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A hybrid density functional theory study of the anion distribution 

and applied electronic properties of the LaTiO2N semiconductor 

photocatalyst 

Xin Wang,a Zhaosheng Li
b and Zhigang Zou

 c 

Although the crystallographic space group has been determined, detailed first principles calculations of the LaTiO2N 

semiconductor photocatalyst crystal have not been performed because of the nitrogen/oxygen sosoloid-like anion 

distribution. In this study, based on the Heyd–Scuseria–Ernzerhof method and experimental anion content, we present the 

possibility of determining detailed information about the LaTiO2N sosoloid-like anion distribution by dividing the anions 

into possible primitive cells. The detailed information about the anion distribution based on the characteristics of the 

energetically acceptable primitive cell structures suggests that the LaTiO2N structure is composed of aperiodic stacks of six 

building-block primitive cells, the non-vacancy primitive cells are located at the surface as effective photoreaction sites, 

and vacancy structures are located in the bulk. The surface oxide-rich structures increase the near-surface conduction 

band minimum rise and strengthen photoelectron transport to the bulk, while the content of the bulk vacancy structures 

should be balanced because of being out of photoreactions. This study is expected to provide a different perspective to 

understanding the LaTiO2N sosoloid-like anion distribution.

Introduction 
Solar hydrogen production by photocatalytic (or 

photoelectrochemical) water splitting is an effective approach 

to ease the current energy crisis and prevent environmental 

problems associated with fossil fuels.1–4 Much effort has been 

made to develop stable, reliable, and efficient metal oxide 

photocatalysts with a visible-light response. Unfortunately, the 

band gaps of most metal oxides are too large to absorb 

abundant visible light. 

Recently, nitrides and oxynitrides have emerged as 

promising candidates for water splitting. Among these 

compounds, perovskite LaTiO2N, with a band gap of 2.1 eV, 

has recently attracted considerable interest,5–8 because it is 

able to absorb abundant visible light of λ ≤ 600 nm and has a 

theoretical solar-to-hydrogen efficiency of ca. 15.4%.5 

Recently, our group reported a record plateau photocurrent of 

6.5 mA/cm2 on LaTiO2N photoanodes (AM 1.5 G), which is 

about half of its theoretical maximum photocurrent (12.5 

mA/cm2).9 Although LaTiO2N is promising in the field of the 

photocatalytic or photoelectrochemical water splitting, some 

problems associated with LaTiO2N remain unanswered. To our 

knowledge, differing from experimental studies, theoretical 

studies, such as density functional theory (DFT) studies, of 

LaTiO2N are very limited.10,11 A proper explanation of this 

discrepancy is the difficulty of structure construction in 

LaTiO2N theoretical studies. For LaTiO2N, the nitrogen and 

oxygen atoms are randomly distributed in the anion lattice 

sites, leading to difficulty in building an exact model of LaTiO2N 

for theoretical calculations.12–14 Therefore, to obtain an in-

depth understanding of the physical and chemical properties 

of LaTiO2N, it is first necessary to clarify the anion distribution 

of LaTiO2N. 

Generally, similar atoms in multiple atom compounds, 

particularly oxygen and nitrogen in oxynitrides, form solid 

solutions. An unwarranted preset concept of a sosoloid crystal 

structure is that there must be a unique supercell structure 

with fixed atom occupation that is lower in energy than other 

possible structures. Unfortunately, owe to the formidable 

calculation, most of the trying to figure out the unique stable 

supercell structure are failed. Besides, some research indicates 

that, not all the sosoloid crystal obtains a unique stable 

supercell structures. Take LaTiO2N, as shown in  Figure 1, as an 

example.12,14 The anions are located at the six vertices of the 

Ti-center perovskite octahedron, and anion site 2 and site 3 

have equivalent space occupations. Irrespective of what type 

of supercell structure is built, site 2 and site 3 should achieve 

the same oxygen and nitrogen occupations as the supercell 

structure does not change the symmetry of the crystal lattice. 

Unfortunately, neutron diffraction data suggest that the two 

sites have different anion occupations (e.g., oxygen content 

0.67/0.6 and 0.72/0.52 at site 2/3),12,14 which means that the 

size-changing of the supercell structure models could not meet 

the requirement of the nonuniform anion distribution. In other 

words, the anion distribution is random and the anions of the 

whole crystal show aperiodicity, which means that there might 

not be a definite common supercell structure for LaTiO2N. 

Page 1 of 6 Physical 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



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

However, because the anions are located at three sites of the 

Ti-center perovskite octahedrons, each of the perovskite 

octahedron is a primitive cell in terms of the crystalline space 

group. The disordered anion distributions could then be 

transformed into the distribution of denumerable Ti-center 

perovskite octahedrons with different anion occupations, 

equivalent to the distributions of the corresponding primitive 

cell structures. Although the exact periodic superstructure of 

LaTiO2N is still unclear, some details about the crystal can be 

obtained from the properties of the different primitive cell 

structures. For example, if all of the oxygen-rich primitive cell 

structures in the LaTiO2N crystal have the lowest surface 

energies, then these primitive cell structures should be in the 

surface layers rather than in the bulk, and the surface layers 

are oxygen-rich. Therefore, to obtain the properties of a 

homogeneous LaTiO2N crystal with the acceptable primitive 

cell structures, the acceptable structures from all of the 

possible structures should be first determined using two 

conditions. (1) The energies of the acceptable structures are 

generally as low as possible. We will compare their formation 

energies based on accurate hybrid-DFT calculations. (2) The 

acceptable primitive cell structures should satisfy the 

experimental N/O atomic ratio condition. Experiments by 

Clarke et al.12 revealed that although the nitrogen and oxygen 

atoms are randomly distributed in the anion lattice sites in 

LaTiO2N, the N/O atomic ratio in each anion lattice site is 

constant. Structures that simultaneously meet these two 

conditions are theoretically acceptable anion distributed 

primitive cell structures of LaTiO2N. More details about the 

above two conditions will be discussed in Section 2.  

 

 

Figure 1. Primitive cell of LaTiO2N: triclinic crystal system with 

a lattice constant of 5.57 Å and three anion sites (sites 1, 2, 

and 3) located at the six vertices of the Ti–anion octahedron.  

2. Computational details 
2.1 Formation energy calculations 

As mentioned above, the energies of the acceptable 

primitive cell structures should be as low as possible. In this 

study, the formation energies rather than the chemical 

potentials were used to compare the relative stabilities of the 

primitive cell structures because the chemical potential 

confuse the anion content extrema. The formation energy of 

the LaTiO2N primitive cell structure is defined as15,16 

,

( )f t t i i

Struct Struct Stable Struct Stable i

i N O

E E E n n E
=

∆ = − − −∑             (1) 

where E
t
Struct is the total energy of the a primitive cell 

structure, Et
Stable is the total energy of the reference primitive 

cell structure, Ei is the energy per atom of the dimer or the 

elementary substance of the subscript, and n
i
Struct and n

i
Stable 

are the number of anions in the corresponding bulk 

structure.17 According to Eq. (1), a negative energy means a 

stable structure. The pyrolysis temperature of a crystal 

indicates that the crystal is in the finite temperature well from 

a minimum temperature of absolute zero to a maximum 

temperature of the pyrolysis temperature (see Figure S1 in the 

ESI†). Therefore, although a stable structure theoretically 

means a structure with a low formation energy in the ground 

state, the primitive cell structures within the well depth to the 

reference stable structures should be the same stability to the 

reference structure. The temperature well could be simplified 

to an energy well, and the corresponding energy is directly 

proportional to the temperature with the Boltzmann 

constant.18 As a result, the thermal energy depth of the well 

should be 0.1 eV for LaTiO2N, which corresponds to the 

pyrolysis temperature 1240–1300 K.8,19 If the formation energy 

of a primitive cell structure is less than 0.1 eV from a stable 

structure, the structure should be considered as stable.  

Randomly placing the O and N atoms on LaTiO2N anion 

site1, 2, and 3, there are 27 primitive cell structures without 

vacancies (see Table S1 in ESI†). The acceptable anion 

distributions of the primitive cell structures should be among 

the 27 structures together with their anion vacancy structures. 

The energies of the 27 structures and their vacancy structures 

were obtained by DFT calculations using the VASP code20,21 

together with the Heyd–Scuseria–Ernzerhof (HSE) method.22,23 

The two parameters for the HSE calculation were α = 0.25 and 

ω = 0.2 Å−1, which refers to the HSE06 functional.24–26 The 

cutoff energy was 420 eV and the Brillouin zone integration 

was 3×3×3 k-point meshes. The geometry optimizations were 

performed until the residual forces on each ion were less than 

0.02 eV/Å. Supercell testing calculations were applied and the 

primitive cell model was sufficient to obtain reliable results.  

2.2 Anion ratio condition 

As shown in Figure 1,12,14 one Ti–anion (anion = N or O) 

octahedron is located at the center of the LaTiO2N primitive 

cell, resulting in three independent anion sites (site1, 2, and 3). 

As discussed in Section 1, experiments by Clarke et al.12,14,27,28 

revealed that the oxygen contents of the three anion sites are 

fixed and different (e.g., 0.72/0.67/0.6 at site1/2/312). As a 

result, the fixed oxide fractions at the three anion sites provide 

the second condition that acceptable primitive cell structures 

should satisfy. Considering the 27 primitive cell structures and 

their anion vacancy structures, the oxide fractions at the three 

sites can be expressed as  

,

, ,

(1 )

, 1,2,3...
(2 )

O

kj k j k

k
j O N

kj k j kj k j k

k

n X

k
n n X

φ

ϕ
φ

−

= =
− − Φ

∑

∑
             (2) 

where k is the number of the primitive cell structure, Xk is the 

percentage of structure k in a crystalline grain (obviously, 
1k

k

X =∑ ), , ,/
O N

k j k jn n are the number of O/N atoms at site j of 

structure k, and /
kj kj
φ Φ   is the O/N vacancy rate of structure k 

at site j. The numerator denotes the number of oxygen atoms 

in ideal monocrystalline LaTiO2N, while the denominator 
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denotes the total number of anions. The ratio of the 

numerator to the denominator is then the fraction of oxygen 

atoms at site j. The total oxide fraction in an ideal 

monocrystalline LaTiO2N is 
3

,

1

3

, ,

1

(1 )

(2 )

O

kj k j k

j k

tol
O N

kj k j kj k j k

j k

n X

n n X

φ

ϕ

φ

=

=

−

=

− −Φ

∑∑

∑∑
                    (3) 

where j is the site number (1, 2, or 3). The numerator similarly 

denotes the sum of oxygen atoms at all three sites in an ideal 

LaTiO2N infinite monocrystalline crystal, while the 

denominator denotes the sum of the anion numbers. The ratio 

of the numerator to the denominator is then the total fraction 

of oxygen atoms in the crystal. As mentioned above, the 

oxygen contents at the three anion sites are different.12,14 The 

total oxygen contents of different LaTiO2N samples5–7,12,14,29 

show that the oxide component is higher than the charge 

balance requirement. Therefore, the total oxide fraction 

should vary with changes of the intrinsic crystal conditions 

(e.g., crystallinity, grain size, and surface structures). If the 

group of anion-distributed primitive cell structures matches 

the N/O atomic ratio conditions, Eqs. (2) and (3) give general 

solutions rather than particular solutions. 

3. Results and discussion 
3.1 Crystal structures 

The possible primitive cell structures can be divided into 

two groups: the 27 N/O randomly occupied structures and 

their anion vacancy structures. Because the LaTiO2N crystal is 

supposed to be an ideal charge balance structure, it is 

meaningful to take the charge balance primitive cell structures 

as the reference stable structures because their energies are 

lower than the other structures (see Figure 2). As shown in 

Figure 2(a), the formation energies of structures M2 and M3 

are 0.06 eV lower than M1, while those of M4, M5, and M6 are 

0.32 eV higher than M1. Therefore, M1, M2, and M3 should be 

considered as acceptable primitive cell structures because 

their formation energy are less than 0.1 eV from the lowest 

energy structure (Figure S1 in ESI†). Anion ratio calculations of 

M1, M2, and M3 with Eqs. (2) and (3) indicate that there are no 

general solutions but particular solutions for M1, M2, and M3, 

and there might be primitive cell structures among M7–M27. 

The formation energies of the oxygen-rich primitive cell 

structures (i.e., M7–M10) and nitrogen-rich primitive cell 

structures (i.e., M11–M27) are shown in Figure 2(b) and (c), 

respectively. Among the 21 primitive cell structures M7–M27, 

only M8 and M9 should be considered acceptable structures 

because their formation energies are less than 0.1 eV from 

that of the lowest energy structure (i.e., M8). Unfortunately, 

the anion ratios of the low energy structures M1, M2, M3, M8, 

and M9 calculated using Eqs. (2) and (3) have no general 

solutions but particular solutions. Therefore, the non-vacancy 

structures are not a complete group of acceptable primitive 

cell structures for the LaTiO2N anion distributions, and anion 

vacancies exist in LaTiO2N. 
 

 

Figure 2. Formation energies of the bulk structures of (a) M1–

M6, (b) M7–M10, and (c) M11–M27 with respect to the formation 

energy of M1. 

Because there are anion vacancies in LaTiO2N, we further 

investigated the 27 primitive cell structures with anion 

vacancies. Note that the LaTiO2N crystal is taken as 

homogeneous. The N/O ratio Eq. (2) for M11–M27 together 

with the non-vacancy structures gives no general solutions to 

satisfy the oxygen content difference at sites 1, 2, and 3 and 

the total oxygen-rich content, and the vacancy structures M11–

M27 should be out of acceptable structures. There is both 

trivalent and tetravalent titanium in LaTiO2N,30,31 and thus 

there is a charge balance limit for the anion distribution, 

especially for the anion vacancies. However, the anion vacancy 

numbers, namely x and y in the primitive cell structural 

formula La2Ti2O4+Δ−xN2−Δ−y (where Δ is the weighting factor for 

the O/N ratios of the non-vacancy structures), have no values 

greater than 1 to obtain a total oxygen-rich content (i.e., 

higher than 0.667).5–7 Furthermore, the anion distribution was 

taken as fully developed and homogeneous in the physical DFT 

calculation size, because divacancy structures could not coexist 

with non-vacancy structures in a small homogeneous lattice, 

and the anion vacancy should be monovacant rather than 

divacant or greater vacancy. Accordingly, there are 39 

different anion vacancy structures for M1–M10, and the 

formation energies of the 15 vacancy structures of M1–M3, 9 of 

M4–M6, and 15 of M7–M10 are shown in Figure 3. Only five 

oxygen vacancy structures (M1 at site 3, M2 at site 1, 2, and 3, 

and M3 at site 2 in Figure 4(a)) have vacancy energies less than 

0.1 eV from the lowest energy structure (i.e., M2 at site 1). 

Thus, the low energy vacancy structures should be M1/site 3, 

M2/site 1, 2, and 3, and M3/site 2. 

 

Page 3 of 6 Physical 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



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Figure 3. Formation energies of anion vacancy structures with 

respect to the formation energy of M1: (a) M1–M3, (b) M4–M6, 

and (c) M7–M10. The reference vacancy structure is the lowest 

vacancy energy of all of the structures (i.e., an oxygen vacancy 

of M2 at site 1). 

After the formation energy analysis of all the possible 

primitive cell structures in LaTiO2N, we found that LaTiO2N 

should be composed of five non-vacancy structures (M1–M3, 

M8, and M9) and five vacancy structures (M1/site 3, M2/site 1, 

2, and 3, and M3/site 2). The Ti–anion octahedral structures of 

these primitive cell structures are shown in Figure 4. To 

simplify the N/O atomic ratio equations, the primitive cell 

content of each vacancy structure is transformed into the 

vacancy rate at the three sites (namely, /kj kjφ Φ  in Eqs. (2) and 

(3)). Obviously, the vacancy rates of each site should be less 

than 100% 

, 1, (k, j) ([1,2,3,8,9],[1,2,3])k

kj O jnφ < ∀ ∈                   (4) 

In addition, the positive charge deviation is limited within Ti4+ 

to Ti3+, and then the corresponding anion charge deviation 

should satisfy 
3

, ,

1,2,3,8,9 1

1
( n ) (0,1)
2

k k

N j k kj O j k

k j

X n Xφ
= =

− ∈∑ ∑                   (5) 

The details of the oxide vacancy rate matrixφkj for M1–M3, M8, 

and M9, and solutions of the anion ratio equations for 

vacancies in M1–M3, M8, and M9 are shown in Section 4 of the 

ESI†. The percentage of M1 is much smaller than the other four 

structures, suggesting that both M1 with/without vacancies 

should be excluded (Figure S4 in ESI†). The values of the 

vacancy rates (Figure S5 in ESI†) reveal that vacancies in M2 at 

site 1 and 2 should be excluded, whereas the vacancies in M2 

at site 3 and M3 at site 2 must be included in LaTiO2N. 

Therefore, we finally found that the acceptable primitive cell 

group of LaTiO2N contains the four non-vacancy structures M2, 

M3, M8, and M9 and the two anion-vacancy structures M2/site 

3 and M3/site 2.  

 

Figure 4. Ti-center octahedrons of stable structures M1–M3, 

M8, and M9 with the five oxygen vacancy positions marked 

with black circles. (a) Ti–anion octahedron of M1 with the 

vacancy at site 3. (b) M2 with vacancies at site 1, 2, and 3. (c) 

M3 with a vacancy at site 2. (d) M8 and (e) M9. The Ti–La 

lattices and sites are shown in (f), as same as that in Figure 1. 

3.2 Electronic properties 

Further calculations of the junctions between the 

acceptable structures (Figure S6 in ESI†) indicates that the 

binding energies of the junctions are much higher than those 

of each pure structure. Therefore, the primitive cells of each 

structure will self-aggregate rather than being randomly 

distributed in the crystal. Furthermore, the tendency of the 

calculated surface energies of the three representative crystal 

surfaces ((001), (010), and (001)) are consistent. Taking the 

(001) surface (Figure 5(a)) as an example, the non-vacancy 

primitive cells (M2, M3, M8, and M9) have low surface energies 

and will be surface layers while the vacancy primitive cells will 

exist in the bulk. As a result, the proposed structure of the 

LaTiO2N crystal is shown in Figure 5(b). The non-vacancy 

primitive cells (i.e., M2, M3, M8, and M9) will gather together in 

the surface layers as LaTiO2N photoreaction sites while the 

vacancy structures exist in the bulk (M2/M3 vacancy at site 

3/2).  

 

Figure 5. (a) Surface energies of M2, M3, M8, and M9, and 

M2/M3 with a vacancy at site 3/2. (b) Diagrammatic cross-

section of the proposed LaTiO2N grain. The non-vacancy 

primitive cells are located at the surface while the vacancy 

primitive cells are located in the bulk. 

The DOS structures of M2, M3, M8, and M9, and the 

vacancy structures M2/M3 at site 3/2 are shown in Figure 6. 

The distances between the valence band maximum (VBM) and 

conduction band minimum (CBM), the calculated minimum 

band gap (Eg), are 2.21/2.14 eV for M2/M3, which are 

consistent with experimental measurements (2.1–2.3 eV for 

LaTiO2N8,11,32), while Eg = 2.82 eV for the charge stable M8 and 

M9 structures. Furthermore, M2, M3, M8, and M9 have the 

same Fermi level (the primitive cells are in a single crystal) and 

the same VBM (see Figure 6). Therefore, the junctions of 

M2/M3 and M8/M9 in the surface layers will have a CBM 

increase (see Figure 5(b)). The near-surface layer CBM increase 

will result in an electronic chemical potential decrease and 

flatband potential decrease,33 leading to strengthened 

transport for the surface photoinduced electrons to the bulk. 

The DOS of the vacancy structures (M2/M3 at site 3/2) shows 

that the Fermi energy levels (EF) across the CB level and the 

vacancy structures achieve high conductivity, and thus the 

transport for photoinduced electrons in the surface layers to 

the bulk will be further strengthened. In general, the 

photoreaction occurs on the non-vacancy structures in the 

surface layers of LaTiO2N. The surface oxide-rich structures 

lead to the CB level increase, the flatband potential decrease, 

and strengthening of the photoinduced electron transport to 

the bulk, while the bulk vacancy structures provide good 
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conductivity and further strengthen electron transport. 

Although the vacancy structures supply a much better 

electronic transport process than the oxide-rich structures, 

their content should be balanced because their existence leads 

to a decrease of the content of the effective photoreaction 

structures M2, M3, M8, and M9 (more than a 25% decrease, as 

shown in Figure S4(a) in the ESI†).  

 

Figure 6. DOS structures of M2 and M3, charged M8 and M9, 

and M2/M3 with a vacancy at site 3/2. The horizontal line is the 

Fermi level (i.e., the energy zero). 

Conclusions 

In this study, the anion distributions of the LaTiO2N 

semiconductor photocatalyst were investigated by hybrid-DFT 

calculations. The disordered sosoloid-like anion distributions 

transformed to the distribution of several particular 

acceptable primitive cell structures from all the possible 

primitive cell structures of LaTiO2N. Based on the character of 

the primitive cell structures, the proposed LaTiO2N structure is 

composed of a stack of six building-block primitive cells with 

the same titanium lattice but different perovskite anion 

octahedron. The surface non-vacancy structures are effective 

photoreaction sites and the oxide-rich surface leads to a near-

surface CBM increase together with better photoinduced 

electron transport from the surface to the bulk. The bulk 

vacancy structures strengthen the surface electron transport, 

but their content should be balanced because they are not 

involved the photoreactions. Although further work should be 

performed to investigate the detailed statistical properties of 

the primitive cells and the whole crystal, we hope that these 

results are helpful in the investigation of the LaTiO2N 

oxynitride semiconductor photocatalyst. 
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