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Abstract 

Using DFT+U calculations, the crystal structure and electronic properties of nonmetals 

co-doing with sulfur in anatase TiO2 are systematically investigated. The initial purpose of 

this work is to improve the photocatalytic performance of S mono-doped TiO2, in which S 

occupies the lattice Ti site and acts as the recombination center. Among eight nonmetal 

impurities that occupy the interstitial site of TiO6 octahedron, the synergistic effect of B, C, 

and O with S could achieve this purpose: suppressing the recombination of photogenerated 

electron-hole pairs by inducing local inner build-in electric field and eliminating the deep 

impurity energy bands of S mono-doped TiO2. Furthermore, the photon absorption could be 

extended to visible-light region, owing to the overlapping of impurity energy bands with the 

top valence band or the bottom of conduction band. Thus, Ti1-xO2SxBy, Ti1-xO2SxCy and 

Ti1-xO2SxOy could be considered as the promising efficient photocatalysts. Furthermore, the 

underlying mechanism and tendency of these synergistic effects have been discussed, 

according to the relationship between photocatalytic performance and crystal or electronic 

structure. 

 

1. Introduction 

Since entering industrial era, environmental pollution and energy crisis are increasingly 

serious, and attract extensive concerns by the scientific researchers, industrial developers, or 

governments around the world. In a variety of solutions, photocatalysis technology are 
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extremely potential and promising, because they can utilize solar energy to product hydrogen 

by water splitting or to decompose the molecular pollutants. In this filed, titanium dioxide 

(TiO2) acts the role of the typical representative and the prototype for the development of 

novel photocatalyst, owing to its various advantageous (such as low-cost, non-toxic, 

high-stability, etc.).1-3 However, as a wide band gap semiconductor (~3.0 eV for rutile, ~3.2 

eV for anatase), TiO2 only presents photocatalytic activity under UV-light irradiation. What’s 

more, its quantum efficiency is very low, due to the high recombination rate of 

photogenerated electron-hole pairs. In order to make the utmost of solar energy, there are 

several modification methods to enhance the photocatalytic activity of TiO2 under 

visible-light irradiation, including: ions doping,4, 5 noble metal loading,6 semiconductor 

mixing, and dye sensitizing.7, 8 

Among these modification methods, the ions doping is especially noteworthy, because its 

simplicity of synthesis and validity of modifying effects. Ion doping can not only increase 

carrier concentration and improve optical properties, but also form impurity energy band to 

capture photogenerated electrons or holes, resulting in suppress the recombination rate.9, 10 

However, the single ion doping is not always achieving these purposes. For example, metals 

doping suffer from some serious issues: thermal instability, recombination center of 

photognerated electron-hole pairs, and requirement of expensive ion-implantation facilities.11, 

12 What’s more, if the impurity energy bands (or impurity induced energy bands, we did not 

distinguish these two concepts in this article) are located at the center of forbidden band, the 

probability of electrons and holes transition to them is equality, suggesting that they act as 

recombination center for photogenerated electron-hole pairs. Recently, researchers begin to 

attempt using ions co-doping to overcome these shortcomings of single ion doping, using the 

potential synergistic effects between different dopants. For instance, Li et al. reported that 

(C+H) co-doping produces significant band gap narrowing, which leads to higher visible-light 

photocatalytic efficiency than that of C-doped anatase TiO2.
13 Some studies also suggest that 

the recombination rate of photogenerated electron-hole pairs could be further suppressed, if 

choosing appropriate ions co-doping into TiO2 host.14, 15
 

For the co-doping modification, the basic design principle is producing impurity energy 

band that are overlapping with the top of valence band or the bottom of conduction band, 
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which could not only enhance the visible-light absorption but also guarantee photogenerated 

carries to transfer to reactive sites within their lifetime.16-22 Although there are lots 

experimental studies for ions co-doping TiO2 in recent years, there are still many difficulties 

and uncertainties: the synthesis methods and conditions are different, the evaluation criteria 

for the photocatalytic performance are not identical, and the process and influence factors of 

photocatalytic reaction are extremely complex. What’s more, some reported experimental 

results are even contradictory, and the corresponding explanations are controversial. For 

example, In et al. reported that the visible light photoactivities of (B+N) co-doped TiO2 are 

similar to B mono-doped TiO2 for the degradation of methyl tertiary butyl ether, indicating 

the absence of synergy.23 But Liu et al. considered the synergistic effects are responsible for 

the visible light absorption and the higher activity of (B+N) co-doped TiO2.
24 Furthermore, 

due to random choose dopants to co-doping, there are no basis and rules to select the 

appropriate ions co-doping to improve the photocatalytic performance of TiO2 under 

visible-light irradiation. Compared with experimental works, theoretical calculations can 

overcome the above shortcomings, and in-depth explore the interaction between the different 

dopants at the atomic-/electronic-scales. Gai et al.25 develop a systematic understanding of the 

origin of electronic properties of 3d transition metals V and Cr, and 4d transition metals Nb 

and Mo substituting on the Ti site as the n-type dopants and N and C substituting on the O site 

as the p-type dopants. Their calculated results suggest (Mo+C) co-doped TiO2 is an ideal 

candidate for hydrogen production by photocatalytic water splitting. 

In our previous work, we found the impurity energy bands of S mono-doped anatase TiO2, 

in which S atom occupies the lattice site of Ti, are located in the middle of the forbidden band. 

This type of impurity energy band maybe result in narrowing the band gap of TiO2 to absorb 

visible-light, but acts as recombination center for the photogenerateed electron-hole pairs.26 

Furthermore, we have been designed efficient TiO2-based photocatalyst by (N+V) 

co-doping,27, 28 which have been confirmed by other research group’s experiment,29 and 

studied the effects on the water adsorption and decomposition.30 Moreover, Harb et al.2 

proved that there is certain feasibility for S impurity to occupy the lattice site of Ti in anatase 

TiO2 host. Therefore, it is necessary to further improve the photocatalytic performance of 

S-doped anatase TiO2. On the other hand, there are a few theoretical calculations regarding 
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the origin of the S and nonmetal co-doping effects on anatase TiO2, in which the 

compensation effect between anion ions and nonmetal ions maybe modify the disadvantage of 

S mono-doing. In order to find the appropriate ions to improve the photocatalytic performance 

of S mono-doped anatase TiO2 by occupy the lattice site of Ti, and summary the basic 

co-doping effects of nonmetal ions, we chose nonmetal elements (B, C, N, O, F, P, S and Cl) 

as co-dopants, which are around S element in the Periodic Table, to interstitial dope into the 

vacancy of TiO6 octahedron. By using GGA+U method, the calculated results can straight 

forward compare and summary. We will attempt to discuss the relationship between 

photocatalytic performance and electronic structures of ions co-doped TiO2, and provide a 

possible explanation for experimental observations. 

 

2. Computational methods 

All calculations were performed in the framework of density functional theory within the 

generalized gradient approximation (GGA) using the PBE exchange correlation potential.31-33 

Utilizing the plane-wave total energy of ultra-soft pseudopotential method as implemented in 

CASTEP code to treat the ion-electron interaction.34 The energy cutoff for plane wave basis 

set was 340 eV. In order to obtain accurate electronic structure, the method of GGA+U was 

adopted to overcome the well-known shortcoming of GGA.35 The U value of 4.2 eV was 

applied to the Ti-d states and the O-p states, and other U value of 4.0 eV was applied to all the 

nonmetal (B, C, N, O, F, P, S and Cl)-p states. Using these values, the accurate band gaps 

could be obtained that could be compared with experimental measurements, as well as 

keeping the main features of electronic structure obtained by the standard DFT calculations. 

The Monkhorst-Pack scheme of K-points grid sampling was set as 2×2×2 for the irreducible 

Brillouin zone. A 120×120×120 mesh was used for fast Fourier transformation. The 

minimization algorithm was chosen the Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme. 

Its convergence criteria were set as follows: the force on the atoms were less than 0.01 eV/Å, 

the stress on the atoms were less than 0.02 GPa, the atomic displacement was less than 5×10-4 

Å, and the energy change per atom was less than 5×10-6 eV. Based on the optimized crystal 

structure, the electronic structure and the optical properties were then calculated. Using above 
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mentioned computational method, we could obtain satisfactory as the reported results in 

recent studies.36 

In the present work, a 3×3×1 supercell for anatase TiO2 was used in constructing the doped 

models. For the S mono-doped TiO2, one Ti atom is replaced by one S atom. For the 

nonmental mono-doped TiO2, one nonmental atom (which will be labeled as “NM” in the 

following context) is inserted into the vacancy site of TiO6 octahedron. For the S+NM 

co-doped TiO2, one Ti atom is replaced by one S atom, as well as one NM atom is inserted 

into the near vacancy site of TiO6 octahedron, while will be labeled as Ti1-xO2SxNMy (NM = 

B, C, N, O, F, P, S and Cl). In the case of Ti1-xO2SxSy, in order to distinguish the two kinds of 

S atoms by different forms doping into TiO2, we used Ss to denote the S atom that is replaced 

the Ti atom, and Si to denote that the S atom that is inserted into the vacancy site. The 

denotation is also used in the case Ti1-xO2SxOy. Thus, the concentration of impurity is about 

1.835% (atomic ratio), which is consistent with that of previous experiments. 

 

3. Results and Discussion 

3.1 Crystal Structure 

To determine the most stable co-doping configuration, the total energy as function of 

distance between two impurity atoms is first discussed for every co-doping system. So, the 

lattice site of S replacing Ti atom is unchanged, and the NM atom is inserted into different 

TiO6 octahedron. Then, the total energies of every co-doping configuration are compared, and 

the co-doping configuration with minimum total energy will be considered the most stable 

configuration. As example, Fig. 1(a) exhibits this relationship for Ti1-xO2SxNy. When N 

impurity is far away from the S impurity (distance larger than 4.5 Å), the total energy is 

almost identical, due to absence of the interaction between N and S impurities. When the 

distance in the range of 1.75~4.5 Å, the total energy is sharply decreasing that is arise from 

the attract interaction between N and S impurities, and finally reached the minimum at the 

distance of 1.75 Å. When the distance is smaller than 1.75 Å, the total energy is sharply 

increasing, due to the stronger repulsive interaction between N and S impurities. For the other 

seven co-doping system, the same tendency could be found, and the corresponding minimum 
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distances are listed in Table1 as S-NM bond length. These calculated results suggest that S 

and NM impurity will be gathered to together in anatase TiO2 host by the strong atomic 

interaction. The most stable of co-doping system is schematic draw in Fig. 1(b). 

To examine the relative difficulty for different impurity atom to incorporate into the host 

lattice sites, the impurity formation energies (Ef) are then discussed. The formation energy 

was calculated according to the formula that is defined by Van de walle et al. as following37: 

Ef = E(doped) - E(pure) - µS- µNM + µO + µTi 

where E(doped) and E(pure) are the total energies with and without impurity. The chemical 

potential for Ti (µTi) and O (µO) were calculated based on the formula µTiO2 =µTi+2µO. The 

µNM expresses the chemical potential for the nonmetal impurities. The calculated impurity 

formation energies of co-doping systems are tabulated in Table 1. In the practice, the ions 

doping is dependent on the growth condition (namely reducing or oxidizing condition). And 

the real experiments are usually carried out between these two extremes. So, the impurities 

formation energy of these eight co-doping systems and the S mono-doping system as function 

of oxygen potential difference are shown in Fig. 3. The smaller the Ef value means that the 

corresponding doping system could be easier carried out. In the present work, we found that 

the Ef value of these doping systems under the O-rich growth condition is negative and 

smaller than that of under the Ti-rich growth condition. This calculated result indicates that 

they are more stable under oxidizing conditions. It is worth notice that the Ef value of 

Ti1-xO2SxNMy (NM = B, C, N, O, F, P, S and Cl) is increasing with the increase of impurity 

atomic number under when the nonmetal elements are in the same row of Periodic Table. The 

reason of this pheromone maybe ascribe the ion’s radii is increasing with the increase of 

atomic number. Another important effect of co-doping is to design the synthesize route, 

namely the doping sequence.28 For example, the Ef value of B mono-doping is very high (2.35 

eV); while if B is doped into Ti1-xO2Sx host, the Ef value could be decreased to -8.63 eV, 

which means S doping could improve the B incorporating into TiO2 host. 

Furthermore, the change of the bond length also present certain regularity: when the NM 

elements are in the same row of Periodic Table, the bond length of S-O and O-NM are 

increasing with the increase of atomic number; while the bond length of S-NM and Ti-NM 

are decreasing with the increase of atomic number. Corresponding, the change of bond length 
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leads to the volume of Ti1-xO2SxNMy change. Owing to the radii of S ion is shorter than that 

of Ti ion, the volume of Ti1-xO2Sx is smaller than that of TiO2. However, because other NM 

impurities are inserted into the vacancy of TiO6 octahedron, so the volumes of the co-doping 

systems are larger than that of pure TiO2. And apart from the bond length, the change of the 

average net charge on the atoms also presents the certain regularity: when the impurity 

elements are in the same row of Periodic Table, the charge of O and S atoms become more 

and more lager with the increase of atomic number, which is opposite to that of NM atoms. 

Combined these calculated results, we found that the change tendency of these parameters has 

the same order with the change of electronegativity of NM elements: B<P<C<S< N<Cl<O<F 

(their electronegativities are 2.04, 2.19, 2.55, 2.58, 3.04, 3.16, 3.44 and 3.98, respectively). 

As shown in Table 1, the changes of bond length, crystal volume, net charges on different 

atoms, which are caused by (S+NM) co-doping. And then, these changes will lead to a 

significant lattice deformation of octahedra, resulting in forming the build-in inner local 

electric field. This electric field could be reflected by the dipole moment of octahedral. In the 

pure TiO2 system, the centers of positive charges and negative charges are coincided together, 

so the dipole moment of TiO6 octahedron is zero. While, in the doping system, the center of 

positive charges is departing from the center of negative charges, so the corresponding dipole 

moment of octahedral are not equal to zero. Sato et al.38 reported that the octahedral dipole 

moment is beneficial for the separation of photogenerated electronic-hole pairs within the 

local electric field, which can improve the photocatalytic activity of photocatalyst. Compared 

with S mono-doping, the dipole moment of octahedral in most co-doping system is obviously 

increased, implying that co-doing could enhance the photocatalytic performance of S 

mono-doping. In the present work, the dipole moment of Ti1-xO2SxSy co-doping system is 

obviously larger than that of others, which suggests that it could be better suppress the 

recombination of photogenerated electron-hole pairs and may improve the photocatalytic 

performance of TiO2. 

 

3.2 Electronic structure 

The calculated band structures of all doping systems are plotted and compared in Fig.3. 

Pure anataseTiO2 is an indirect band gap semiconductor with a band gap of 3.210 eV, which 
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is very close to the experimental measurements (3.23 eV). The first doping effect is the 

slightly broadened band gap of Ti1-xO2Sx system. In the cases of (S+NM) co-doping system, 

the band gap values of the Ti1-xO2SxNMy (NM = B, C, N, P, and Cl) are smaller than that of 

pure TiO2, while other three Ti1-xO2SxNMy (NM = O, F, and S) have slightly broadened band 

gaps. Because these changes about band gap are very small, so this doping effect has limited 

influence to the light-absorption properties of TiO2 host as shown Fig. S1 in Supplementary 

Information. 

In the present work, the impurity energy states are the crucial factor that is determined 

the behavior of photogenerated electron-hole pairs. Compare to the pure TiO2, S mono-doped 

TiO2 exhibits the obvious feature: these is an impurity energy band located in the middle of 

band gap, which is contributed by the hybridization of S-3p states with its neighboring O-2p 

states and Ti-3d states, as shown in Fig. 3~4 and as mentioned in our previous work.26 This 

type of impurity energy band is harmful for photocatalysis, and should be avoided, which is 

just the initial purpose of (S+NM) co-doping in the present work. In the cases of Ti1-xO2SxBy 

and Ti1-xO2SxCy, there is no impurity energy bands located in the band gap, and the impurity 

energy bands are closed to the top of valence band (VB) (the minimum distance is 0.063 eV) 

in the case of Ti1-xO2SxOy. These calculated results suggest that B, C, and O co-doping with S 

could overcome the drawback of S mono-doping in the TiO2 photocatalyst. However, in the 

rest cases of Ti1-xO2SxNMy (NM = N, F, P, S, and Cl), there are more than two impurity 

energy bands in the band gap of TiO2, especially in the case of Ti1-xO2SxFy. These impurity 

energy bands maybe improve the absorption of lower-energy photon, in which the 

lower-energy photons could excite the electron from VB to the impurity energy band and then 

to the conduction band (CB). In other words, these impurity energy bands maybe act as the 

role of intermediate step. However, they could act as recombination center for the 

photogenerated electron-hole pairs at the same time, owing to the near equal distance (namely 

equal transition possibility) with VB or CB as shown in Fig. 3. In Fig. 3~4, we assigned these 

figures as the position of NM in the Periodic Table, which could be better find the 

relationship between atomic features and the co-doping effects. In the same row, the positions 

of impurity energy bands are approximately shifting downward, as increasing the atomic 

number, except in the case of Ti1-xO2SxFy. This calculated result implies that different atomic 
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features of NM have different atomic interaction between two dopants and result in different 

co-doping effects. In the published literatures, the associated experimental works about sulfur 

co-doped TiO2 are very limited. As examples, Sun et al. have been synthesized (S+C) 

co-doped TiO2, and observed that the photocatalytic activity under visible-light irradiation;39 

Hamal et al. have demonstrated that TiO2 co-doped with Ag, C and S can serve as a 

multifunctional generic biocide as well as a visible-light activated photocatalyst;40 Zhang et al. 

considered that the high visible-light photocatalytic activity of the (S+N) co-doped TiO2 may 

originate from the synergetic effect.41 Compared with these experimental measurements, the 

calculated electronic structures of S+NM co-doped TiO2 in the present work are consistent 

with them, and could explain the associated experimental phenomena. 

To explore the chemical bonding information, the total and partial density of states (DOS) 

are provided in Fig. 4 and Fig. S2-S4 in Supplementary Information. The VB and CB of pure 

TiO2 mainly consist of both the O-2p states and Ti-3d states, and the impurity energy bands 

are mainly contributed by the S-3p, O-2p and Ti-3d states, which are consistent with previous 

calculations.42  For Ti1-xO2SxBy and Ti1-xO2SxCy, there is no impurity energy bands located in 

the band gap, meanwhile, and we can find that the density of states of B-2p, C-2p and Ss-3p 

(in order to distinguish same atom in one doping system, we used the subscript “s” represent 

the substitutional impurity, and the subscript “i” represent the interstitial impurity in this 

article) are distributed in the whole range of VB and CB. For Ti1-xO2SxNy, Ti1-xO2SxFy, 

Ti1-xO2SxSy and Ti1-xO2SxCly, their impurity energy bands are mainly contributed by the S-3p, 

O-2p, Ti-3d and NM-np states. Different from the above co-doping systems, the impurity 

energy bands of Ti1-xO2SxOy are mainly contributed by the O-2p, Ti-3d and Oi-2p states. The 

impurity energy bands of Ti1-xO2SxPy is more special, which is contributed by the O-2p, Ti-3d 

and P-3p states and the other impurity energy level closer to the VB is contributed by the 

O-2p, Ti-3d and S-3p states. The NM-np states are somewhat delocalized, distributing in the 

almost whole range of VB and CB. Thus, the impurity energy bands are formed by O-2p 

states and Ti-3d states that are neighboring with impurity. The most outstanding peaks of 

DOS for the NM-np states are presented as following: the main B-2p states are distributed at 

the bottom of the VB; the main C-2p states are distributed for CB; the main N-2p states, P-3p 

states, Si-3p states, and Cl-3p states are involved in the constitution of isolated impurity 
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energy bands, and meanwhile contributed to the consist of the bottom and top of VB; Oi-2p 

states and F-2p states are mainly involved in the constitution of the VB. Furthermore, we 

found that if the electronegativity of impurities are similar (for example, O and F, Cl and N, B 

and P), their np states have the similar position and contribution. Besides the contribution for 

the energy band formation, the co-doping of NM impurity could impact the electronic states 

of neighboring host atoms. And the most important influence is to form the impurity energy 

bands. 

The Fig. 5 and Fig. 6 respectively provide the contour maps of electron density and 

electron density difference of the pure TiO2 and all doping systems. Based on these maps, the 

further chemical bonding information and electron transfer could be obtained as following: 

(1) For pure TiO2, the chemical bonding between Ti and O mainly presents the feature of 

covalent bond. Due to the electronegativity of O (3.44) larger than the electronegativity of Ti 

(1.54), so O atom gets part of charges (-0.65 e, which is obtained from the analysis of 

Mulliken Atomic Populations as listed in Table 1), and Ti atom loses part of charges (1.68 e). 

And along with the deq bond direction, Ti atom loses more charges than that of along with dap 

bond direction. 

(2) For Ti1-xO2Sx, due to the different atomic interaction, the bond length of S-O become 

longer, and the six bond lengths of S-O are no longer symmetrical. Among them, three of the 

S-O bond lengths longer than 2.3 Å, and the chemical bonding along these directions mainly 

presents the feature of ionic bond. The rest three S-O bond lengths are shorter than 1.6 Å, 

which mainly presents the feature of covalent bond. At the same time the adjacent Ti-O bond 

lengths are stretched to 2.27 Å, which presents the feature of ionic bond. Due to the 

electronegativity of S (2.58) smaller than the electronegativity of O, so O atom gets part of the 

charges (-0.68 e) and S atom loses part of charges (1.54 e). 

(3) For Ti1-xO2SxBy, Ti1-xO2SxCy and Ti1-xO2SxNy, due to the electronegativity of B (2.04), 

C (2.55) and N (3.04) is smaller than the electronegativity of O, which makes the local ionic 

bond turn into covalent bond (compared to Ti1-xO2Sx), but the Ti-O bond lengths in 

Ti1-xO2SxBy and Ti1-xO2SxCy are stretched longer (2.44 and 2.35 Å, respectively), which 

present the features of ionic bond. And for Ti1-xO2SxNy, the Ti-O bond lengths are shorted to 

2.03 Å, which presents the feature of covalent bond. 
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(4) For Ti1-xO2SxOy, in which oxygen doping is belong to self-doping. Owing to the 

stronger atomic interaction between interstitial O impurity and substitutional S impurity, they 

form the SOx-molecule-like aggregate. Thus, three S-O bond lengths and one Ti-O bond 

length are becoming longer, and the corresponding feature of ionic bond is becoming more 

prominent. 

(5) For Ti1-xO2SxFy and Ti1-xO2SxCly, due to the electronegativity of F (3.98) is very strong 

and more electrons concentrate around F impurity, the feature of covalent bond of Ti-O bonds 

and S-O bonds that are surround F impurity are becoming less prominent. At the same time, F 

impurity plays the role of bridge to form S-O-Ti link. For Cl co-doping system, the similar 

phenomenon could be found. However, because the electronegativity of Cl (3.16) is relatively 

smaller than that of F, so the related phenomenon is not obvious. 

(6) For Ti1-xO2SxPy, P impurity is inserted between two lattice oxygen atoms, and acts as 

the role of bridge to link them. So the POx-molecule-like aggregate is also formed, with 

obvious features of covalent bond. At the same time, covalent bands between S atom and P 

impurity or O atom are formed. In addition to the original Ti-O ionic bond (its bond length is 

elongated to 2.32 Å), another stretched Ti-O bond (2.15 Å) presents the features of ionic 

bond. 

(7) For Ti1-xO2SxSy, the Ss and Si show a very strong atomic interaction, and thus are 

forming the Sx-molecule-like aggregate. Meanwhile, the most obvious phenomenon is that the 

features of covalent bond are more prominent in the whole range of co-doping system. 

 

4. Summary and Conclusions 

The DFT+U method were adopted to analyze the synergistic effects of nonmetals 

co-doping with sulfur in anatase TiO2 in the present work. The initial purpose of nonmetals 

co-doping in this present work is to improve the drawback of S mono-doping that was found 

in our previous work. It is shown that B, C and O (that occupies the interstitial site of TiO6 

octahedron) co-doping with S (that replaces Ti) are expected to facilitate improve the 

photocatalytic performance of anatase TiO2. Based on the calculated results, some 

conclusions were summarized as following: (1) The electronegativity partially determines the 
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direction and the quantity of the electron transfer in the co-doping systems, and has certain 

relevance to the formation of impurity energy bands. However, it is not the only factor that 

decides where the impurity energy bands present in the band gap. (2) Whether the impurity 

energy bands present in the band gap mainly depend on the compensation effect between 

nonmetal impurities and sulfur impurity. When Ti is replaced by S, the charge balance is 

consequently broken. Thus, if the interstitial impurity could compensate this charge 

imbalance, as well as cause slight lattice distortion and form stable local microstructure, the 

related impurity energy bands could disappear in the band gap or overlapping with VB or CB. 

Thus, to design co-doping systems should consider the combination influence between 

electronegativity, valence state, the number of valence electrons, and the atomic interaction 

between impurities. In other words, the synergistic effects of co-doping are the 

comprehensive results. (3) For the Ti1-xO2Sx photocatalyst, B and C co-doping or intended O 

self-doping are the effective ways to improve its photocatalytic performance, ascribing from 

the synergistic effects. Therefore, Ti1-xO2SxBy, Ti1-xO2SxCy and Ti1-xO2SxOy could be 

considered as the promising efficient photocatalyst. Based on the calculated results, some 

guidance could be provided for the future experimental works: the co-doping could be easier 

achieved through the step synthesis process; to select two dopants that have compensation 

effects and larger difference of electronegativity could be better meet the design requirement 

of efficient photocatalyst via ions co-doping; nonmetal ions with variable valence states could 

easier realize effective synergistic effects of co-doping for TiO2 photocatalyst. 
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Table 1. Formation energies, average bond lengths, lattice distortions, average net charges and average dipole moments for pure, S-doped, and Ti1-xO2SxNMy (NM 

= B, C, N, O, F, P, S and Cl) 

 

 

Models 
Ef /eV Bond Length /Å  ∆V /Å3 Net charge /eV Dipole moment 

(Dbye) O-rich Ti-rich Ti-O S-O S-NM Ti-NM O-NM  Ti O S      NM 

TiO2    1.94      1.280 -0.650   0.00 (TiO6) 

Ti1-xO2Sx -16.86 10.55 1.96 1.93    -4.82 1.280 -0.68 1.54  0.663 ( SO6) 

Ti1-xO2SxBy -23.52 3.88 1.93 1.93 1.90 2.54 1.45 7.09 1.28 -0.64 1.78 0.47 0.733 ( SO6B) 

Ti1-xO2SxCy -22.59 4.81 1.99 1.94 1.80 2.50 1.25 10.77 1.28 -0.65 1.95 0.27 0.136 ( SO6C) 

Ti1-xO2SxNy -22.05 5.35 1.93 1.99 1.75 2.42 1.42 12.61 1.28 -0.65 1.36 0.09 0.791 ( SO6N) 

Ti1-xO2SxOy -21.92 5.48 1.94 2.29 1.45 2.23 2.33 10.01 1.28 -0.68 2.23 -0.8 1.049 ( SO6O) 

Ti1-xO2SxFy -18.35 9.06 1.92 2.12 2.13 1.90 2.25 12.00 1.29 -0.67 1.72 -0.46 0.701 ( SO6F) 

Ti1-xO2SxPy -21.403 6.00 1.97 2.10 2.75 2.42 1.59 17.65 1.27 -0.78 1.53 1.26 2.500 ( SO6P) 

Ti1-xO2SxSy -17.49 9.91 1.96 2.25 2.06 2.36 1.61 19.4 1.27 -0.67 1.19 0.46 3.233 ( SO6S) 

Ti1-xO2SxCly -14.70 12.70 1.92 2.28 2.25 2.36 1.70 21.01 1.24 0.70 1.63 0.26 1.406 ( SO6Cl) 
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Fig 1(a). Calculated total energy as function of the distance between S and N impurities. 
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Fig. 1(b) The 3×3×1 supercell model of Ti1-xO2SxNMy (NM = B, C, N, O, F, P, S and Cl) considered in 

the present work 
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Fig. 2 Calculated impurity formation energies of different doping systems vary as a function of the 

difference of oxygen chemical potential 

 

Page 18 of 23Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 19

 

Fig.3 Calculated band structures of pure TiO2, Ti1-xO2Sx, and Ti1-xO2SxNMy (NM = B, C, N, O, F, P, S and 

Cl), the position of these figures are arranged by the Periodic Table 
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Fig. 4 Calculated total and partial density of states of pure TiO2, Ti1-xO2Sx, and Ti1-xO2SxNMy (NM = B, C, 

N, O, F, P, S and Cl), the position of these figures are arranged by the Periodic Table 
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Fig. 5 Contour maps of electron density of pure TiO2, Ti1-xO2Sx, and Ti1-xO2SxNMy (NM = B, C, N, O, F, P, 

S and Cl), the position of these figures are arranged by the Periodic Table 
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Fig. 6 Contour maps of electron density difference of pure TiO2, Ti1-xO2Sx, and Ti1-xO2SxNMy (NM = B, C, 

N, O, F, P, S and Cl), the position of these figures are arranged by the Periodic Table 
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S+NM co-doping could induce the stronger local electric field and eliminate the deep 

impurity energy bands of S mono-doped TiO2. 
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