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ffect on the electronic and optical
properties of the TiO2 (101) surface: a first-
principles study

Dongxiang Li,ab Ruiqin Li,b Fanjin Zeng,ab Shuyi Wang,c Wanjun Yan,d

Mingsen Deng *ce and Shaohong Cai*e

Extension of the light absorption range and a reduction of the possibility of the photo-generated electron–

hole pair recombination are themain tasks to break the bottleneck of the photocatalytic application of TiO2.

In this paper, we systematically investigate the electronic and optical properties of Sc-doped, C-doped, and

Sc/C-codoped TiO2 (101) surfaces using spin-polarized DFT+U calculations. The absorption coefficient of

the Sc/C-codoped TiO2 (101) surfaces were enhanced the most compared with the other two doped

systems in the high energy region of visible light, which can be attributed to the shallow impurity states.

Furthermore, we studied the optical absorption properties with the change of the impurity

concentration. The Sc/C-codoped TiO2 (101) surface with 5.56% impurity concentration exhibited

optimal photocatalytic performance in the visible region. These results may be helpful for designing the

high-performance of the photocatalysts by doping.
1 Introduction

Transition metal oxides have attracted tremendous attention
due to its wide applications in photocatalysis, electronic
devices, solar cells and heterogeneous catalysis in the past few
decades.1–13 TiO2 has many advantages, including non-toxicity,
inexpensiveness, highly oxidative property, and resistance to
photo corrosion. However, TiO2 has a band gap of 3.2 eV,14

resulting in a light response in the UV range. In addition, the
recombination of photo-excited electrons and holes can reduce
the photocatalytic performance of the material. Therefore, the
extension of the light absorption range and improvement of the
quantum efficiency are regarded as two main approaches to
improve the photocatalytic activity of TiO2.

Recent studies have shown that transition metal (TM)15–19

and non-metal atoms doping20–23 are a feasible and efficient way
to enhance the photocatalytic performance of TiO2. Neverthe-
less, the TM doping is deemed unstable and can introduce
localized impurity states, which increase the recombination
rate of photo-generated electron–hole pairs.24–26 On the other
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hand, it has been found that the electronic and optical prop-
erties of TiO2 have been remarkably regulated by doping C
atoms. Owing to the presence of impurity states (C-2p states) in
the band gap, the excitation energy of electrons in TiO2 is greatly
reduced, which is responsible for the red-shi of the optical
absorption edge. However, these impurity states in the band
gap can also serve as carrier recombination centers that
signicantly reduce the carrier mobility.

Compared to single carbon doping, the codoping of carbon
and the transition metal atom have gained particular attention
because of the remarkably enhanced photocatalytic activity for
TiO2. A large number of TiO2 codoped with carbon and transi-
tion metal atoms have been successfully prepared, which
possess the visible-light photocatalytic activity, owing to the
extension of the absorption into the visible-light region. Liu
et al. have shown that C/V co-doped TiO2 exhibits excellent
visible light activity,27 where the improved photocatalytic
activity can be attributed to the synergistic effects between
vanadium and carbon. Cai et al. have synthesized Mn/C-
codoped TiO2 by modied sol–gel method,28 and the Mn/C-
codoped TiO2 has high photocatalytic activities for the decol-
orization of methyl orange aqueous solution.

In order to understand the underlying mechanism for the
signicantly enhanced photocatalytic activity, many theoretical
investigations have focused on codoped TiO2 by employing
density functional theory calculations. The reduced band gap
for TiO2 was considered to be responsible for the enhanced
photocatalytic activity. Morgade et al. have observed that the
band gap of Pt/C-codoped TiO2 decreases that due to the
introduction of impurity states.29 Li et al. presented that the Cr/
RSC Adv., 2021, 11, 31663–31674 | 31663
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C-codoped system displays better visible light absorption than
the mono-doped system due to the narrowing of the band gap.30

Chen et al. found that the Ni/C-codoped TiO2 has the smallest
direct band gap and shows a red-shi of the absorption band
edge.31 These results indicate that carbon and transition metal
codoping is one of the most effective approaches to enhance
optical performance.

Recently, Nasir et al. have synthetized a Sc/C-codoped TiO2

catalyst and suggested that the recombination rate of the photo-
generated electron–hole pairs decrease with increasing Sc
concentration,32 where the enhanced photocatalytic perfor-
mance can be ascribed to the increase of the surface area and
synergistic effect between Sc and C impurities. So far, however,
the origin of the improved photocatalytic activity for Sc/C-
codoped TiO2 is not clear. In this paper, we studied the elec-
tronic structures and photocatalytic properties of Sc- or/and C-
doped TiO2 (101) surfaces systematically. The Sc/C codoped
system could effectively enhance the separation rate of photo-
generated carriers because of lattice distortion and the band
gap narrowing caused by the synthesis effect. When the impu-
rity concentration of Sc and C reached 5.56%, the doped system
showed better optical absorption performance in the visible
region. Our calculated results in this paper explain the experi-
mental phenomena well, and provide a reliable theoretical basis
for the preparation of efficient photocatalysts.
Fig. 1 The 2 � 2 � 1 TiO2 (101) surface shows the doped sites. There
are seven doped positions of the Sc and C atoms: 2-fold coordinated
O atom (O2), two 3-fold coordinated O atom (O1

3 and O2
3), 5-fold

coordinated Ti atom (Ti5), 6-fold coordinated Ti atom (Ti6), and two
kinds of interstitial site doping (in1 and in2).
2 Computation methods and models

Density functional theory (DFT) calculations were carried out
using the projector augmented wave (PAW) method, as imple-
mented in the Vienna Ab initio Simulation Package (VASP)
code.33,34 The generalized gradient approximation (GGA) with
Perdew–Burke–Ernzerhof (PBE) functional35 was chosen for
geometry relaxation and total energy calculations. The atomic
position was relaxed until the convergence criteria for the
energy and force were smaller than 1� 10�5 eV and 0.01 eV Å�1,
respectively. The valence atomic congurations used in the
calculation contained Ti for 3p63d24s2, O for 2s22p4, Sc for
3s23p63d14s2 and C for 2s22p2. To get an accurate electronic
structure for anatase TiO2, the DFT+U method was also used in
the electronic structural calculations.

The linear optical absorption spectra were described by the
frequency-dependent complex dielectric function 3(u), 3(u) ¼
31(u) + i32(u), where 31(u) and 32(u) were the real and imaginary
parts of the dielectric function, and u was the photon
frequency. Based on the dielectric function, the absorption
coefficient a(u) could be obtained by the following equation:36

aðuÞ ¼
ffiffiffi
2

p
u

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312 þ 322

p � 31

2

#1=2

(1)

For the bulk anatase structure, the calculated lattice
parameters were a ¼ 3.803 Å and c ¼ 9.770 Å, which were in
good agreement with previous experimental results and theo-
retical predictions.37,38 Our model for the TiO2 (101) surface was
constructed on the basis of 18 atomic layers with a vacuum
31664 | RSC Adv., 2021, 11, 31663–31674
space of 18 Å. For geometry relaxation, the six atomic layers at
the bottom of the slab are xed, while the other atoms were
allowed to relax. The plane-wave cut-off energy was set to 500 eV.
The k point grids of the geometry relaxation and electronic
properties calculations were used for 2 � 4 � 1 and 3 � 5 � 1,
respectively. The doping model was constructed using a 2 � 2�
1 TiO2 (101) surface, as shown in Fig. 1. The marked number
above the atom represents the coordination number of the
corresponding atom. Various defects related to the Sc- or/and C-
doped TiO2 (101) surfaces were considered, such as interstitial
Sc atom (Sc@in), substitutional Sc for Ti (Sc@Ti), substitutional
C for O with (C@O), and interstitial C atom (C@in). Here, Sc at
the Ti site and C at the interstitial site were considered
(Sc@Ti&C@in) for the Sc/C-codoped TiO2 (101) surface. Two
doping concentrations of 1.39 and 2.78 at% were involved for
the Sc- or/and C-doped TiO2 (101) surface. In order to study the
effects of the doping concentration on the TiO2 (101) surface
systematically, two kinds of surface models (2� 1� 1 and 2� 3
� 1 TiO2 (101) surfaces) had been constructed. The k point grids
of 2 � 7 � 1 (2 � 2 � 1) and 3 � 9 � 1 (4 � 4 � 1) were used for
geometry relaxation and electronic property calculations for the
2 � 1 � 1 (2 � 3 � 1) surface, respectively. The doping
concentrations of Sc or/and C doping in the 2 � 1 � 1 (2 � 3 �
1) surface were about 2.78 (0.93) and 5.56 (1.86) at%. The
electronic structures and absorption spectra were post-
processed by VASPKIT code.39

The surface energy (Esurf) of the pure TiO2 (101) surface was
calculated by:

Esurf ¼ (Eslab � NEbulk)/(2A) (2)

where Eslab was the total energy of the slab and Ebulk was the
energy of each TiO2 formula units in the bulk TiO2. N is the
number of TiO2 formula units contained in the slab. A was the
surface area of the slab. The surface energy of the model was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Average bond lengths of the pure and Sc- or/and C-doped
TiO2 (101) surfaces after geometry optimization
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evaluated to be 0.43 J m�2, which was in good agreement with
the previous calculations.40,41
Bond length
(Å) Pure Sc-doped C-doped Sc/C-codoped

Ti–O 1.941 1.933 2.035 1.987
Sc–O — 2.047 — 2.071
C–O — — 1.312 1.315
C–Ti — — 2.086 2.044
3 Results and discussion
3.1 Structure and defect formation energies

To investigate the thermal stability of those impurities in the
TiO2 (101) surface, the defect formation energies (Efor) of the Sc-
or/and C-doped systems were calculated according to the
equation:

Efor ¼ Ed � Ep + m(mO � mC) + n(mTi � mSc) � kmi (3)

where Ed and Ep were the total energies of the doped and pure
TiO2 (101) surface. The terms m, n, and k refer to the number of
impurity atoms. The chemical potential of Sc was obtained by
the bulk Sc metal. The chemical potentials of mTi and mO were
determined by synthesis conditions (Ti-rich or O-rich), and
should satisfy the relations of mTi + 2mO ¼ mTiO2. Under the O-
rich condition, mO was derived from the energy of an O2 mole-
cule. In the case of the Ti-rich environment, mTi can be obtained
from the bulk Ti metal. The mC was the chemical potential of C
that was obtained from the relationship, mC + 2mO ¼ mCO2. The
formation enthalpy of the pure TiO2 (101) surface was predicted
to be �10.96 eV, in good agreement with the value (�9.6 � 0.8
eV) reported in ref. 42.

The defect formation energies of several typical doping
structures are listed in Table 1. It was noted that the formation
energies of the Sc-doped TiO2 (101) surface were negative, as
shown in Table 1, indicating that the substitution of Sc for Ti
was exothermic. Moreover, the formation energies of substitu-
tional C for O were much larger than that of the Sc-doped TiO2

(101) surface under both Ti-rich and O-rich conditions, which
indicated that the C-doped TiO2 (101) surface was correspond-
ingly difficult to be synthesized. In addition, the Ti atom was
easier to be substituted for the Sc atom, while the O atom was
easier to dope into a lattice as an interstitial atom under both O-
rich and Ti-rich conditions. This means that Sc@Ti5&C@in2 is
most likely to be synthesized when the Sc atom and C atom are
simultaneously doped. Therefore, our calculations indicate that
Table 1 The defect formation energies of Sc- or/and C-doped TiO2

(101) surface

Model

Efor (eV)

O-rich Ti-rich

Mono-doped Sc@in1 �3.03 �3.03
Sc@in2 �2.81 �2.81
Sc@Ti5 �9.11 �3.43
Sc@Ti6 �8.90 �3.22
C@in1 9.02 9.02
C@in2 8.79 8.79
C@O2 13.71 10.87
C@O1

3 13.92 11.07
C@O2

3 14.27 11.43
Co-doped Sc@Ti5&C@in2 �2.51 3.17

© 2021 The Author(s). Published by the Royal Society of Chemistry
the Sc/C-codoped TiO2 (101) surface is more easily synthesized
under an O-rich condition in experiment because the negative
formation energy is led by the compensated effect. Due to the
low formation energy, Sc@Ti5, C@in2, and Sc@Ti5&C@in2
were adopted in further investigation.

The geometry structures of the pure and Sc- or/and C-doped
TiO2 (101) surfaces were relaxed by the DFT+U calculations. The
average bond lengths are shown in Table 2 and Fig. 2. We found
that ve Sc–O bonds are formed by the substitutional Sc for Ti in
the TiO2 (101) surface (Fig. 2(b)). Because the atomic radius
(1.45 Å) of the Ti atom was smaller than that of the Sc atom (1.64
Å), the Sc–O bond length was longer than that of the Ti–O bond
in pure TiO2. Meanwhile, the variation of the bond length also
caused a slight change of the O–Ti–O bond angle (from 153� to
155�). For the C-doped TiO2 (C@in2) TiO2 (101) surface
(Fig. 2(c)), the length of the C–Ti bond was longer than the
original Ti–O bond, which can be attributed to the larger atomic
radius (C: 0.91 Å > O: 0.65 Å). Moreover, the length of the Ti–O
bond (2.035 Å) clearly increased with respect to the original
value of 1.941 Å. In particular, the bond angle of O–Ti–O (154�)
clearly shows the phenomenon of the bond angle reversal and
enlargement. The Ti–O bond length of the Sc/C-codoped TiO2

(Sc@Ti5&C@in2) surface (Fig. 2(d)) was between that of the Sc-
doped model and C-doped model, which could be explained by
the synergistic effect between the Sc atom and C atom. These
changes show that the doping can bring about the apparent
lattice deformation, whichmay change the dipole moments and
affect the separation of the electron–hole pairs.43–45
3.2 Electronic structures and photocatalytic activity

The band structures and density of states (DOS) of the bulk TiO2

and TiO2 (101) surface were calculated by DFT+U method to
gain the accurate band gap shown in Fig. 3. It was found that
bulk TiO2 was an indirect band gap semiconductor. The
calculated band gap was 3.18 eV with a U value of 7.0 eV, which
was very close to previous theoretical46 and experimental47

results. Thus, the electronic structures of the TiO2 (101) surface
also were calculated for Ueff ¼ 7.0 eV in Fig. 3(b). Because the
valence band maximum (VBM) and the conduction band
minimum (CBM) were both located at the G point, the TiO2

(101) surface became a direct band gap semiconductor. The
band gap of this slab became 2.99 eV due to the presence of the
surface states, which was consistent with the other theoretical
results (3.05 eV).48 In addition, the conduction bands (CB) of the
bulk TiO2 and TiO2 (101) surface were mainly contributed by Ti-
RSC Adv., 2021, 11, 31663–31674 | 31665
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Fig. 3 The band structures and density of states for the 6-atom bulk TiO2 (a) and 72-atom TiO2 (101) surface (b). The black solid lines represent
the Fermi level that is set to zero.

Fig. 2 Optimized geometrical configurations and partial bonds length for (a) pure, (b) Sc-doped, (c) C-doped, and (d) Sc/C-codoped TiO2 (101)
surfaces.
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3d states, while the valence bands (VB) were mainly composed
of O-2p states. In addition, a mild hybridization between the Ti-
3d states and O-2p states could be observed near the CBM of the
TiO2 (101) surface.

In order to further explore the effects of Sc or/and C doping
on the electronic properties of the TiO2 (101) surface, the band
structures and DOSs were plotted in Fig. 4. It was found that the
positions of the CBM and VBM of the Sc-doped TiO2 (101)
surface upshied steadily compared to the pure TiO2 (101)
surface, and the band gap decreases by about 0.03 eV, as shown
in Fig. 4(a). Interestingly, the Fermi level of the Sc-doped TiO2

(101) surface pinned the partial VB (Fig. 4(a0)), indicating
semimetal properties. Since the electrons of the Sc atom are less
31666 | RSC Adv., 2021, 11, 31663–31674
than that of the Ti atom, the O-2p state will not be lled and
a hole state will be introduced near the Fermi level. Therefore,
electrons could be excited to the empty bands through a small
excitation energy, which can increase the absorption in the low
energy region of visible light. In addition, the impurity band is
not introduced into the band gap of the Sc-doped system. It
could be understood by the quite close size of Sc3+ and Ti4+,
which means that the substitution of Sc3+ in the site of Ti4+ is
relatively facile and stable. The similar phenomenon has been
reported by relevant literature.49,50

Compared to the pure TiO2 (101) surface, the positions of the
CBM and VBM had a sharp decrease (1.03 eV and 1.01 eV) for
the C-doped TiO2 (101) surface (Fig. 4(b)). It could be observed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Band structures and DOSs for (a and a0) Sc-doped, (b and b0) C-doped, and (c and c0) Sc/C-codoped TiO2 (101) surface. The dotted black
lines indicate the Fermi level that is set to zero. The solid and dotted red lines indicate the conduction band (CB) position and valence band (VB)
position of the pure and doped TiO2 (101) surface, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 31663–31674 | 31667
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Table 3 Average Bader charges for the pure and Sc- or/and C-doped
TiO2 (101) surfaces

Model Ti O Sc C

Pure +2.25 �1.12 — —
Sc-doped +2.27 �1.13 +1.96 —
C-doped +2.27 �1.15 — +0.86
Sc/C-codoped +2.29 �1.15 +1.89 +0.60
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that the host band gap decreased to 2.97 eV and resulted in
a red-shi of the absorption edge. Interestingly, the TiO2 (101)
surface became an indirect band gap by doping carbon. More-
over, three impurity states appeared in the band gap, so the
minimum energy difference between the CBM and these
impurity states was 1.95 eV, which was much smaller than the
band gap of the pure TiO2 (101) surface. It also indicated that
those isolated impurity states reduce the excitation energy of
the electron transition, resulting in a red-shi of the absorption
edge.51,52 In addition, it could be clearly observed that the three
impurity states were mainly contributed by the hybridized
energy states between Ti-t2g, Ti-eg, O-2p, and C-2p orbits
(Fig. 4(b0)), which were attributed to the formation of the Ti–C
bond and C–O bond for the interstitial C atom. Owing to the
asymmetry of the spin-up and spin-down states, a hole state was
introduced in the top of VB. Furthermore, the effective masses
of the carriers (m*

e and m*
h) for the undoped, Sc-doped, C-doped

and Sc/C-codoped TiO2 (101) surfaces have been obtained from
parabolic tting to the CBM and VBM along a specic direction
in the reciprocal space. The average effective masses of the
photogenerated electrons (holes) in the undoped, Sc-doped, C-
doped and Sc/C-codoped systems were about 1.60 (2.94) m0,
1.55 (3.33) m0, 1.58 (6.49) m0 and 1.67 (3.57) m0, respectively. It
is well known that the large difference between m*

e and m*
h will

further lead to the large difference between the transfer rates of
holes and electrons, promoting the separation of photoinduced
carriers. The differences of all doped systems were greater than
that of the pure TiO2 (101) surface. This also could explain why
all doped systems have higher photocatalytic activity than the
undoped surface in Fig. 6.

For the Sc and C codoping (Fig. 4(c) and (c0)), both VBM and
CBM signicantly decreased with the values of 0.48 eV and
0.52 eV, respectively. It is worth noting that three impurity states
were introduced in the band gap located between the VBM and
Fermi level. Because the energy difference between the impurity
Fig. 5 Planar-averaged electron density difference Dr for the Sc-
doped, C-doped and Sc/C-codoped TiO2 (101) surfaces. These
interpolated maps show the charge density difference between 5.3 eV
and 14.6 eV. The yellow and cyan indicate the electron accumulation
and depletion, respectively.

31668 | RSC Adv., 2021, 11, 31663–31674
states and the VBMwas only 0.49 eV, these impurity states could
be seen as shallow acceptor states and promoted the separation
of photo-generated electron–hole pairs. The effective band gap
was estimated to be 2.52 eV by measuring the minimum energy
difference between the impurity states and CBM, which was
much smaller than the band gap of the pure TiO2 (101) surface
(2.99 eV), but was greater than that of the C-doped TiO2 (101)
surface. In addition, these impurity states were mainly
composed of the O-2p states and slightly contributed by
hybridization between the Ti-t2g, Ti-eg, O-2p and C-2p orbits.
The absence of a hole state at the top of VB was attributed to the
synergistic effect between the Sc and C impurities.

The electron density difference in Fig. 5 showed that the
charge redistribution mainly occurred around the doping
atoms. The electrons migrated between the Ti, O, Sc, and C
atoms. In order to explore the charge transfer quantitatively, the
average charges of Ti, O, Sc, and C in the pure, C-doped, Sc-
doped and Sc/C-codoped surfaces were calculated according
to the Bader charges analysis summarized in Table 3.53 The
average charges of the Ti and O atoms in the pure TiO2 (101)
surface were calculated to be +2.25 and �1.12, respectively.
Aer doping, the occupation states of the Ti-3d and O-2p orbital
would be affected by the extra electrons or holes from the
doping atoms (Sc or C).

The optical absorption spectra (OAS) for the pure and three
doped models were calculated by the obtained complex
Fig. 6 The optical absorption spectra of pure and doped TiO2 (101)
surfaces in the visible light region.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Band structures, DOSs and optical absorption curves of different impurity concentrations in the Sc-doped TiO2 (101) surface: (a and a0) Sc:
0.93%; (b and b0) Sc: 2.78%; (c) Sc: all impurity concentrations.
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dielectric constant. As shown in Fig. 6, the optical absorption
coefficients increased to some extent and the red-shi of the
absorption edge could be observed owing to the presence of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
impurity states in the band gap aer Sc or/and C doping. The
OAS in the visible light region could be roughly divided into
three parts, high energy zone (380–457 nm), medium energy
RSC Adv., 2021, 11, 31663–31674 | 31669
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Fig. 8 Band structures, DOSs and optical absorption curves of different impurity concentrations in the C-doped TiO2 (101) surface: (a and a0) C:
0.93%; (b and b0) C: 2.78%; (c) C: all impurity concentrations.
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zone (457–503 nm), and low energy zone (503–780 nm). It is well
known that bulk TiO2 has no response to the visible light.
Compared to bulk TiO2, the absorption edge of the pure TiO2
31670 | RSC Adv., 2021, 11, 31663–31674
(101) surface was extended to the visible light region. The
absorption coefficient clearly increased in the medium energy
and low energy zones for the Sc-doped TiO2 (101) surface, which
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Band structures, DOSs and optical absorption curves of different impurity concentrations in the Sc/C-codoped TiO2 (101) surface: (a and
a0) Sc/C: 1.86%; (b and b0) Sc/C: 5.56%; (c) Sc/C: all impurity concentrations.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 31663–31674 | 31671

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/2
5/

20
26

 1
:0

5:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05756a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/2
5/

20
26

 1
:0

5:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
could be mainly ascribed to the reduction of the band gap and
the formation of a hole state near the Fermi level. In particular,
the excitation energy of the electrons from VB to the empty
bands was greatly reduced due to the presence of unoccupied O-
2p orbits; thus, the absorption coefficient in the long wave-
length range remarkably increased.

For the C-doped TiO2 (101) surface, the reduction of the host
band gap led to a red shi of the absorption edge. The minimum
energy difference between CBM and the impurity states was
reduced to 1.95 eV, attributed to the appearance of impurity
states in the band gap. Thus, the C-doped TiO2 (101) surface
exhibited a stronger absorption coefficient in the medium energy
and high energy zones. Nevertheless, the impurity states near the
Fermi level were seen as a recombination center, which would
restrain the photocatalytic performance. For the Sc/C-codoped
surface, the optical absorption had an obvious enhancement in
the high energy zone compared to the pure TiO2 (101) surface
because of the introduction of shallow impurity states in the
band gap induced by the synergistic effect of the Sc and C atoms.
However, its absorption coefficient was less than that of the Sc-
doped and C-doped surfaces in the visible light range, which
was mainly attributed to a deciency of empty bands near the
Fermi level and large energy difference between CBM and the
impurity states, respectively.
3.3 The inuences of impurity concentration

The inuence of the impurity concentration on the electronic
and optical properties of the Sc- or/and C-doped TiO2 (101)
surfaces was investigated through calculating the optical
absorption spectra, band structures and DOSs of various impu-
rity concentrations, as shown in Fig. 7–9. It was found that the
hole state gradually upshied into the band gap, and the band
gap reduced with increasing Sc concentration for the Sc-doped
TiO2 (101) surface, which resulted in the increase of the light
absorption intensity shown in Fig. 7(c). Moreover, a direct–indi-
rect transition for the band gap could be realized when the
doping concentration changed from 1.39% (Fig. 4(a) and (a0)) to
0.93% (Fig. 7(a) and (a0)) or 2.78% (Fig. 7(b) and (b0)). Here, the
indirect band gap could hinder the carrier recombination.

It is obvious that some shallow impurity states were intro-
duced above VBM and under CBM in the 0.93% C-doped surface
(Fig. 8(a) and (a0)), which prompted the separation of the elec-
tron–hole pairs. The host band gap for 0.93% doping concen-
tration was almost unchanged compared with the pure model,
but the effective band gap derived from the maximum energy
difference among the impurity states becomes 2.39 eV. With
1.39% C doping concentration (Fig. 4(b) and (b0)), the impurity
states under CBM downshied toward the Fermi level. More-
over, the effective band gap decreased from 2.39 eV to 1.95 eV,
resulting in a red shi of the absorption edge. For the case of
2.78% C doping concentration (Fig. 8(b) and (b0)), the host band
gap was reduced to 2.39 eV. Therefore, the absorption coeffi-
cient of 2.78% C-doped surface was higher than that of the pure
model, but was lower than that of 0.93% and 1.39% C-doped
concentration, owing to the absence of shallow impurity
states in the band gap (Fig. 8(c)).
31672 | RSC Adv., 2021, 11, 31663–31674
The absorption coefficients rst decreased and then increased
with increasing doping concentration for the Sc/C-codoped surface
shown in Fig. 9(c). The factors, the formation of the shallow
impurity states in the band gap, empty bands near the Fermi level,
and the signicantly reduced host band gap (2.95 eV) and effective
band gap (2.18 eV) were responsible for the increase of the
absorption coefficients in the 1.86% Sc/C-codoped TiO2 (101)
surface (Fig. 9(a) and (a0)). Compared to the 1.86% Sc/C-codoped
TiO2 (101) surface, the absorption coefficient for the 2.78%
impurity concentration (Fig. 4(c) and (c0)) clearly decreased,mainly
due to the absence of unoccupied states and enlargement of the
host band gaps. For the 5.56% Sc/C-doped TiO2 (101) surface
(Fig. 9(b) and (b0)), the host and effective band gaps could be
further decreased by about 0.02 eV and 0.4 eV with respect to the
1.86% doping concentration, respectively. Some shallow impurity
states were introduced above the VBM and under the CBM, which
promoted the effective separation of the photo-excited electron–
hole pairs. According to the above analysis, the Sc/C-codoped TiO2

(101) surface with 5.56% doping concentration was favorable for
the generation and separation of electron–hole pairs, leading to
the best photocatalytic performance among all doping models in
the visible light region in our calculations.

4 Conclusions

In conclusion, the electronic and optical properties of various
Sc-doped, C-doped, and Sc/C-codoped TiO2 (101) surfaces have
systematically been studied by rst-principles calculations. We
found that the Sc@Ti5 and C@in2 defects were relatively easy to
form under both O-rich and Ti-rich conditions. Sc and C
impurities could cause apparent lattice deformation in the TiO2

(101) surface, which may induce a dipole moment and promote
the separation of photo-generated electron–hole pairs. With
regard to the C-doped surface, the presence of isolated hybrid-
ized states in the forbidden gap could effectively lower the
excitation energy of the electron transition, and result in a red
shi of the absorption edge. For the Sc/C-codoped TiO2 (101)
surface, the optical absorption could be extended in the high
energy zone because of some shallow impurity states in the
band gap of the TiO2 (101) surface, which was derived from the
synergistic effect between the Sc and C atoms. In addition, it
was found that the optical absorption performance could be
improved with increasing Sc and C concentration. When the
impurity concentration of Sc and C reached up to 5.56% the Sc/
C-codoped TiO2 (101) surface achieved better photocatalytic
performance in our calculations, which could be ascribed to the
emergence of some shallow impurity states and the introduc-
tion of empty bands near the Fermi level.
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S. Rhatigan, S. Hinder, P. Ganguly, M. Nolan and S. Pillai,
Appl. Catal., B, 2019, 246, 266–276.

26 T. Raguram and K.-S. Rajni, Appl. Phys. A: Mater. Sci. Process.,
2019, 125, 288.

27 H. Liu, Y. Wu and J. Zhang, ACS Appl. Mater. Interfaces, 2011,
3, 1757–1764.

28 J. Cai, W. Xin, G. Liu, D. Lin and D. Zhu,Mater. Res., 2016, 19,
401–407.

29 C. Morgade and G. Cabeza, Comput. Mater. Sci., 2016, 111,
513–524.

30 X. Li, J. Shi, H. Chen, R. Wan, C. Leng, S. Chen and Y. Lei,
Comput. Mater. Sci., 2017, 129, 295–303.

31 H. Chen, X. Li and R. Wan, Comput. Condens. Matter, 2017,
13, 16–28.

32 M. Nasir, J. Lei, W. Iqbal and J. Zhang, Appl. Surf. Sci., 2016,
364, 446–454.

33 G. Kresse and J. Furthmüller, Comput. Mater. Sci., 1996, 6,
15–50.

34 G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter Mater.
Phys., 1999, 59, 1758.

35 J. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett., 1996,
77, 3865.

36 M. Fox, Optical Properties of Solids, Oxford University Press,
Oxford, 2001.

37 J. K. Burdett, T. Hughbanks, G. J. Miller, J. W. Richardson
and J. V. Smith, J. Am. Chem. Soc., 1987, 109, 3639–3646.

38 Y. Ortega, N. C. Hernandez, E. Menéndez-Proupin,
J. Graciani and J. F. Sanz, Phys. Chem. Chem. Phys., 2011,
13, 11340–11350.

39 V. Wang, N. Xu, J. C. Liu, G. Tang and W. Geng, Comput.
Phys. Commun., 2021, 267, 108033.

40 M. Lazzeri, A. Vittadini and A. Selloni, Phys. Rev. B: Condens.
Matter Mater. Phys., 2001, 63, 155409.

41 H. Liu, M. Zhao, Y. Lei, C. Pan and W. Xiao, Comput. Mater.
Sci., 2012, 51, 389–395.

42 P. Knauth and H. L. Tuller, J. Appl. Phys., 1999, 85, 897.
43 Y. Hu, Y. Pan, Z. Wang, T. Lin, Y. Gao, B. Luo, H. Hu, F. Fan,

G. Liu and L. Wang, Nat. Commun., 2020, 11, 2129.
44 D.-X. Li, R.-Q. Li, X.-M. Qin and W.-J. Yan, Phys. Lett. A, 2019,

383, 2679–2828.
45 D. Ren, H. Li and X. Cheng, Solid State Commun., 2015, 223,

54–59.
46 N. Umezawa and J. Ye, Phys. Chem. Chem. Phys., 2012, 14,

5924–5934.
47 H. Tang, H. Berger, P. Schmid and F. Lévy, Solid State
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