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Abstract
In this study, effect of cation (Mo or W) and anion (N) codoping on the band structure of SrTiO;

is investigated to improve its photocatalytic activity for water splitting under sun light. We
consider both the non-compensated and compensated codoping strategies using different ratio of
the cationic and anionic dopant. Present study employs hybrid density functional theory to
describe the electronic structure of all the systems accurately. Although, non-compensated (1:1)
codoping reduces the band gap significantly, presence of localized impurity states may hinder
charge carrier mobility. This also changes the positions of the band edges in such an extent that
the (Mo/W, N)-codoped SrTiO;3 system becomes ineffective for overall water splitting. Besides,
formation of charge compensating defects may contribute to the carrier loss. On the other hand,
compensated (1:2) codoping not only reduces the band gap to shift the absorption curve towards
visible region, but also passivates the impurity states completely, ensuring improved
photoconversion efficiency. The reduction of band gap is found to be more prominent in case of
(W, 2N)-codoped SrTiO; than (Mo, 2N)- codoped SrTiO;. In both the cases, the band edge
positions are found to satisfy the thermodynamic criteria for overall water splitting. Our
calculation predicts that the codoping of (Mo/W) and N in 1:2 ratio also enhances the reducing
property at the conduction band in comparison to that in the undoped SrTiO;, which is beneficial
for hydrogen release in the water splitting. Present study thus demonstrates the effect of nature of
the dopant elements as well as their proportion to achieve the best outcome of the designed

material for practical applications.

Keywords: SrTiO;, Hybrid Density Functional, Water splitting, Cation-anion codoping
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1. Introduction

Development of photocatalyst that can generate hydrogen via water splitting under sunlight, or
destroy environmental pollutants is one of the major areas of interest during past decades.” An
ideal photocatalyst should have long term stability, lower band gap to utilize the solar spectrum,
and proper band edge positions to meet the thermodynamic criterion for water splitting. Besides
these aspects, the mobility of the photo-generated charge carriers should also be good enough for
high photoconversion efficiency. However, in reality it is very difficult to obtain such a
photocatalyst which satisfies all the criteria. As for example, the metal-oxide materials like TiO,,
SrTiO;, NaTaOs, etc. are reported to be efficient photocatalyst for water splitting.®!' Due to
large band gap, they are however not able to show photoactivity under visible light, which
constitutes the major fraction of the solar spectrum. On the other hand, WO; can absorb visible
light, but is ineffective for hydrogen evolution due to improper conduction band edge position
with respect to water reduction level.'> These led to growing interest in band structure
engineering in recent years. In the present study, our aim is to improve the visible light activity
of SrTiO;, which has been extensively studied for water splitting as well as degradation of
environmental pollutants.'>'> The advantages of SrTiOs are that it is highly robust and can split
water even in absence of external bias potential.'® The band gap of SrTiO; has been reported to
be 3.20 eV with the conduction band maximum (CBM) lying 0.80 eV above the water reduction
(H'/H,) level and the valence band minimum (VBM) locating 1.17 eV below the water oxidation
(H,0/0,) level.'” '® There exist lots of reports exploring different strategies to shift the
absorption region of SrTiOs, mainly by introducing foreign element/elements in any of the two

cationic sites (Sr and Ti) or in the anionic lattice site (O). Among nonmetal doping, effect of N
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has been studied by several experimental as well as theoretical groups.'” A series of N-doped
SrTiO; with varying N concentration have been synthesized by Wang et al and significant
improvement of photocatalytic activity has been observed during the oxidative elimination of
nitric oxide.” It has been pointed out that this enhancement of visible light activity is attributed
to the presence of N-induced localized mid gap states which reduce the effective band gap.** %
However, these states are considered to be detrimental for the photocatalytic activity as they can
hinder the charge carrier mobility and thus reduce the photoconversion efficiency.”® Besides,
defects like oxygen vacancy are known to be formed spontaneously to compensate for the charge
imbalance in N-doped oxide semiconductor, may trap photo-generated electron-hole pair and

27, 28

accelerate their recombination. In case of cation doping, substitution of the transition metal

element has been shown to enhance the visible light activity. As for example, Cr-doped SrTiO3

has been studied by several groups for significant lowering of band gap.”™

It has been reported
that Cr-doping reduces the band gap by introducing localized 3d states, which in turn makes it
inactive for overall water splitting.*> Other metal cations of interest for this purpose include Mn,
Ru, Rh, Pb, Ag, Ir, Pd and pt. 337 Although they are able to shift the absorption spectra towards
the visible region, there are cases, where hydrogen evolution has not been observed at all.*> This
may be due to, as emphasized in previous studies, large perturbation at the band edge positions
associated with introduction of undesirable localized states in the forbidden region.36 Nowadays,
codoping approach has been shown to be one of the successful approaches in designing new

38-41

photocatalyst with improved photoresponse. This has also been shown to be popular for

improving the photocatalytic activity of SrTiO; involving either anion-cation, anion-anion, or

42-48

cation-cation pairs. Recently, significant attention has been paid to improve the

photocatalytic activity of N-doped SrTiOs by introducing either a nonmetal (H, F, Cl, Br, I) or a
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metal (Cr, V, Nb, Ta, Sc, Y, La) as a codopant.‘u'45 Although they are found to be successful in
suppressing the N-induced undesirable states by forming charge compensated system, their
potentiality towards overall water splitting is still to be tested.

In this study, we have adopted metal-nonmetal codoping approach to improve the
photocatalytic behavior of SrTiO; under visible light. While choosing the codopant pair for this
purpose, we consider some important aspects, viz., (a) they should not bring significant
distortion in parent crystal structure, (b) they should reduce the band gap to such an extent that
the visible light absorption will be appreciable, (c) they should not perturb the CB edge of
SrTiOj significantly to make large downward shifting, (d) they should not introduce discrete mid
gap states. We carefully choose Mo and W for the Ti lattice site and N for the O lattice site due
to similarity in their ionic sizes. As the energy of N 2p orbital is higher than the O 2p orbital, N
doping is effective for elevation of the valence band maximum (VBM). In fact, it has been
successfully shown that the codoping of Mo/ W and N significantly increases the photocatalytic
activity of TiO, under visible light.49'52 The substitution of N (2sz2p3) for O (2sz2p4) will add one
hole to the system, while substitution of Mo (5s°4d*) or W (6s*5d”) for Ti (4s*3d?) will add two
extra electrons. Hence, equimolar proportion 1:1 of both the dopant elements, Mo/W and N will
lead to the formation of a non-compensated codoped system. However, to form a compensated
codoped system the proportion of Mo/W and N should be 1:2. Since the photocatalytic property
may alter with the type of codoping, viz., compensated or non-compensated, we have studied
here both the varieties. We employ density functional theory (DFT) as a tool for the quantum
chemical calculations. The stability of the proposed codoped system has been assessed by
calculating the defect pair binding energies. An accurate description of the electronic structure

has been presented by using sophisticated hybrid functional as prescribed by Heyd, Scuseria, and
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Ernzerhof (HSE).>® The change in electronic structure has been explored by plotting density of
states (DOS) and projected density of states (PDOS). Applicability of these materials for the
photo-splitting of water is assessed by aligning the band edges with respect to the water redox
levels. To have a look at the spectral shift we plot the optical absorption curve. We also find

favorable growth condition for the modified systems.

2. Computational Details

All the DFT calculations have been performed using VASP electronic structure code.™
The valence electron and ion core interactions have been described by projector augmented wave
(PAW) potential.”> The exchange and correlation energy density functional is considered under
the framework of generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) scheme.’® Brillouin zone has been sampled with sufficient number of I'-centered k-point
sets generated based on Monkhorst and Pack scheme.’” The cutoff energy of 600 eV defines the

limit to expand the electronic wave function in plane wave. The doped systems have been

modeled using supercell of the cubic SrTiOj crystal structure (space group: P m3 m). All the
geometries have been fully relaxed with a k-point mesh of 8§ x 8 x 8. During geometry
optimization the residual forces on the atoms are allowed to converge to a value smaller than
0.01 eV/A and the self consistent iteration continues until the tolerance for total energy reaches
10 eV. All the electronic property calculations have been carried out with HSE hybrid density

functional, for which the exchange and correlation energy maintains the relation below

EW =a B (u)+(1-a) Ef" ' (u)+ EP M () + E” )
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where ‘a’ and 'y'define the mixing coefficient and the screening parameter, respectively. We

consider 28 % of mixing for the exchange and 0.2 A for the screening parameter, reported to
calculate the band gap of SrTiO; very close to the experimental value.”>** A k-point mesh of 3 x
3 % 3 has been used for the electronic property calculation with the HSE functional. The valence
states included for the construction of PAW potential are: Sr (4s24p6552), Ti (4sz3d2), Mo
(5s*4d"), W (6s°5d%), O (2sz2p4), and N (2s22p3). Frequency dependent dielectric function
calculation has been employed as implemented in VASP to get the optical spectrum. The

condition of spin polarization has been implemented throughout the calculations reported here.

3. Results and Discussions

3.1. Geometry and Electronic Structure

At room temperature pure SrTiO; belongs to cubic perovskite structure (Fig. 1), where Ti atom is
octahedrally surrounded by six oxygen atoms. To obtain a detailed insight into the effect of the
dopants on the electronic structure of SrTiO;, we have calculated the DOS and PDOS for all the
model systems. For the undoped SrTiOs, the VBM and CBM are composed of mainly O 2p
states and Ti 3d states (Fig. 2), respectively. The calculated band gap is found to be 3.19 eV,
which is very close to the experimentally reported value (3.20 eV).'” This observation
encourages our choice of calculation method for computational design of modified SrTiOs
catalyst. To model N-doped SrTiO; one of the O atoms from the 2 x 2 x 2 supercell is replaced
by N atom, which corresponds to a dopant concentration of 4.17%. We consider two different
configurations, where the N atom occupies either O1 or O2 lattice site (Fig. 1). The introduction
of N at the O1 lattice site is found to be energetically more favorable by 0.005 eV in comparison

to that at the O2 lattice site. In the optimized geometry of N-doped SrTiOs, the Ti-N bond length
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(1.976 A) is found to be very close to the Ti-O bond length (1.974 A) in undoped SrTiOs. As the
valence cell of N contains one less electron than that in O, it will introduce one hole to the
system. The DOS plot (Fig. 3a) shows that N doping introduces partially occupied states 0.73 eV
above the valence band (VB) and unoccupied states 1.13 eV below the conduction band (CB).
This is the consequence of higher energy of the N 2p orbital than O 2p orbital. Therefore the
band gap reduces to 2.31 eV, which provides an explanation of the experimental observation of
improved visible light activity of N-doped SrTiOs.”> However, the localized unoccupied states
may serve as electron-hole recombination centre. To investigate the effect of increasing
concentration, we introduce two N atoms at the O1 and O2 lattices sites (Fig. 1). The (N, N)-
doped SrTiO; is deficient by two electrons. The change in crystal structure is found to be small
even in presence of higher N concentration (8.33 %). The calculated (N, N) distance is found to
be 2.663 A, which is shorter than the (O, O) distance (2.792 A) in the undoped SrTiOs. The
electronic structure (Fig. 3b) in this case is characterized by the presence of the fully occupied
impurity states near the VB and unoccupied states near to the CB. Higher concentration of N
results formation of continuum states at the band edges. As the unoccupied states are very close
to the CB, we assume the band gap as the difference between these unoccupied states and the
VB, and calculated as 1.58 eV. Although, increasing concentration improves the visible light
activity, significant downward shifting of the CB edge may affect the reducing behavior
severely. Now we will discuss the effect of doping with only Mo/ W on the electronic structure
of SrTiO3. The Mo/W-doped SrTiOs; modeled by introducing Mo or W at the Til lattice site (Fig.
1) of the 2 x 2 x 2 supercell, corresponds to a dopant concentration of 12.5 %. Due to similarity
in ionic size between the host element (Rrj:4= 0.605 A) and the substituent element (Ryio+6= 0.59

A and Ryi6= 0.60 A) the perturbation in the cubic structure is found to be very small.”® The
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calculated Mo-O bond length (dyo.0= 1.972 A) is comparable to the Ti-O bond length (di.0=
1.974 A). However, Mo introduces partially occupied impurity states just below the CB (Fig.
4a). This is due to presence of two more electrons in the valence cell of Mo (5s* 4d*) than that in
Ti (4s® 3d%). Since these donor states are closer to the CBM, we assume the band gap as the
difference between the VBM and the occupied impurity states, which is calculated as 1.86 eV. In
case of doping with W, the calculated W-O bond distance (dw.o= 1.948 A) is found to slightly
shorter than the Ti-O bond length in undoped SrTiOs. The characteristic of DOS (Fig. 4b) is
found to be almost similar to the case of Mo-doped SrTiOs;. However, the impurity states are
appeared as continuous state at the conduction band edge, rather than collection of isolated states
as appeared in the case of Mo-doped SrTiOs;. Analysis of PDOS indicates that, the impurity
states are composed of hybridized states of Ti 3d state and W 5d state, i.e., the mixing of Ti 3d
states and W 5d states is relatively stronger in this case. This can be interpreted by the closeness
of the Ti 3d orbital energy to the W 5d orbital energy, while differs significantly from Mo 4d
orbital energy. The effective band gap for W-doped SrTiOj is calculated as 2.40 eV. Although,
from the point of band gap narrowing, doping with only Mo/W seems to be attractive, the
presence of partially occupied impurity states as well as formation of charge compensating
defects are the limiting factors for the improvement of photocatalytic performance. Now, we
examine the scenario when both the anionic dopant and cationic dopant are present in the same
supercell.

We start this discussion with 1:1 (Mo/W, N)-codoped SrTiOs, which is constructed by
replacing one Ti and one O atom from the 2 x 2 x 2 supercell with one Mo/W and N,
respectively (dopant concentration N is 4.17 % for N-doping and is 12.5% for Mo/W doping).

Here we have considered two different configurations. In one case the dopant elements are
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directly attached to each other (occupying Til and Ol lattice sites), while in the other
configuration, they are far away from each other (occupying Til and O3 lattice sites). The (Til,
O1) configuration is found to be energetically more stable [0.96 eV and 0.78 eV for the (Mo, N)-
codoped SrTiO; and (W, N)-codoped SrTiOs, respectively] than the (Til, O3) configuration. In
the present study, we are interested only in the lowest energy configuration. As Mo/W leaves
two more electrons and N introduces only one hole, the (Mo/W, N)-codoped SrTiO; is charge
non-compensated and is excess by one electron. The Mo-N bond distance (dyon= 1.762 A) in
the (Mo, N)-codoped SrTiOj; is found to be significantly shorter than the Ti-N bond length (dr;.
n=1.976 A) in the N-doped SrTiOs. Fig. 5a shows the DOS plot for (Mo, N)-SrTiOs. Although,
presence of Mo is found to be effective in passivating the N-induced acceptor states completely,
partially occupied Mo-4d states are introduced in between VB and CB. Due to lower Mo 4d
orbital energy with respect to Ti 3d orbital energy, it appears as discrete state, far below the CB.
The CBM is hardly affected by this codoping, and still have Ti 3d character. Although these
partially occupied impurity states reduce the excitation energy to 1.06 eV, they may reduce the
photoconversion efficiency by trapping the charge carriers. Now we will discuss the case of W
and N doping in 1:1 proportion. In the optimized geometry of (W, N)-codoped SrTiO; the W-N
distance is calculated as 1.809 A. The DOS plot for the (W, N)-codoped SrTiO; has been shown
in the Fig. 5b. In contrast to the previous case, partially occupied impurity states are appeared
just below the CB. This is again due to closeness in energy of the Ti 3d orbital and W 5d orbital.
However, the nature of VBM is almost similar to the case of (Mo, N)-codoping. The energy
difference between the VBM and the occupied impurity state is calculated as 2.07 eV. Although,
in this case no discrete state in between VB and CB are observed, the impurity states

significantly lower the CBM and thus may affect the reducing behavior severely. Besides, non-

10
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compensated codoping is accompanied by the formation of vacancy states, which are known to
be efficient source for electron-hole recombination. Hence, 1:1 (Mo/ W, N)-codoped SrTiO3; may
show poor photocatalytic performance.

To overcome these problems, we have considered charge compensated (Mo/W, 2N)-
codoped SrTiOs. The (Mo/W, 2N)- SrTiOs is modeled with 2 x 2 x 2 supercell by introducing
one Mo/W and two N in the Ti and O lattice sites, respectively (dopant concentration for Mo/W
is 12.5 % and for N it is 8.33 %). In this case, we consider three different configurations obtained
by varying the substitution sites for the dopant elements, viz.: (Til, O1, O2), (Til, O1, O3) and
(Ti3, O1, 02). The (Til, O1, O2) configuration, where both the N occupy nearest neighboring
lattice sites of Mo (W) is found to be energetically more stable by 0.75 eV ( 0.56 eV) than the
(Til, O1, O3) configuration and 2.06 eV ( 1.50 eV) than the (Ti3, O1, O2) configuration. Here,
we describe the electronic structure of the lowest energy configuration for both the cases. The
calculated Mo-N bond distances (dyon= 1.800 A and 1.808 A) and W-N bond distances (dw.n =
1.825 A and 1.840 A) in these cases are found to be slightly longer than that in their 1:1
analogues. The N, N distance (dx.x = 2.803 A and 2.814 A) in both cases is found to be longer
than that in 2N- SrTiO3 (dxx= 2.663 A), while closer to the corresponding O, O distance (do.o =
2.792 A) in the undoped SrTiOs. This may be due to isolelectronic nature of the (Mo/W, 2N)-
codoped SrTiO; with the undoped SrTiOs. The DOS plot (Fig. 6) shows that the Fermi level is
shifted to the top of the VB, i.e., both (Mo, 2N)-SrTiO; and (W, 2N)-SrTiO; systems will behave
as intrinsic semiconductor. It is interesting to observe that both the impurity induced states are
completely passivated in these cases, ensuring improved charge carrier mobility as well as
photoconversion effieciency due to elimination of the local trapping centers. As the (Mo/W, 2N)

codoped SrTiO; being a charge compensated system, vacancy related defects formation is

11
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expected to minimum, which is beneficial for lower electron-hole recombination rate. Analysis
of PDOS indicates that the nature of CBM is similar in both the cases. However, the
characteristics of the VBM for (Mo, 2N)-codoped SrTiO; and (W, 2N)-codoped SrTiO; differs
significantly. In case of (Mo, 2N)-codoped SrTiO; the VBM is composed of (N 2p, O 2p)
hybridized state, with the majority contribution from O 2p state. While, in case of (W, 2N)-
codoped SrTiO; the VBM is dominated by N 2p state. Analysis of energy levels indicates that
the lowering of N 2p orbital energy occurs in larger extent in presence of Mo than that in
presence of W. Consequently the band gap for (Mo, 2N)-codoped SrTiO; (2.82 eV) differs from
that of (W, 2N) codoped SrTiO; (2.62 eV). To investigate this in more details we analyze the
charge density distribution (Fig. 7). In case of (Mo, 2N)-codoped SrTiO; (Fig. 7a), N electron
density is found to be more delocalized towards Mo and a significant overlapping of electron
cloud is observed. While, in case of (W, 2N) codoped SrTiOs, although the N electron density is
polarized towards W, there is no significant overlapping of the electron cloud. This indicates the
higher degree of covalent character in the bonding between Mo and N than that in between W
and N. This is again supported by Bader charge density analysis. > The calculated Bader charges
on the N centers are -1.27 |e| and -1.26 |e| for (Mo, 2N)-codoped SrTiOs, while -1.38 |e| and -1.37
le| for (W, 2N)-codoped SrTiO;. We should also point out that the band gap narrowing in both
the cases are the result of elevation of VBM only, as the CBM also moves to the upward
direction. This also justifies the choice of our doping strategy to improve the photocatalytic

behavior of SrTiO3, for which the CBM is only 0.80 eV above the water reduction level.

3.2. Defect Pair Binding Energy

12
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To obtain an insight into the coupling strength between the impurity species in the codoped

SrTiOs we have calculated the defect pair binding energy (Ey), defined as

Eb: Emono-doped X@0) + Emono-doped Y@Ti) — Ecodoped - ESrTiO3 (2)

where E represents the total energy of the respective systems calculated for the same supercell
size. The calculated binding energies for the (Mo, N)-SrTiO3 and (W, N)-SrTiO; systems are
2.27 eV, and 2.31 eV, respectively. The binding energies are relatively higher in case of (Mo,
2N)- SrTiO;3 (4.04 eV) and (W, 2N)- SrTiO; (4.03 eV) systems. The positive binding energies
indicate that the codoped systems are sufficiently stable. The extra stabilization in case of 1:2
codoping may be due to formation of charge compensated system.

3.3. Photocatalytic Activity

Up to now, we have discussed how this codoping approach is successful in reducing the band
gap (enhancing visible light activity) of SrTiO;. But to be suitable for water splitting process, the
band edges of the codoped SrTiO; must be located in proper positions. The CB edge must be
above the water reduction level (H'/H,) and the VB edge must be below the water oxidation
level (H,0/0;) to satisfy the thermodynamic criterion for the hydrogen release and oxygen
release, respectively. For SrTiO; the CB edge has been experimentally reported to be 0.80 eV
above and the VB edge is 1.17 eV below the respective levels, fully meeting the thermodynamic
criterion for overall water splitting.'® To check the criterion for both non-compensated and
compensated codoped SrTiO; we align their band edges. We first fix the positions of the CBM
and VBM for the undoped SrTiO; with respect to the water redox levels based on the
experimental data. Then the CBM and VBM for the modified SrTiO3; systems are placed
according to the relative shift of the corresponding energy levels with respect to that of the

undoped SrTiOs. As shown in Fig. 8, the VB edge of (Mo, N)- SrTiOs is located above the water

13
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oxidation level (H,O/O;). Hence, (Mo, N)-codoped SrTiOs will not able to release O, in the
water splitting process. While, in case of the (W, N)-codoped SrTiO; the CB edge lies very close
to the water reduction level. This indicates that the (W, N)-codoped SrTiO; may not be suitable
for hydrogen production through water splitting. On the other hand, the band edge positions for
both (Mo, 2N)- SrTiOs and (W, 2N)- SrTiO; are such that they are suitable for overall water
splitting. Figure 8 indicates that the CBM for both the systems are located even above that of the
undoped SrTiOs, resulting into an enhancement of reducing power as well. Thus, the (Mo, 2N)-
codoped SrTiO3 and (W, 2N)-codoped SrTiO; systems are expected to be thermodynamically

more suitable for H, evolution in comparison to the undoped SrTiOs.*°

3.4. Optical Property
In this section, we discuss the extent of optical shift towards visible region due to codoping with

(Mo or W) and N in 1:2 proportions. We calculate the frequency dependent complex dielectric
function, &, (a)) =g (a))+ i, (a)) . In our calculation the real part (&) of the dielectric tensor is
evaluated from Kramers—Kronig transformation, and the imaginary part (&,) from summation

over the empty states. For the absorption coefficient we use the following relation 60

0{((())2\/50)(\/51(0))2 +e&, (a))2 —gl(a)))% (3)

Figure 9 shows the calculated absorption curves for the undoped SrTiOs;, (Mo, 2N)-
SrTiOs, and the (W, 2N)-SrTiOs. The absorption curves for both the codoped systems are
extended to the visible region with respect to that of the undoped SrTiOs. This is due to decrease
in photo-excitation energy with codoping as discussed in the electronic structure part. The

absorption shift for the (W, 2N)-SrTiO; is relatively higher than that of the (Mo, 2N)-SrTiO;.

14
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Hence, (W, 2N) codoping should be better choice to achieve more enhancement in the visible

light activity.

3.5. Defect Formation Energy
We have also calculated the formation energy for the monodoped as well as the codoped SrTiO;
to explore the optimal growth condition in each case. The defect formation energy depends on

the chemical potential of the host and the defect element as®*®*

AH¢ = Egoped T No Mo + 0t i — Esrrios — N UN— DMow UMorw 4)

where Eqgoped 18 the total energy of the SrTiO; supercell containing the dopant element/elements.
ux represents the chemical potential of the element X, and nx indicates the number of atoms of
the element X added or replaced.

At the condition of equilibrium between the SrTiO; and the reservoirs of Sr, Ti and O,

their chemical potentials must follow the relation

Wsr + Wri T 310 = UsiTio3(bulk) (5)

Again the chemical potentials of the elements Sr, Ti and O cannot exceed the
corresponding chemical potential in the bulk. Thus, one has ps; < Hsrbuik), Ui < Uribuik) and po <

Roceas)- The heat of formation of bulk SrTiOs is given by

A = UsTio3(bulk) — USr(bulk) — HTi(bulk) — 3MO(gas) (6)

As the A value for SrTiO; is negative, Ws;, [i1i, and po follow the relations

Usrbutk) T A < tse < Usr(bulk) (7a)

Wricbutk) T A < pri < UTigoulk) (7b)

15
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3“0(gas) +A< 3“0 < 3“0(gas) (7C)

In the present study, psrbuiky and priuik) have been calculated from the energy of the respective
atoms in their pure bulk metallic states. [Loas) 1S calculated from the energy of an oxygen atom in
the gaseous O, molecule placed at the centre of a 20 x 20 x 20 A’ cubic box. Similarly py has
been calculated as pn= Y2 Uno(gas)- For pmo and pw, we have taken the energy of a Mo/W atom in
the bulk molybdenum/tungsten metal.

The formation energy for the monodoped and codoped SrTiO; has been shown in Fig. 10
as a function of the chemical potential of the host element. The dopant formation energy follows
an increasing trend with the chemical potential of the host element (Figs. 10a and 10b). This is
due to the fact that the host rich condition is unfavorable for vacancy formation, required for the
insertion of the dopant element. As can be seen from Fig. 10b, that the introduction of W in the
SrTiOs crystal structure is more feasible than that of Mo. Figures 10c and 10d indicate that
introduction of N in the SrTiO; crystal lattice is facilitated by the presence of Mo/W, i.e.
codoping is energetically more favorable. This may be due to the stronger coupling between
Mo/W and N. The formation energy for the codoped system is found to be much lower when the
growth condition is O-rich rather than Ti-rich.

3.6. Effect of Concentration

To investigate the effect of concentration calculation with different super cell size has been
carried out. We consider two higher concentration cases using 2 x 1 x 1 supercell and 2 x 2 x 1
supercell and one lower concentration case using 2 x 2 x 3 supercell. Here we will discuss the
case of codoping with W and N in 1:2 proportion. In each case, we consider the geometry, where
both the N are directly attached to W, has been found to be lowest energy configuration for the 2

x 2 x 2 supercell. In case of 2 x 1 x 1 supercell, the dopant concentration corresponds to 50 %
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for W and 33.33 % for N. The calculated band gap is drastically reduced to 0.78 eV. The DOS
plot has been presented in Fig. 11a. The VBM is elevated by 1.58 eV and the CBM is lowered by
0.83 eV with respect to that of the undoped SrTiOs due to higher concentration of the dopant.
Hence, this highly doped SrTiO; may not be suitable for both water oxidation and reduction. In
case of 2 x 2 x | supercell the dopant concentration corresponds to 25 % for W and 16.67 % for
N. The calculated band gap (2.65 eV) is found to be close to that obtained using 2 x 2 x 2
supercell. Comparison of Fig. 11b with Fig. 6b indicates that the nature of the band edges is
almost similar in both the cases. For lower dopant concentration we increase the supercell size to
2 x 2 x 3, which corresponds to the dopant concentration of 8.33 % for W and 5.55 % for N. The
DOS plot has been shown in Fig. 11c and the calculated band is 2.66 eV. This indicates that even
at lower dopant concentration the reduction of band gap is quite significant to achieve
appreciable visible light activity. Moreover, in all the cases the impurity induced states are
completely passivated to form continuous band structure at the band edges.
4. Conclusion

In this theoretical study, we investigate using hybrid DFT, the effect of codoping of
Mo/W and N in different proportions aiming at improving the photocatalytic activity of SrTiO;
under visible light. Presence of Mo or W favors the N-doping by reducing the formation energy.
In the codoped systems, strong coupling between N and Mo or W is established, making the
systems sufficiently stable. In case 1:1 codoping, although the band gap decreases significantly,
incomplete passivation of the localized impurity states may lead to poor photocatalytic response.
The band edge positions are also perturbed significantly, making (Mo, N)- SrTiOs inactive for
oxygen evolution and (W, N)- SrTiO; unsuitable for hydrogen evolution in the water splitting

process. As the (Mo/W, N)- SrTiOs; is charge non-compensated, carrier loss due to defect states
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may not be avoided. Thus codoping of Mo/W and N in 1:1 proportion should not be suggested
for the improvement of photocatalytic efficiency of SrTiOs towards solar water splitting. On the
other hand, introduction of Mo/W and N in 1:2 proportion results charge compensated codoped
system, which is isoelectronic with the undoped SrTiO; and both the dopant-induced localized
states are completely passivated. Hence good mobility behavior as well as improved
photoconversion efficiency are expected in the (Mo/W, 2N) SrTiOs system. The reduction in
band gap is solely due to the elevation of the VBM. The CBM is also found to be shifted in the
upward direction, indicating that the reducing property at the CB will be stronger than the
undoped SrTiOs; As the codoping of (W, 2N) extends the absorption curve towards visible
region in higher extent than that of (Mo, 2N) codoping, (W, 2N)-codoped SrTiOs should be

better choice to achieve improved photocatalytic behavior for solar driven water splitting.
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Figure Captions

Fig. 1: 2 x 2 x 2 supercell for the cubic SrTiO; crystal structure. The lattice sites for the dopant
elements are indicated by Ti1-Ti3 and O1-O3.
Fig. 2: Density of states of undoped SrTiOs. Vertical dashed line indicates Fermi Level.

Fig. 3: Density of states of N-doped SrTiO; (a) and (N, N)-doped SrTiOs (b)

Fig. 4: Density of states of Mo-doped SrTiO3 (a) and W-doped SrTiO; (b).

Fig. 5: Density of states of (Mo, N)-codoped SrTiO; (a) and (W, N)-codoped SrTiO; (b).
Fig. 6: Density of states of (Mo, 2N)-codoped SrTiOs (a) and (W, 2N)-codoped SrTiOs (b).

Fig.7: Part of total charge density distribution for (Mo, 2N)-codoped SrTiOs (a) and (W, 2N)-
codoped SrTiO; (b).
Fig. 8: The calculated VBM and CBM positions of codoped SrTiO; with reference to that of

undoped SrTiO;.

Fig. 9: The calculated absorption curves for the undoped and codoped SrTiOs.

Fig. 10: The variation of defect formation energy with the chemical potential of O (Ho- Ho-gas)
and Ta (Wra- Wrabuk) for N-doped SrTiO; (a) Mo-doped SrTiO; and W-doped SrTiO; (b) (Mo,
2N)- codoped SrTiOs (¢) (W, 2N)- codoped SrTiO; (d). The color lines (c) and (d) corresponds
to different formation energies for the (Mo, 2N)- codoped SrTiO; and (W, 2N)- codoped SrTiO;.
The codoped system cannot be formed in the lower half of the diagonal axis (large white region)
in the case of ¢ and d because the chemical potential of Sr (ug;) is exceeded (eq. 7a).

Fig.11: Density of states of (W, 2N)-codoped SrTiOs using (a) 2 x 1 x 1 supercell, (b) 2 x 2 x 1

supercell, and (c) 2 x 2 x 3 supercell.
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Fig. 1: 2 x 2 x 2 supercell for the cubic SrTiO; crystal structure. The lattice sites for the dopant
elements are indicated by Ti1-Ti3 and O1-O3.
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Fig. 2: Density of states of undoped SrTiOs. Vertical dashed line indicates Fermi Level.
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Fig. 3: Density of states of N-doped SrTiOs (a) and (N, N)-doped SrTiOs (b)
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Fig.4: Density of states of Mo-doped SrTiO; (a) and W-doped SrTiOs (b).
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Fig.5: Density of states of (Mo, N)-codoped SrTiO; (a) and (W, N)-codoped SrTiOs (b).
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Fig.6: Density of states of (Mo, 2N)-codoped SrTiO3 (a) and (W, 2N)-codoped SrTiO; (b).
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Fig.7: Part of total charge density distribution for (Mo, 2N)-codoped SrTiOs (a) and (W, 2N)-

codoped SrTiOs (b).
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Fig. 8: The calculated VBM and CBM positions of codoped SrTiO; with reference to that of
undoped SrTiO;.
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Fig. 9: The calculated absorption curves for the undoped and codoped SrTiOs.
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Fig. 10: The variation of defect formation energy with the chemical potential of O (po- Ho-gas)
and Ta (Uta- Mrabuik) for N-doped SrTiO; (a) Mo-doped SrTiOs; and W-doped SrTiO; (b) (Mo,
2N)- codoped SrTiO; (¢) (W, 2N)- codoped SrTiO; (d). The color lines (c¢) and (d) corresponds
to different formation energies for the (Mo, 2N)- codoped SrTiO; and (W, 2N)- codoped SrTiO;.
The codoped system cannot be formed in the lower half of the diagonal axis (large white region)

in the case of ¢ and d because the chemical potential of Sr (us;) is exceeded (eq. 7a).
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Fig.11: Density of states of (W, 2N)-codoped SrTiO; for (a) 2 x 1 x 1 supercell, (b) 2 x 2 x 1

supercell, and (c) 2 x 2 x 3 supercell.
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