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Synergy Effect of C, Ag-Codoped TiO, Photocatalyst
Within the GGA+U Framework

Meili Guo™”

The electronic states and optical properties of the C, Ag-codoped TiO, were investigated within the

s GGA+U framework. Different doping concentration and different dopants distance (C;Ag, (near and far),
CyAg, (near and far), and Cs;,Ag, (near and far)) models were constructed. According to the formation
energy results of these codoping systems, it was found that the low concentration codoping was more
stable than the high concentration codoping. Therefore, we chose the C,Ag; (near and far) codoped TiO,
to calculate the further electronic structures and optical properties. It was found that the near distance

10 codoping could narrow gap up to 2.81 eV, and the far distance codoping decreased the band gap up to
2.66 eV. Meanwhile, it was found that the far distance codoping preferred to form more localized states
near the top of valance band, while the near distance codoping could induce more significant hybrid states
during the gap. Optical properties showed that the C and Ag codoping could induce synergy effect
compared with the single C and single Ag doping. After codoping, the visible absorption was stronger

15 both for the near and far distance codoping than that of the single doping, moreover, the far distance
codoping configuration could induce both of more significant band edge shift and stronger visible optical
absorption than that of the near distance codoping configuration.

* E-mail: meiliguo314@163.com
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Introduction

TiO, is a highly efficient photocatalytic material for energy
and environmental applications due to its strong oxidizing power,
high chemical inertness, low cost, and long-term stability.'”
Unfortunately, the band gap of TiO, is large (3.2 eV for anatase
and 3.0 eV for rutile structure), and only absorb very little visible
light, which prevents its wide application in visible region.* To
utilize the solar light, it is necessary to enhance the visible optical
absorption of TiO,.

The band gap narrowing and introducing gap states are two
effective routes to improve visible optical absorption of TiO,.
Nonmetal doping can create the electronic states near the valence
band or behave as a part of valance band, and thus can narrow the
band gap of TiO,.”® For example, N doping is an effective route
to create the N 2p electronic states near the top of valence band,
and lots of experiments also confirmed the enhancement of
visible light response of N-doped TiO,.”"* In addition, C-doped
TiO, has showed the 0.12-0.3 eV 2p electronic states near the top
of valence band, and X-ray photoelectron spectroscopy showed
an increased electron density of states above the valence band of
TiO,.""'® As a contrast, metal doping prefers to produce the
electronic states in the band gap, and thus induce the visible
optical absorption centre.'”?' It has also been shown that metal-
doped TiO, can perform the visible photocatalytic properties.”>

Due to the individual benefit of metal and nonmetal doping, it
has been proposed that metal and nonmetal codoping can
combine the two benefits and thus can induce some interesting
results.* It was reported that codoping could improve the
photoactivity of TiO, by gap states and band gap narrowing.’*%’
For example, Gai et al calculated the band structure and
electronic stated density of metal and nonmetal codoped TiO, in
detail, and they predicted C, Mo-codoped TiO, could be
conceived as a visible photocatalysts.”® Band edges of TiO, could
be modified by passivated C, Mo codopants to shift the valence
band edge up significantly, while leaving the conduction band

edge almost unchanged, thus satisfying the stringent requirements.

Subsequently, the experiment confirmed that C, Mo codoping
could enhance photocatalytic activity of TiO,*° In another
independent work, Zhu et al reported that noncompensated n-p
codoping presented effectively narrow the band gap, and N, Cr
codoping could be a good candidate for enhancing visible
photoactivity of TiO,.>'*

In addition, atom configuration can play a very important role
in codoping system. For codoping system, the far distance
configuration for doping atoms can avoid the formation of hybrid
electronic states,” and will be benefit to band gap engineering.
However, sometimes, some hybrid electronic states caused by the
near distance doping could form some special structures which
could induce some unexpected optical phenomenon and thus

s0 improved the visible photoactivity.’® For example, the N, B-
codoped system, the electronic states at the top of valence band
and in the band gap will be significant different for different
doping distance.*>*° Besides, it was reported that the distance of
doping atoms in carbon nanotubes had a significant effect on
electronic structure.’” Thus, we conceived that different doping
configuration will have a significant influence on electronic

o
a

structure and optical properties of codoped TiO,, which can
provide some information for develop visible phtocatalytic and
water splitting materials. In this work, in order to guarantee the
reliability of the results, we constructed models with different
doping concentration and different dopants distance (C,Ags (near
and far), CyAg, (near and far), and C;Agg (near and far)),
however, the formation energy results indicated the configuration
with high codoping concentration was unstable. Therefore, we

o
a5

presented the electronic structures and optical properties of C,
Ag-codoped anatase TiO, with the low doping concentration
(CsAg (near and far)). Meanwhile, the GGA+U method was
employed to correct the band gap.

» Computational Methods

All the calculations were based on the density functional
theory (DFT), within the plane-wave-pseudo-potential approach,
together with the Perdew-Burke-Ernzerhof (PBE) exchange
correlation functional®®*° The interaction between valence
75 electrons and the ionic core was described by ultrasoft
pseudopotential, which was used with 2s°2p*, 3d%4s%, 25*2p” and
4d"55" as the valence electrons configuration for the O, Ti, C,
and Ag atoms, respectively. We chose the energy cutoff to be 340
eV for the pure and C, Ag-codoped TiO, systems. The Brillouin-
zone sampling mesh parameters for the k-point set were 1x2x2.4

Firstly, geometry optimization was performed by GGA
method, because the geometry parameters calculated by the GGA
method are closer to the experiments than the GGA+U method.*'
In this way, atomic positions and lattice parameters were

3
&

optimized. The equilibrium lattice constants and fractional atomic
coordinates are deduced from the total-energy minimization by
using the BFGS geometry optimization method. Relaxation of the
lattice parameters and atomic positions is carried out under the
constraint of the unit-cell space group symmetry. Energy—volume
o relations are obtained by varying unit-cell volume and the fitted
results are obtained using the Murnaghan equation of state:

. W"]%(Bgl—l)”}”"

tol B‘O
From the fitted results, the estimate of the static bulk modulus

By at zero pressure, and the first-order pressure derivative of the
o5 bulk modulus B, are obtained. In the optimization process, the

energy change, maximum force, maximum stress and maximum
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displacement tolerances are set as 2x107° eV/atom, 0.05 eV/A,
0.1 GPa and 0.002 A, respectively.

And then, the electronic structure and optical properties of C,
Ag-codoped TiO, were performed using GGA+U method.** The
GGA+U approach introduces an intra-atomic electron-electron

o

interaction as an on-site correction in order to describe systems

with localized d states, which can produce better band gap

relative to GGA method.*® In previous work, we have calculated

U value dependent band gap, and found that the band gap with
10 U=6.6 eV was close to real band gap and also didn’t induce
unphysical results.** Meanwhile, this U value has also been tested
by other group.” Thus, to account for the strongly correlated
interactions of the Ti 3d electrons, a moderate on-site Coulomb
repulsion U=6.6 eV was applied to the further calculations of
electronic structures and optical properties in present work.*® All
parameters, such as k-point and cut off energy are same to the
structural optimization.

To calculate the electronic structures and optical properties of
pure and C, Ag-codoped anatase TiO,, the supercell was used,
20 which contained 72 atoms. The substitution method was taken

into account in this paper. Our study was based on a supercell

o

with 72 atoms, as a 2x3x1 repetition of the primitive anatase unit
cell. For the C, Ag-codoped anatase TiO,, different numbers O
atom were replaced with C atom, and one Ti atom was replaced

»s with Ag atom. Substitution models were formed with

configurations of  Tip04,CiAg, Tin04CoAg), and
Tiy30,45C3Ag;. Substitution models were presented in Fig.1.
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Fig.1 Pure and substitution models of C;Ag,, Co,Ag,, and C3 Ag,-
30 codoped TiO,.

Results and Discussions
To evaluate the feasibility of codoped systems, the
optimization, lattice distortion, and formation energies have been
35 carried out. We firstly checked the structural properties of C;Ag,,
CyAg,, and CjAge-codoped TiO, Table 1 gave the lattice

parameter a and ¢ of pure and codoped TiO, systems. For pure
TiO,, the lattice constants were 3.776 A for a and 9.486 A for c,
which was very close to the other calculation and experimental

a0 data.** After doping, the a and ¢ were 3.815 and 9.845 A for
the far C,Ag, codoped TiO,, while 3.673 and 10.390 A were for
the near C;Ag, codoped TiO,, respectively. Furthermore, the
lattice constant @ increased to 3.941 and 3.959 A for the far
CysAg, and C;Ag, codoped TiO,, while decreased to 3.648 and

45 3.638 A for the near CpAg and C;Ag, codoped TiO,. Generally,
it could be seen that the far distance codoping induced less lattice
distortion than that of the near distance codoping. Meanwhile, the
C,Ag; codoping suffered less lattice distortion at C low
concentration. However, with the increase of C doping

so concentration, ¢ increased sharply. It is indicated that the high
concentration may induce large lattice distortion and potential
instability.

Table 1. Calculated lattice constant of TiO,,and C,Ag,, Cr Ag,,
ss and C3Ag.-codoped TiO,.

a(d) c(A)
Pure TiO, 3.776 9.486
C,Ag, far 3.815 9.845
C;Ag, near 3.673 10.390
CyAg; far 3.941 10.042
CysAgs near 3.648 10.591
CiAg, far 3.959 10.146
C35Ag_S near 3.638 10.691
35 I —=—0O-rich, Far a
30} —*— O-rich, Near ///X
S 25 [ —a—Ti-rich, Far
) | —v— Ti-rich, Near
§ 20 r
2 15
] |
o 10
0 r
N
s Of
o 5l
10|

csAgs CzsAgs c3sAgs

Fig.2 Formation energies of C;Ag,, CyAg,, and Cs;Age-codoped
TiO, under Ti-rich and O-rich conditions.
60
Now, we continue to check the formation energy. For a
supercell, the formation energy of doped system is defined as:*"
50-52

E, =E

(codoped)

-E,

(pure) " M = My THH, + Uy,

6s where E(ogopedy and E(pue) are the total energies of codoped
system and pure TiO,. The n is doping atom number. The yu is
chemical potential for atom and it was obtained by calculating
stable element. We calculated the formation energies of O-rich
and Ti-rich conditions. Under Ti-rich condition, it could be seen

70 that formation energies of the far and near C;Ag, codoped TiO,

were -8.96 and -7.69 eV, respectively. As a contrast, under O-

This journal is © The Royal Society of Chemistry [year]
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rich condition, formation energies were -3.82 and -2.7 eV
corresponding to the far and near C;Ag, codoped TiO,,
respectively. The negative value of formation energy indicated
high stability. However, with the increase of C doping
concentration, the formation energy sharply increased. The
formation energies of the far and near C,,Ag,codoped TiO, were
15.21 and 16.0 eV under O rich condition and 10.22 and 11.09
respectively. Furthermore, the
formation energies of the far and near Cs;Ag codoped TiO,
increased to above 30 eV under both of O and Ti rich conditions.
It was obvious that stability of codoping system got worse under
high doping concentration. Thus, combined the lattice distortion
and formation energy, it was found that low concentration C,Ag;
was stable, so we performed the further electronic structure
calculation using this model.

We then move to the energy band structure calculation. Fig.3
showed the band structures of the near and far C,Ag,-codoped
TiO,. It was shown that the band gap of the near C;Ag,-codoped
TiO, was 2.81 eV, which was lower than 2.89 eV of pure TiO,.
Meanwhile, doped states could be found in the band gap. As a
contrast, the band gap of the far C,Ags-codoped TiO, was
decreased to 2.66 V. Similarly, some discrete energy could also
be found in the band gap. These band gap states are close to the
previous reported codoping system, such as N-Cr codoped
Ti0,.> It is necessary to investigate the electronic states in the
gap in detail.

eV under Ti-rich condition,

Energy (eV)

Energy (eV)

CsAgs(far)

Fig.3 Energy band structure of the near and far C;Ag, codoped
TiO,. Blue line represents up spin and red line represents down
spin.

To explore the electronic states of the pure, near and far
distance C,Ag, codoped TiO,, we calculated the density of states
(DOS), which were presented in Fig.4. Compared with pure TiO,
(Fig.4a), the C and Ag codoping could induced the mid-gap states
in both of the spin-up and the spin-down bands at low C

concentration, which mainly composed of the C 2p and Ag 4d
electronic states in the valance band maximum (Fig.4b). Energy
level of middle states was deeper for the near distance codoping.

40 Meanwhile, both of the far and near distance codoping induced

some C 2p states behaving as a part of valance band, which was
consistent with previous work. It has been widely reported that C
2p states could enhance the electronic states near the valance
band.* In addition, the spin asymmetry could be observed for the

4s codoped system, but the far codoping was more significant.

4—77 \ I
2 j \/\_’\ — 8 j
@ of g o s\ p
N - —
5 5
7]
- 4
3
@ Of\Af/\ /\
<]
[s] T
'2\ CSAgs (near) M /
b) 4
®) 4 2 R R
. A /
D/
2\ C Ag, (far) / \Y / \ /
D S N I 3

Energy {eV)

Fig.4 DOS of pure and C,Ag,-codoped TiO,.

To investigate the partial density of states (PDOS) of the C,Ag,

s0 codoped system, we further analyzed the Ag 4d and C 2p states in

Fig.5 It was clear that the C 2p of the near C;Ag, codoped TiO,
showed the very good spin symmetry. As a contrast, the C 2p
from the far codoped TiO, showed the significant spin
asymmetry. Meanwhile, Ag 4d states from the near codoped TiO,

ss also showed better spin symmetry than that of the far codoped

TiO,. It could be concluded that the far distance codoping
induced the significant spin asymmetry of C 2p and Ag 4d.

2l T C2p near —— Ag 4d near
I ——C2pfar i —— Ag 4d far
— 1 B
>
)
80 0
[
[=
1]
AL
RS
21
2 A 0 1 2 -4 -2 0 2
C_.Ag_-PDOS

« Fig.5 PDOS of the far and near C;Ag,-codoped TiO,.
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The band gap narrowing was observed for the near and far
distance C;Ag,-codoped systems. The nature of this phenomenon
was similar. Combining band structure and DOS, mid-gap states
and band gap narrowing were both observed in the two codoped

s system. However, for the near distance codoping system, middle
states were wider and deeper in gap. For the far distance
codoping system, as a contrast, middle states were more narrow
and induced smaller band gap. Inspired by electronic structure, it
is interesting to further investigate the optical properties.

7
[ —— Pure /\
6 —— C-doped
I —— Ag-doped
5 ' —— CgAgg(near)
~ 4} ——C Ag(far)
é L
N 3 L
“ /N
2+ N
1+
0 r 1 1 1 2 1 n
0 1 2 3 4 5

Energy (eV)

10
Fig.6 Imaginary parts of dielectric function of pure, single C

doped, single Ag doped, and C;Ag,,-codoped TiO,.

To investigate the optical transition of C;Ag,-codoped TiO,, it
15 is necessary to investigate the imaginary part of the dielectric

function ( £, ), because &, is important for describing the optical

properties of any materials. Optical transitions between occupied

and unoccupied states are caused by the electric field of the

photon. The spectra from the excited states can be described as a
20 joint DOS between the valence and conduction bands. Optical
transition peaks correspond to optical transition between two
states, and the intensity of peaks is proportional to density of
states. For the pure TiO,, 4.29 eV optical transition (Eg) could be
only observed (Fig.6). After C and Ag codoping, the optical
transition from band gap decreased to 3.92 eV for the far distance
C, Ag codoping, and 4.07 eV for the near distance C, Ag
codoping. The redshift of the optical transition indicated that the
band gaps of C,Ag,-codoped systems were decreased, which was
in good agreement with the result of DOS. Moreover, the optical
transition peak around 2 eV could be observed for the C,Ag,-
codoped TiO, systems, which indicated that C and Ag codoping
could induce visible optical transition. The optical transition peak
at 0.4 eV was observed in the near distance C, Ag-codoped TiO,,
but this peak has no contribution to the visible light response. In
addition, the optical properties of single C and single Ag doped
TiO, were also performed. It was found that C and Ag codoping
could produce a synergy effect which could further increase the
visible absorption compared with the single doping. Especially,

2

S

3

=5

3

&

the far distance codoping showed the stronger intensity of visible

40 optical transition compared to the near distance codoping, which
was interesting. It is necessary to investigate the visible
absorptions of the codoped systems.

80000 =
ure

— —— C-doped

5 —— Ag-doped
=
i 60000 —— CgAgg(near)
g —— CgAg(far)
& 40000
e
o
7]
2
<C 20000 |

600 800 1000 1200
Wavelength (nm)

400 1400

Fig.7 Optical absorption of pure, single C doped, single Ag
45 doped, and C,Ag,-codoped TiO,

Fig.7 presented the optical absorptions of pure, single C doped,
single Ag doped, and C,Ag,-codoped TiO,. It was shown that the
optical band edges of single C doped and C;Ag.-codoped TiO,

so shifted to the visible light region compared to the pure TiO,. It is
well known that relation between optical band gap and the
absorption coefficient is given by**>*

ahv =c(hv-E,)",

where £ is Planck’s constant, ¢ is a constant for a direct
ss transition, V is frequency of radiation and o is the optical
absorption coefficient. The optical band gap E, can be obtained

from the intercept of (ghy)* versus photon energy (/v ). By using

the extrapolation, optical band gap of C,Ag,-codoped system can
be obtained. It was found that the calculated optical band gaps
¢ decreased from 3.27 eV for pure TiO, to 2.68 eV for the far
distance C, Ag-codoped TiO,, and 3.0 eV for the near C, Ag-
codoped. The optical band gap of the single C-doped TiO, also
had a decrease, while the single Ag-doped TiO, had not.
Meanwhile, the optical absorptions between 450-800 nm were
os enhanced for both of the near and far codoped systems compared
with the pure and single doped TiO,. Especially, the absorption
intensity of the far distance codoped TiO, was obviously higher
than that of the near distance codoped TiO,. We calculated the
optical properties of N, B-codoped TiO, by using GGA+U
70 method, and found visible absorption was in the range of 400-700
nm. It was also found that the C-doped TiO, could form the
localized states and thus induced the significant visible optical
absorption.”® Besides, the recent investigation also showed the B,
Ag-codoped TiO, could present the stronger visible light
absorption in the range of 400-800 nm than that of B or Ag single
doped TiO,.*® Our work used GGA+U method to correct the band
gap and clearly showed that the visible optical absorption of C,
Ag-codoped TiO, should be reliable. Importantly, C and Ag
codoping induced the synergy effect both for the far distance
s0 codoping and near distance codoping.

-
S

Conclusion

In summary, the electronic structures and optical properties of
ss the single C doped, single Ag doped , and C, Ag-codoped TiO,

This journal is © The Royal Society of Chemistry [year]
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were calculated based on the GGA+U method. It was found that
the far and near distance codoping both induced the band gap
narrowing and visible optical absorption, and C and Ag codoping
could produce obvious synergy effect compared with the single C
and single Ag doping. After codoping, the visible absorption in
the 450-800 nm was sharply increased, moreover, the far
distance codoping induced more significant band gap narrowing
and visible optical absorption. Therefore, it is conceived that the
C, Ag-codoped TiO, should be helpful for visible photoactivity.

w
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