codoping, promoting the efficiency of the
photocatalytic activity. The result suggests that (Y,
N)-codoped TiO; is a highly active photocatalyst for
efficient visible-light photocatalysis.
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