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ABSTRACT: Using the hybrid density functional theory and ab initio atomistic vA¢ H* TS T - P PTG N
. . . Reduction >~ 27 > 7 227\~

thermodynamics, we report that monodoping of nonmetal (N) or metal (Mn) in ¥ ra e,

S1TiO; can induce visible-light absorption, but none of them are suitable to  »y< T CBm

ameliorate the photocatalytic activity. Therefore, in order to achieve enhanced 03-3 ne veM H7H: 2

photocatalytic activity of SrTiO; we have employed codoped Mn and N Oxidation J o

simultaneously in SrTiO; to modulate its electronic properties effectively. In the @ s @ @ oyl

codoped SrTiO;, the recombination of photogenerated charge carriers is MosNo ‘i‘ . i

suppressed, and the diffusion and mobility are increased owing to the passivation Z?doged’ , ®

of discrete localized states. Our results reveal that Mng N (codoping of Mn at the n olody

Sr site and N at the O site) is the most promising candidate for enhancing the

photocatalytic activity of SrTiO; under visible light.

B INTRODUCTION

SrTiO; has emerged as one of the most promising energy
materials' ™ for photocatalytic water splitting.g_14 However,
owing to its large band gap (3.25 eV),"” its application at a
commercial level is delimited. Thus, several works have been
endeavored to reduce the band gap of SrTiO; in order to
induce visible-light absorption via doping with metals,'™>°
nonmetals,”’ 7> or a combination of several elements.
However, the band gap reduction cannot ensure the enhance-
ment in photocatalytic efficiency as it also depends on the
location of the conduction band minimum (CBm) and valence
band maximum (VBM).** For transition metal (TM) doped
SrTiO;, TM d-states hybridize with those states of the SrTiO,
that contribute to the conduction band, and thus, the
reduction in band gap occurs by shifting of CBm in a
downward direction. However, due to this, the reducing power
is deteriorated. Also, in general, doping by 3d elements leads to
localized states in the gap, which are detrimental to the
photocatalysis. Therefore, the transition metal alone is not
suitable for improvement in photocatalytic activity. On the
other hand, nonmetal doped SrTiO; is found to narrow the
band gap by elevating the VBM. However, in this case also,
localized states appeared deep inside the forbidden region,
which can trap the photoexcited charge carriers and accelerate
the electron—hole recombination. This in turn degrades the
photocatalytic efficiency.'”*> This has motivated us for
codoping. The codoping with a metal is one of the pre-
eminent solutions to passivate such discrete states of dopants
in the forbidden region and form the continuum band.”*~*
Also, earlier studies have suggested that codoping of metal in
nonmetal-doped SrTiO; or TiO, stabilizes the system; i.e., the
solubility of nonmetal gets increased.*****” By means of
codoping, band edges can be engineered to comply with the
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needs; i.e., the spectral response expands to the visible region
while retaining the reduction and oxidation power.”””” A
thorough screening of the codopants has been done by
calculating the band gap (see Table S1 in Supporting
Information (SI)). From here, we have identified few
promising systems (marked as red), and one of them is the
N and Mn codoped system. The decrement in band gap is
most suitable for the Mn and N codoped system, whereas in
the rest of the cases, the band gap decrement is either larger or
smaller than what is needed for the maximum efficiency in
photocatalytic water splitting (~2 eV'”*"). Moreover, one of
the important factors for choosing Mn is that it has a d—d
transition, and its d-orbital's energy facilitates the suitable
potentials for water redox reactions. Note that the individual
monodopants (i.e, N and Mn) have already been exper-
imentally synthesized.”***~* However, for the codoping of
Mn and N in bulk SrTiOj;, any experimental or theoretical
reports are hitherto unknown.

In this article, we have, therefore, studied codoped (N—Mn)
SrTiO; for enhancing the photocatalytic efficiency under
visible light. To understand the N—Mn codoped case, first we
have addressed the respective monodoped (N, Mn) cases and
their thermodynamic stability using hybrid density functional
theory (DFT)***” and ab initio atomistic thermodynamics at
realistic conditions (temperature (T), partial pressure of
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oxygen (po,), and doping).** Next, to get the insights on the
synergistic effect of codoping, electronic density of states for
pristine, monodoped, and codoped SrTiO; have been
compared. In addition, the optical response using the single-
shot GoW,*°° method is also analyzed. Finally, from the
perspective of its usage in photocatalytic water splitting, we
have examined the band-edge alignment of (un)doped SrTiO;
w.r.t. water redox potential levels.

B COMPUTATIONAL METHODS

We have carried out the DFT calculations using the Vienna ab
initio simulation package (VASP)."** The projector-aug-
mented wave (PAW) potentials®® are used to describe the
ion—electron interactions in all the elemental constituents, viz.,
Sr, Ti, Mn, O, and N, that contain ten, four, seven, six, and five
valence electrons, respectively. The total energy calculations
are performed using the hybrid exchange—correlation (xc)
functional HSE06"* (for validation of xc functionals, see
Section VI in the SI). To introduce defects in SrTiO;, we have
used a 40-atom supercell, which is constructed by a2 X 2 X 2
repetition of cubic SrTiO; unit cell (S atoms). A k-point mesh
of 4 X 4 X 4 is used, which is generated using a Monkhorst—
Pack® scheme. The self-consistency loop is converged with a
threshold of 0.01 meV energy. The cutoff energy of 600 eV is
used for the plane-wave basis set. Note that we have performed
the spin-polarized calculations because the doped systems
contain unpaired electrons. The quasiparticle energy calcu-
lations have been carried out using a single-shot GyW,
approximation starting from the orbitals obtained using the
HSE06 xc functional. The polarizability calculations are
performed on a grid of SO frequency points. To make
computation feasible, the number of bands is set to 384, which
is typically four times the number of occupied orbitals.

B RESULTS AND DISCUSSION

Stability of Defects in SrTiO;: Ab Initio Atomistic
Thermodynamics. On doping SrTiO; with a nonmetal
dopant (e.g,, N), the possible defects that could occur are N
(N substituted at the O position), N; (N as an interstitial
making a bond with O), and (N,) split-interstitial (one N is
at the interstitial position, and another one is substituted by
the nearby O, making a bond with each other).”*****%° In the
case of metal (e.g, Mn) doping, Mn could be substituted at
either the Ti (Mng;) or Sr (Mng,) site, or it could also be
present as an interstitial (Mn;) in SrTiO;.*** Note that these
defects are not stable in neutral form because of the
uncompensated charge. Therefore, we have calculated the
stability of charged defects in addition to neutral defects with
charge states q (=2, —1, 0, +1, +2).*%°%7

To analyze the thermodynamic stability of the defected
configuration w.r.t. pristine SrTiO;, we have calculated the
formation energy by means of ab initio atomistic thermody-
namics.***"~" For an X-related defect with charge state g, the
formation energy (E{(X)) is calculated as follows*****’

E¢(X") = E(XT) - Emt(pristineo) - z n,

1

+ q(i + VBM + AV) (1)

where E,(X9) and E,(pristine’) are the total DFT energies
with defect (at charge q) and pristine neutral, respectively. n; is
the number of atoms i added (positive) or removed (negative)

from the system, and p; is the corresponding chemical
potential. p; is referenced from the total DFT energy
(Eit(i)) of species i, i.e, u; = Ap; + E(i). The chemical
potentials, Ay, have been chosen carefully to reflect the
appropriate environmental growth conditions (see section II in
SI). . is the chemical potential of the electron varied from the
VBM to CBm of the pristine system, and AV accounts for the
core level alignment of the defected system w.r.t. the pristine
neutral system.

The optimized structures of all the doped and pristine
SrTiOj; supercells are shown in Figure S1. SrTiOj; has a cubic
structure space group Pm3m at room temperature. On doping
N in pristine, N-related defects, viz., No, N;, and (N,), could
form. Ng shows negligible distortion, whereas N; and (N,)q
show more distortion in the lattice. We can sum up about the
stability of all three configurations of N-related defects at
different environmental conditions by observing the 3D phase
diagram as shown in Figure la. Here, on the x-axis, A is
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Figure 1. 2D projection of the 3D phase diagram that manifests the
stable phases of (a) N-related, (b) Mn-related, and (d) (N—Mn)-
related charged defects having minimum formation energy as a
function of y, and Apg. Here, on the x-axis, Ay is varied according
to T and pg, and on the y-axis, 4, is varied from the VBM to CBm of
the pristine SrTiO;. Colored regions show the most stable phases
having a minimum formation energy at a given environmental
condition. Top axes are showing the pressure (po,) range at two
temperatures: T = 300 and 1373 K. (c) Ball and stick model of the
optimized structure of Mng N defect configuration.

varied from O-poor to O-rich conditions in accordance with T
and po . On the y-axis, we have scanned the entire forbidden

region by means of y, which is referenced from the VBM of
pristine SrTiO3. On the z-axis, we have shown the most stable
phases having a minimum formation energy at a given
environmental condition using the colored surfaces. The
charge states +1 and —1 are energetically stable in the case
of N near the VBM and CBm, respectively. N; is energetically
stable in charge states +1, 0, and —1. The positive charge states
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are more favorable for smaller values of y,, i.e., near the VBM
(p-type), whereas negative charge states are stable near the
CBm (n-type) for a larger value of y.. Since O-poor and O-rich
conditions also correspond to lesser and more content of O,
respectively; therefore, N is more difficult/easier to form in
O-rich/O-poor conditions. N is stable with the charge state
—1 near CBm, as it has one electron less than the O atom. The
thermodynamic transition level (+) lies in between the VBM
and CBm, indicating that Ng acts as both a deep donor/
acceptor depending on the nature of doping (i.e., p-type or n-
type). From Figure la, we can easily see that Ny is the
predominant defect in N-doped SrTiO; for a wide range of
environmental conditions including the experimental growth
condition (T = 1373 K, po, = 1 atm™’), whereas N; is only

favorable in O-rich conditions (in accordance with the 2D
phase diagram (see Figure S2)).

On doping Mn in SrTiOj3, the structures that could form are
Mng,, Mn;, and Mn,. In the case of Mng, only a neutral defect
is stable, which signifies that Mn exists in the Mn?** oxidation
state when substituted at the Sr (Sr** oxidation state) site in
SrTiO; (see Figure 1b). Mnv; is stable in the —1 charge state,
indicating that in addition to the Mn*' oxidation state the
Mn>* oxidation state could also exist, though unlikely, when
Mn is substituted at the Ti (Ti** oxidation state) site. Mn, with
+2 charge state is stable in p-type SrTiO; under O-poor
conditions, while Mnr; with a —1 charge state is stable in n-
type SrTiO; under O-rich conditions, as shown in the 3D
phase diagram (see Figure 1b). Neutral Mng, is the prominent
defect under all the three environmental conditions. The
formation energy for Mn-doped SrTiO; in all oxygen
environmental conditions is small, particularly in O-inter-
mediate conditions (see Figure S3), which implies that it is
easier to dope Mn in SrTiO;.

From the above analysis, we conclude that in the case of
monodoped SrTiOj; substitutional doping is the most stable for
a wider region of the environmental conditions, including the
experimental growth conditions. Therefore, we have consid-
ered only the substitutional position for codoping of Mn and N
in SrTiO;. The formation energy of Mng Ny (E{MngNg)) is
calculated as follows

E(MngNg) = E, (MngN) — E, (SITiOS) + sy — iy

+ pg, =y, + q(i + VBM + AV)

()
where E,,,(Mng,N%) and E,(StTiO3) are the DFT energies of
the codoped system (Mn at Sr and N at O) with charge g and
the pristine neutral SrTiO;, respectively. po and gy are the
chemical potentials of the oxygen and nitrogen atom,
referenced from the total DFT energy with the addition of
zero-point energy of O, and N, molecules, respectively, i.e.,

1 h
luo = A:uo + z(Etot(OZ) + %) and

hvan

fy = Duy + %(Etot(Nz) + = ) In the latter terms, vgq

and vyy are the O—O and N—N stretching frequencies,
respectively. The chemical potential uy = Auy + E(X)
(where X = Mn, Sr, and Ti). The chemical potential Ayy (X =
O, N, Mn, Sr, and Ti) is chosen carefully (see Section II in the
SI). Figure 1d shows the 3D phase diagram for the stability of
codoped systems. Mng N is the predominant defect in all the
environmental growth conditions and is stable in +2, +1, and
neutral charge states [the results are in accordance with the 2D

phase diagram (see Figure S4)]. This will act as a donor in p-
type SrTiO;, whereas MnpNg is stable only for a smaller
region in extreme O-rich/Ti-poor condition with charge states
—1 and —2 near CBm (n-type); i.e., it will act as an acceptor
(see Figure 1d). To further confirm that the formation of the
defect pair (N—Mn) in SrTiO; is stable, the binding energy
(Ep) of the defect pairs (N—Mn) in SrTiO; has also been
checked.*”®" (We have taken the difference between total DFT
energies (of codoped and pristine SrTiO;) and total DFT
energies (of respective monodoped SrTiO;), which is opposite
to what has been considered in refs 32 and 61. Therefore, the
pair that has negative binding energy is stable.) A more
negative value of E; indicates that the defect pair is more stable
when both the dopants are present in the sample. E, values for
Mng Ny and MnpNg pairs are —1.46 and —0.33 eV,
respectively. These values indicate that defect pairs are more
stable than the isolated impurities in the SrTiO; supercell.
Also, MngNg is a more stable configuration than MnpNg
since Mng N, has higher (more negative) binding energy than
Mnp;No. In the codoped system, Mn acts as a donor, whereas
N acts as an acceptor. The charge transfer takes place from the
donor to acceptor, and strong Coulomb interaction arises
between a positively charged donor and negatively charged
acceptor. Hence, the defect pair is stable. The extra stability in
Mng Ny is due to the shift of Mn away from the Sr center
toward N as shown in Figure 1c and making strong bonds with
its neighbor atoms.

Electronic Structure Analysis. To get more insights
about the effect of dopants in SrTiO;, we have calculated atom
projected density of states (pDOS). The DOS plots for pristine
and monodoped SrTiO; are shown in Figure 2(a—d). In
pristine SrTiO;, the O 2p orbitals contribute to the VBM, and
Ti 3d orbitals contribute to the CBm with a wide band gap of
3.28 eV. The DOS of pristine SrTiO; is symmetric w.r.t. spin
alignments (i.e., spin up or down), whereas in the case of N,
the DOS is asymmetrical due to a devoid of an electron in
comparison to pristine SrTiO; (see Figure 2a and 2b). In the
latter case, some occupied states appeared above the pristine
VBM, and some unoccupied discrete states can also be seen
deep inside the forbidden region (since the N 2p orbitals have
higher energy than the O 2p orbitals) (see Figure 2b). This
leads to a reduction in the band gap. However, these midgap
states increase the recombination rate and decrease the charge
mobility which lead to degradation in the photocatalytic
activity.

We have considered two sites for the substitution of Mn,
viz., Sr and Ti sites. In the case of monodoping of Mn at the Sr
site, the band gap (3.25 eV) is not getting reduced and thus
cannot induce visible-light absorption (see Figure 2c). The
occupied and unoccupied states of Mn orbitals appeared deep
inside the valence and conduction band, respectively,
indicating that Mnyg, is very stable. However, in the case of
Ti site substitution, we get interesting features in the DOS (see
Figure 2d). The localized states bring down the CBm. Hence,
the band gap is reduced to 2.57 eV, resulting in the visible-light
absorption. However, due to a shift of the CBm in downward
direction, its reduction power is degraded. Therefore, it can
not be a potential candidate for H, production from water
splitting.

In the case of codoping, the substitution of Mn at both sites,
Sr and Ti in addition to N, helps to passivate the localized
mid gap states (introduced by N substitution) and form
continuum states as shown in Figure 2e and 2f. The passivation
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Figure 2. Electronic density of states for the supercell of (a) pristine
SrTiO;, (b) No, (c) Mng, (d) Mng;, (e) MngNo, and (f) Mnp;Ng
type defects.

of states is concomitant with the hybridization of O and N
orbitals and Mn and O orbitals in the MngNg defect
configuration as shown in Figure 2e (near the VBM).
However, in the case of MnpNg, Mn states arise only near
the CBm as shown in Figure 2f. The recombination of
photogenerated charge carriers is suppressed, and the diffusion
and mobility are increased owing to the passivation of discrete
localized states. The band gaps of Mng Ny and MnpNg are
2.34 and 1.94 eV, respectively, which are the desirable ones for
visible-light absorption. In the case of Mnp;Np, CBm is shifted
downward by a large amount and hence adversely affects the
reduction power for hydrogen generation. However, in the case
of Mng Ny, this downward shift is very small. Consequently,
the codoping of Mn at the Sr site and N at the O site is
favorable for overall photocatalytic water splitting. Also, from
Figure lc, we can see a relatively large distortion in the case of
MngNg codoping, which builds up the internal field, that is
helpful for photogenerated charge carrier separation and thus
enhances the photocatalytic efficiency. Therefore, MngN
codoping in SrTiOj; is a promising candidate to enhance the
photocatalytic efficiency and generate hydrogen from water
splitting.

Optical Properties. To determine the optical spectra, we
have computed the frequency-dependent complex dielectric
function e(w) = €,(w) + ie,(w) using the GoW,@HSE06
approach (the results with HSE06 are shown in Figures S5 and

S6). The real (¢,) and imaginary (¢,) parts of the dielectric
function have been shown in Figure 3a and 3b, respectively.

2

4 6 8 10 12 4 6 8 10 12
Energy (¢V) (b) Energy (eV)

— pristine No — Mny — MnyN, — Mng, Mng N,
Figure 3. Spatially average (a) real (¢;) and (b) imaginary (¢,) part of

the dielectric function obtained by G,W,@HSEOQ6 for the pristine,
monodoped, and codoped SrTiO;.

The static (@ = 0) real part of e(w) for pristine SrTiO; is
found to be 3.46, which is well in agreement with previous
findings.”” On doping, its value is increased (see Figure 3a).
The imaginary part of the dielectric function represents the
optical absorption (see Figure 3b). We have found the first
peak at 4.20 eV for pristine SrTiO; [experimental value is 4.7
eV].%> Note that the peaks are shifted toward the lower-energy
region, except for Mng,. Even if the exact numbers may differ
from the experimental values, at least from the trends it is clear
that the band gap is getting reduced on doping in SrTiOj;. Also,
we could note that the onset of the absorption edge shifts
toward the lower region. Hence, the optical response is shifted
toward the visible region. The spectrum of Mng, coincides with
the pristine supercell of SrTiO; because there is no reduction
in band gap, while in rest of the cases, band gap is reduced (see
Figure 3b).

Band-Edge Alignment. Note that only a reduction in
band gap can not ensure the hydrogen generation via
photocatalytic water splitting. The band edges (VBM and
CBm) should have appropriate position. For water splitting,
the CBm must lie above the water reduction potential level
(H*/H,), and the VBM must be positioned below the water
oxidation potential level (O,/H,0). First, we have aligned the
band edges of undoped SrTiO; w.r.t. water redox potential
levels. The CBm lies 0.8 eV above the water reduction
potential (H*/H,), and the VBM lies 1.25 eV below the water
oxidation potential.”* We see that the position of the CBm and
VBM of the pristine SrTiO; is consistent with previous
findings.”' Thereafter, we align the band edges of doped
SrTiOj; by observing the shift in energy of the VBM and CBm
w.r.t. undoped SrTiO;. From Figure 4, we have found that in
the case of Ny the VBM is shifted upward, and the CBm is not
disturbed. However, some localized states are present deep in
the forbidden region, which degrade the photocatalytic
efficiency. Hence, Ny is not the promising one for water
splitting. In the case of Mnr; and Mnp;Ng, the CBm is shifted
downward by a large amount, and hence, their reduction
power is very low and could not be utilized for hydrogen
generation from water. On substituting Mn at the Sr site, the
band gap is not getting reduced and thus not inducing the
visible-light response. In the case of Mng Ny, CBm is shifted by
a small amount and thus retains the reduction power. It has a
desirable band gap of 2.34 €V and also does not contain any
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Figure 4. Band-edge alignment of (un)doped SrTiO; w.r.t. water
redox potential levels (H*/H,, O,/H,0).

localized midgap states. In view of this, from the applicability
in photocatalytic water splitting, only MngNg is the most
desirable one. Hence, these theoretical studies help in further
future investigations to engineer a device that will be
environmentally friendly.

Effective Mass for Pristine and MngNy-Codoped
SrTiO;. We have also determined the effective mass of
electrons and holes for the pristine and MngNg-codoped
SrTiO; configurations using the HSE06 functional (see Table
1). These have been obtained from the curvature of band

Table 1. Effective Masses (In Terms of Free-Electron Mass
m,) at the Band Edge for Pristine and Mng,N,-Codoped
SrTiO,”

configuration Mpe My My myp,
pristine 5.18 0.38 —10.36 —0.74
MngNo 5.09 —2.58

“The masses my,, my, my, and my, correspond to heavy-electron,
light-electron, heavy-hole, and light-hole bands, respectively.

edges by calculating the inverse of the second derivative of
band energies with respect to k at the band edges. These values
of effective masses for the pristine system (except for heavy
hole) are validated by previous studies.”>~%

We have used a supercell so that the periodic images of the
defects do not interact and the defects get localized in the
system. However, as the size of the supercell increases, the
bands in the first (primitive) Brillouin zone of the primitive/
normal cell get folded, and the supercell Brillouin zone shrinks.
Consequently, the energy levels in the band structure become
very dense, and thus, for a large supercell, we do not get much

information from a band structure. Therefore, unfolding of the
band structure is used in general to get a real picture of the
band structure (for details, see refs 68 and 69). Despite the use
of a supercell (which is not too big in our case), we can see
from Figure § that the density of the bands near the VBM and
CBm is not very high. Also, there is no overlap of bands at the
VBM and CBm in codoped SrTiO;. Therefore, band folding
does not create much of a problem for these cases, and in
principle, we can get the correct result for the effective masses.

From Figure 5a, we can see that the pristine has 3-fold
degeneracy at the CBm (at the I k-point). This degeneracy is
lifted as one moves away from the I" k-point in the direction of
the X, M, or R k-point. The effective mass of electron/hole due
to a heavy-, light-electron/hole, and spin split-off band is
obtained along the high-symmetry I'=X path for pristine
SrTiO;. The effective mass of the electron/hole corresponding
to a spin split-off band is found to be the same as that for the
light-electron/hole band.

After the validation for the pristine system, we have
calculated the effective mass for MngNg. From Figure 5b,
we can see that there is no degeneracy of the band at CBm and
VBM. The defect states constitute the CBm and VBM, which
are contributed by the codoping of Mn at the Sr site and N at
the O site. The flat bands (smaller curvature) indicate that the
defect is localized in the system. The CBm for Mng N lies at
the [0.2 0.2 0.2] k-point, and the VBM lies at the R k-point.
The effective mass of the electron is 5.09m, and 3.04m, along
[02 0.2 0.2])-T" and [0.2 0.2 0.2]-X directions, respectively.
This implies the anisotropy in effective mass. The effective
mass of the hole is —2.58m, and —1.53m, along the R—I" and
R—X directions, respectively. The comparable values of
effective mass of electrons for codoped and pristine systems
indicate that the mobility will not be affected much due to the
shallower defect level. Note that the mobility depends on the
effective mass as well as on scattering (relaxation) time. The
scattering rate will decrease on doping as the degeneracy is
lifted, and thus despite a small increment in effective mass, the
mobility will not be affected much, especially here as the
doping concentration is very low. These effective mass studies
further assist future experimental and theoretical investigations
to tailor the transport properties of the system.

B CONCLUSIONS

In summary, we have systematically studied the thermody-
namic stability of different types of dopants and codopants in
SrTiOj; using hybrid DFT and ab initio thermodynamics. Our
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Figure S. Band structure calculated using the hybrid (HSE06) functional of (a) pristine SrTiO; and (b) MngNy-codoped SrTiOs.
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results indicate that Mng Ny is the stable defect configuration
under equilibrium growth conditions. We have found that
despite monodopant-related defects help in reducing the band
gap they generate localized states deep inside the band gap.
These states act as recombination centers, which in turn
reduce the photocatalytic efficiency. Thus, monodoping of
both N or Mn can induce visible-light absorption, but none of
them are suitable for photocatalytic activity. The codoping
reduces the band gap to the ideal visible region as well as
passivates the localized states to form the continuous band
with suitable band-edge positions. We have observed that the
calculated effective mass of electrons for the codoped system is
found to be similar to that of the pristine system. This indicates
that electron mobility is not reduced much due to the
shallower defect level. We find that MngNy-codoped SrTiO,
could be a potential candidate for producing hydrogen via
photocatalytic water splitting.
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