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Dopant Distributions and Band-Edge Positions in Sr-Doped 
NaTaO3: A First-Principles Study
Ryusei Morimoto,a Hiroki Uratani,*ab Hiroshi Onishicde and Hirofumi Satoaf

Sr doping is known to enhance the water-splitting activity of NaTaO3 photocatalyst and is often accompanied by surface 
segregation of Sr, yet the electronic-structural origin remains unclear. Here, we employ first-principles calculations with 
explicit enumeration of all Sr configurations in bulk NaTaO3 (NTO) and TaO2-terminated (001) surfaces. In bulk, the 
enumeration shows that shorter Sr–Sr separations are energetically preferred. At surfaces, Sr segregates and accumulates 
strongly. Layer-resolved local density of states indicates that in-gap states are confined to the outermost TaO2 layer, while 
interior layers retain a near-bulk gap. In Sr-rich surface layers, both band edges shift upward relative to the interior. 
Population analyses link the valence-band rise to O–O contraction and the conduction-band rise to Ta–Ta elongation. The 
Sr-doping and segregation yields near-surface band bending and a built-in electric field that can promote electron–hole 
separation and suppress recombination, rationalising the observed activity gains.

Introduction
The breakthrough TiO2 photoelectrolysis reported by Honda 
and Fujishima initiated systematic studies of photocatalysis.1–4 
Under above-gap excitation, nonequilibrium electrons and 
holes are generated, and their behaviour is governed by the 
electronic structure. In particulate systems, these excited 
carriers are guided to catalytic sites by several factors such as 
internal electric fields and diffusion.5,6 Thus, achieving high 
efficiency requires an appropriate balance of these mechanisms 
rather than optical absorption alone. 

For overall water splitting, metal-oxide photocatalysts, 
including SrTiO3,7,8 KTaO3,9,10 and NaTaO3,9,10 are often selected 
because they satisfy both thermodynamic alignment and 
chemical stability. In these oxides, aliovalent doping with 
Sr2+,11,12 La3+,13,14 and Al3+ 15,16 has also been employed to 
further enhance the reaction rate. Although such dopants can 
modify carrier densities, band-edge positions, and related 
properties, it is challenging to isolate the dominant mechanism 
in a given composition because several effects change 
simultaneously. Moreover, substitutional doping is 

configurational. Even at fixed composition, many symmetry-
inequivalent dopant arrangements and associated relaxations 
exist; therefore assessing dopant effects requires explicit 
configuration enumeration.17,18

In the present study, we focus on the role of dopants in 
NaTaO3 (NTO), a long-studied ultraviolet (UV)-active perovskite. 
Among reported dopants to NTO, Sr offers a useful probe of 
mechanism: substantial rate enhancements have been 
reported despite only modest shifts in the optical onset without 
invoking oxygen vacancies.19,20 Notably, at low Sr-
concentrations, Sr has been observed to segregate toward the 
surface and to form Sr-concentration gradients.21 However, it 
remains unclear whether the enhanced activity derives 
primarily from band-edge realignment, mid-gap states, or 
modified interfacial fields.

Here, we use first-principles calculations on bulk NTO and 
TaO2-terminated surfaces to isolate the effects of Sr 
substitution. Configuration enumeration and energetic 
screening are performed for all possible Sr configuration in 
given compositions. Short Sr–Sr separations are energetically 
favoured, implying a thermodynamic drive toward dopant 
accumulation. When Sr enriches near the surface or forms 
Sr-rich layers in the bulk, two coupled responses emerge: (i) 
acceptor-like in-gap states localised on O atoms adjacent to 
Sr-perturbed TaO6 octahedra, and (ii) upward shifts of both 
band edges. The resulting near-surface band bending 
establishes a built-in electric field that is expected to promote 
electron–hole separation and suppress recombination, 
rationalising activity gains that cannot be explained by band-gap 
changes alone. These insights suggest a design principle for 
doped perovskite photocatalysts: control dopant distributions 
and the attendant lattice distortions to engineer band-edge 
positions and interfacial fields.
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Method
The structural models were constructed as follows. An 
orthorhombic (Pnma) unit cell of NTO was optimised. Based on 
this cell, we constructed four bulk supercells, 1 × 1 × 3, 
1 × 1 × 5, 2 × 2 × 2, and 2 × 2 × 5; Figure 1, hereafter 
denoted as B1, B2, B3, and B4, respectively. Sr substitution was 
introduced using a charge-neutral 3Na1Ta scheme, in which 
three Na sites and one Ta site in a given supercell were replaced 
by Sr, consistent with NaTaO3-Sr(Sr1/3Ta2/3)O3 stoichiometry. In 
each size of supercells except B4, all possible Sr (3Na1Ta) 
configurations are considered (details for construction methods 
are shown in Supporting Information). For B3, we also examined 
four additional patterns: B3-1Ta (a Ta site substituted by Sr), B3-
1Na (a Na site substituted by Sr), B3-1Ta-c, and B3-1Na-c. In the 
“-c” models, the total number of valence electrons was adjusted 
to compensate the nominal charge imbalance caused by Sr 
substitution at only Na or Ta sites. To model the surfaces, we 
constructed both symmetric and asymmetric slabs. The 
symmetric slab S1 consists of a 1 × 1 × 10 supercell with TaO2-
terminated (001) surfaces on both sides and a 15Å vacuum 
region. Within this geometry, we considered S1-2Ta (two Ta 
sites substituted by Sr) and S1-4Na2Ta (four Na sites and two Ta 
sites substituted by Sr to maintain charge neutrality). The 
asymmetric slab S2 consists of a 1 × 1 × 5 supercell with a 
TaO2-terminated surface on one side and NaO-terminated 
surface on the other, separated by a 15 Å vacuum layer. 

Figure 1. Representative 3Na1Ta configurations selected from the enumerated set 
for Sr-doped NaTaO3 bulk supercells. Sr, green; Na, yellow; Ta, blue; O, red. 

All first-principles calculations used the projector 
augmented-wave (PAW) method as implemented in the Vienna 
ab initio simulation package.22 The plane-wave cutoff was set to 
400 eV. Unless otherwise noted, exchange-correlation effects 
were described by Perdew-Burke-Ernzerhof (PBE) generalised-
gradient approximation.23 To assess the impact of nonlocal 
exchange on the electronic structure, for some cases we also 
performed calculations using the hybrid functional HSE06.24  
Spin-polarized calculations were tested but the systems 
converged to a negligible magnetic moment and showed no 
meaningful changes in the relevant electronic properties (see 
Table S1). Therefore, in what follows the non-spin-polarized 
calculation results are reported. Brillouin-zone sampling was 
conducted employing Monkhorst-Pack meshes of 5 × 5 × 2, 
3 × 3 × 1, 2 × 2 × 2, and 2 × 2 × 1 for B1, B2, B3, and B4, 
respectively; for slab models, 3 × 3 × 1 mesh was employed. 

Dispersion interactions were included for the slab models, using 
the Grimme’s D3 correction to PBE (PBE-D3).25 The convergence 
criterion for electronic self-consistent field calculations was set 
to 10―7 eV. All structures were relaxed until residual forces 
were under 0.01 eV Å−1 unless otherwise noted. For NTO unit 
cell and bulk supercell models, no geometric parameters were 
fixed. For symmetric slabs, the central TaO2 layer was fixed to 
emulate a bulk-like interior. For asymmetric slabs, the bottom 
NaO layer was fixed, and a dipole correction along the surface 
normal was applied. The projected crystal orbital Hamilton 
population (pCOHP) was employed as implemented in LOBSTER 
package.26,27 Density of states and band structures were 
processed with PyProcar.28 For doped supercells, band 
structures were analysed using band-structure unfolding to 
obtain the effective band dispersion in the primitive cell 
Brillouin zone, following established procedures.29,30 The 
unfolding was performed with PyProcar. Crystal structures and 
charge densities were visualised using VESTA.31 

Results and Discussion

Bulk

To identify low-energy Sr configurations in bulk NTO, we 
generated all possible Sr configurations and evaluated single-
point energies on unrelaxed structures. We considered 110 
configurations for B1-3Na1Ta, 570 for B2-3Na1Ta, and 792 for 
B3-3Na1Ta. Figure 2 shows the relative energies of unrelaxed 
B3-3Na1Ta configurations as a function of Sr–Sr distances 
(results for B1-3Na1Ta and B2-3Na1Ta are shown in Figures S1 
and S2). In B3-3Na1Ta, the energy correlates with the Sr–Sr 
distance, although the shortest separation was not global 
minimum and lies 0.3 eV above it; the lowest-energy 
configuration is 2.3 eV below the most separated case. For B1-
3Na1Ta and B2-3Na1Ta, the configurations with the shortest 
Sr–Sr separation are the most stable, lying 3.8 eV and 4.2 eV 
below the most separated cases, respectively. Overall, shorter 
Sr–Sr separations are energetically favoured. 

Figure 2. Sr–Sr distance dependence of relative energy for B3-3Na1Ta.

From the enumeration, we selected the lowest-energy 
3Na1Ta configuration for each supercell. We also built B4-
3Na1Ta by adopting the minimum-energy arrangement 
identified in B3-3Na1Ta. These structures were then fully 
relaxed and their atomic coordinates are provided in 
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Supporting Information. Figure 3 summarises the Sr content 
and the optimised lattice volume for the 3Na1Ta models 
(corresponding lattice parameters are shown in Table S2). All 
models showed an approximately isotopic expansion with 
increasing Sr content. For pristine NTO, the calculated lattice 
volume agrees with experiment within ~0.7 %. At 36.4 mol% of 
Sr (B1-3Na1Ta), the cell volume increased by 4.8% relative to 
pristine NTO. 

Figure 3. Lattice volume of Sr-doped NaTaO3 as a function of the nominal Sr/Ta 
molar ratio. Red circles: DFT-optimised structures (this work). Black squares: 
experimental values in ref 20.

A linear dependence between Sr content and lattice volume 
in NaTaO3-Sr(Sr1/3Ta2/3)O3 solid solutions has been reported 
previously.20 In that work, the lattice volume increased by ~20% 
from NTO to 200mol% of Sr. This trend suggests an ~2.0% 
increase at 21.1 mol% Sr (B2-3Na1Ta), which is qualitatively 
consistent with our computations. 

We also examined how the Sr substitution site affects the 
lattice parameters of B3-1Ta and B3-1Na (the details are 
summarised in Table S3).  Replacing Ta by Sr expands the lattice 
more than replacing Na by Sr. Charge compensation had only a 
minor effect on the lattice parameters (<0.9% in volume). 

The lattice expansion may be driven by the difference in ionic 
radii between the substituting Sr²⁺ and the host cation at the 
substituted site. Na+ (~1.39 Å) and Sr2+ (~1.44 Å) have similar 
sizes at the A site, whereas Sr2+ (~1.18 Å) is substantially larger 
than Ta5+ (~0.64 Å) at the B site32; this mismatch explains 
stronger expansion for Sr at Ta sites. 

The electronic structures of relaxed NTO and Sr-doped NTO 
were investigated. Figure 4a shows the total and projected 
density of states (PDOS) for NTO, B2-3Na1Ta, and B4-3Na1Ta 
(other results are provided in Figure S3a). In all cases, states 
near the valence-band maximum (VBM) are dominated by O 2p 
orbitals, while states near the conduction-band minimum 
(CBM) are dominated by Ta 5d orbitals. Sr-derived states do not 
appear near the Fermi level even at the highest Sr content; they 
do not contribute to the band edges.

  Figure 4b shows the band structures of these models 
(results for other models in Figure S3b). NTO showed a 
calculated band gap of 2.80 eV. The lower Sr-content models, 
B3-3Na1Ta and B4-3Na1Ta, have slightly smaller gaps of ~2.79 
eV and ~2.75 eV, respectively. These models exhibit no in-gap 
impurity states. Conversely, the higher Sr-content models, B1-
3Na1Ta and B2-3Na1Ta, exhibit several in-gap impurity states 
associated with Sr substitution. As indicated by the PDOS in 
Figure 4a, acceptor-like levels appear just above the VBM. 
When in-gap impurity states are ignored, the gaps are 2.74 eV 
for B1-3Na1Ta and 2.44 eV for B2-3Na1Ta. 

Impurity bands appear owing to Sr accumulation within a 
TaO2 layer. In B1-3Na1Ta and B2-3Na1Ta, an Sr(Ta)O6 
octahedron (Sr at Ta site, hereafter Sr(Ta)) is fully surrounded 
by Sr atoms. This locally Sr-rich environment promotes electron 
localisation and yields in-gap states. The charge distribution for 
these impurity bands is localised on O atoms adjacent to the 
Sr(Ta)O6 octahedra (see Figure S4 and S5). Although Sr tends to 
accumulate also in B3-3Na1Ta, this cell does not contain the 
Sr(Ta)O6 octahedron fully surrounded by Sr at neighbouring A 
sites. Accordingly, charge localisation is weaker in B3-3Na1Ta 
than in B1-3Na1Ta and B2-3Na1Ta. 

 

Figure 4. (a) PDOS for bulk NTO, B2-3Na1Ta, and B4-3Na1Ta. Total DOS (black line), Ta (blue), O (red), Sr (green); energies referenced to fermi energy. (b) Unfolded band structures 
where the colour indicates the spectral weight.
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The DOS of NTO, B1-3Na1Ta, B2-3Na1Ta, and B3-3Na1Ta 
were computed also using HSE06 (Figure S6). The resulting gap 
of NTO was about 4.35 eV, which is in better agreement with 
the experimental value (4.0 eV) than the PBE result.9,33 A similar 
change in the band gap was observed for B1-3Na1Ta, B2-
3Na1Ta, and B3-3Na1Ta. The overall DOS features, including the 
in-gap states, remained qualitatively unchanged compared with 
PBE. These results suggest that while the use of hybrid 
functionals improves the quantitative band-gap value, the key 
electronic-structure trends discussed here are robust with 
respect to the choice of functional.

Experimentally, An et al. reported that in NaTaO3-
Sr(Sr1/3Ta2/3)O3 solid solutions the optical band gap increases 
with Sr content (UV-vis).20 By contrast, our supercell 
calculations predict a decreasing gap at higher Sr contents and, 
when Sr accumulates, the emergence of in-gap states. This 
discrepancy likely reflects limitations of finite periodic 
supercells. As indicated by Caldes et al.,34 Sr atoms and Ta atoms 
are mixed in Sr(Sr1/3Ta2/3)O3 (200 mol% Sr vs Ta). Random solid 
solutions require configurational averaging over fractional 
compositions, which small periodic supercells cannot represent 
adequately. Consequently, artificial Sr ordering/clustered 
environments, the absence of configurational averaging, and 
finite-size effects in small supercells likely bias the computed 
gap relative to experiment. 

Surface

Figure 5. (a) Symmetric 1 × 1 × 10 TaO2-terminated slabs with two Sr substitutions at 
Ta sites (S1-2Ta). (b) Relative unrelaxed single-point energies of S1-2Ta with respect to 
Sr distance from the top surface. (c) Symmetric 1 × 1 × 10 TaO2-terminated slabs with 
six Sr substitutions at four Na sites and two 2Ta sites (S1-4Na2Ta). (d) Relative unrelaxed 
single-point energies of S1-4Na2Ta configurations with respect to Sr–Sr distance.

We also examined the Sr configurations in surface slab models. 
As reported by Zhao and Selloni,35 various surface termination 

exist. Here, we focus on bare (clean) surfaces without H2O or H 
adsorption. We used TaO2 terminated symmetric slabs, 
reported to be the most stable termination without steps and 
H2O.35 First, to probe favourable Sr sites, we performed single-
point calculation for S1-2Ta. We compared five configurations 
(a-e, Figure 5a) that systematically vary the Sr depth from the 
surface top. As shown in Figure 5b, the total  energy decreases 
as Sr approaches the surface, by up to 5.8 eV relative to the 
deepest configuration. 
 Starting from the most stable S1-2Ta configuration (a), we 
constructed S1-4Na2Ta slabs by additionally replacing four Na 
sites with Sr (p-t, Figure 5c), and varied Sr(Na) depth across five 
configurations. The S1-2Ta slabs have excess electrons due to 
the termination and substitution, but the S1-4Na2Ta slabs do 
not. As in the bulk, shorter Sr–Sr separations stabilise the 
surface: across the five S1-4Na2Ta configurations, the most 
concentrated arrangement is lower by 5.2 eV than the most 
dispersed one (Figure 5d). This result indicates a tendency for 
Sr to segregate on the surface, being consistent with earlier EDX 
mapping reports of Sr surface segregation.21

To exclude artefacts arising from the slab construction, 
including spurious Sr–Sr interactions between periodically 
repeated slabs in S1-2Ta and S1-4Na2Ta, we performed two 
checks.  First, the vacuum thickness was increased from 15 Å to 
31 Å; the relative energies remained essentially unchanged over 
this range (Figure S7). Second, we computed asymmetric, 
stoichiometric slabs constructed from a 1 × 1 × 5 unit cell with 
NaO- and TaO2- terminated surfaces separated by a vacuum 
layer (S2-1Ta and S2-3Na1Ta). Consistent with the symmetric 
slabs, the energy increases as Sr is placed deeper toward the 
slab interior (see Figure S8 for details). Thus, the preference for 
Sr at the surface (and the corresponding destabilisation when 
Sr is buried) does not originate from stoichiometry or charge-
compensation effects; it persists in asymmetric, stoichiometric 
slabs as implied in previous study.33

Table 1 shows Bader charges for the NTO slab and S1-4Na2Ta 
variants p and t (Figure 5b). Relative to the undoped slab, O 
atoms adjacent to Sr(Ta) are less negative, whereas O atoms 
adjacent to Sr(Na) are more negative. The magnitude of both 
shifts is larger in t than in p. This trend reflects local charge 
compensation upon the Sr substitution. Sr has two valence 
electrons, whereas Ta and Na have five and one, respectively. 
When a Ta site is substituted by Sr (Sr(Ta)), the local region 
contains fewer electrons than in pristine NTO; when a Na site is 
substituted by Sr (Sr(Na)), the local region contains more 
electrons. Consistent with this simple electron-counting picture, 
O atoms adjacent to Sr(Ta) show less negative Bader charges, 
and O atoms adjacent to Sr(Na) show more negative Bader 
charges. When Sr(Ta) and Sr(Na) are close (p), the local electron 
deficit and excess can partially compensate, whereas at longer 
separation (t) this compensation is weaker. This local charge 
compensation accounts for the greater stability of p relative to 
t. A similar trend in Bader charges is observed for bulk (Table 
S4). The correlation between the mean Sr(Na)–Sr(Ta) 
separation and the single-point energy is stronger than that for 
Sr(Na)–Sr(Na) or any Sr–Sr separations (Figure S9-S11), 
supporting the stabilisation mechanism of p relative to t. 
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In the subsequent analyses we focused on the minimum-
energy S1-2Ta and S1-4Na2Ta configurations (a and p, 
respectively); we optimised ionic positions with the central unit 
cell constrained to maintain the symmetric slab geometry. 
Electronic DOS for NTO slab, S1-2Ta, and S1-4Na2Ta are shown 
in Figure 6a, and the corresponding band structures are 
presented in Figure S12. As in the bulk, states near the VBM are 
dominated by O 2p orbitals, and those near the CBM by Ta 5d 
orbitals. No Sr derived states are observed near the fermi 
energy. For NTO slab and S1-2Ta, shallow in-gap states are 

appeared within ~+0.6 eV the VBM. In contrast, the 
stoichiometric S1-4Na2Ta exhibits deeper impurity states  at 
~+2.0 eV above the VBM, localised on O atoms neighbouring 
Sr(Ta) (see Figure S13). If we set aside these strongly localised 
defect states, which are unlikely to contribute to carrier 
transport, and estimate the underlying band edges from the 
PDOS, the apparent gaps are 2.70 eV for NTO (within ~0.1 eV of 
bulk), 2.69 eV for S1-2Ta, and ~2.76 eV for S1-4Na2Ta.  Similar 
results were obtained for S1-4Na2Ta using HSE06 (Figure S14). 

Table 1. Bader charges for unrelaxed slabs. 

Bader charges

Structure
Distance between Sr(Ta) and Sr(Na) 

layers (Å) O near Sr(Ta) O near Sr(Na) Sr(Ta) Sr(Na)

NTO slab −1.29 −1.29

S1-4Na2Ta (p) 1.94 −1.22 −1.28 +1.52 +1.53

S1-4Na2Ta (t) 17.48 −1.03 −1.35 +1.59 +1.53

  

Figure 6. (a) Total DOS and PDOS for relaxed NTO slab, S1-2Ta, and S1-4Na2Ta; energies referenced to Fermi energy. (b) Layer-resolved LDOS for slabs. 

We further analysed the local density of states (LDOS) layer 
by layer for the TaO2 planes parallel to (001). Figure 6b shows 
the TaO2 layer-resolved LDOS for the NTO slab, S1-2Ta, and S1-
4Na2Ta slabs. For all models, L2 to L11 show nearly identical 

gaps without any in-gap states. In the surface layer (L1), 
however, the behaviour changes. For the VBM, NTO and S1-2Ta 
showed shallow in-gap states within ~0.6 eV above the VBM. 
These shallow in-gap states are consistent with the non-
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stoichiometric termination. By contrast, S1-4Na2Ta showed 
deeper in-gap states (~2.0 eV above the VBM) despite its 
stoichiometric composition. For the CBM, the NTO surface layer 
closely matches the interior. However, in S1-2Ta and S1-4Na2Ta, 
the conduction band edges are shifted upward by 
approximately 2.5 eV relative to interior layers. Therefore, Sr 
substitution at Ta sites raises the surface CBM, and that 
additional Sr substitution at Na sites (Sr segregation) elevates 
both the VBM and CBM relative to interior layers.

Similar upward shifts of the VBM and CBM are observed in 
bulk supercells with Sr accumulation around Sr(Ta) in B1-
3Na1Ta and B2-3Na1Ta (see Figures S15-S17). In B1-3Na1Ta 
and B2-3Na1Ta, the Sr-rich layer showed upward shifting of 
VBM and CBM. B3-3Na1Ta and B4-3Na1Ta also showed upward 
shifts, with reduced contribution from O 2p near VBM and Ta 
5d near the CBM, although the magnitude is smaller than the 
other models. 
 

Figure 7. Layer-resolved bond length for bulk models. 

To probe the origin of the upward VBM/CBM shifts, we 
analysed bond lengths in each TaO2 layers and computed 
pCOHP. In B2-3Na1Ta, Figure 7 indicates that Ta-Ta bond 
lengths are elongated near the Sr accumulated layer, whereas 
the O-O and Ta-O distances are shortened. By contrast, B4-
3Na1Ta showed smaller layer-to-layer variations. In S1-4Na2Ta 
as well, Ta-Ta lengths are elongated and O-O and Ta-O lengths 
are shortened at the surface (Figure S18). 

Figure 8 shows pCOHP for NTO surface, B2-3Na1Ta, and S1-
4Na2Ta. All models show similar features; O-O antibonding 
contributions appear near the VBM, while Ta-O antibonding and 
Ta-Ta bonding contributions appear near the CBM. The in-gap 
states in S1-4Na2Ta model are contributed from O-O 
antibonding and Ta-O antibonding characters. 
   

Figure 8. pCOHP for NTO surface, B2-3Na1Ta, and S1-4Na2Ta. 

Figure 9 schematically illustrates a possible mechanism of the 
band-edge shifts. Shortening of O-O distances enhances O-O 
antibonding interactions near the VBM, shifting the VBM 
upward. Elongation of Ta-Ta distances weakens Ta-Ta bonding 
interactions and, shortening Ta-O length increases Ta-O 
antibonding interactions, effectively shifting the CBM upward. 
Sr accumulation at the surface also reduces Ta-Ta overlap, 
particularly near the conduction-band edge. Consequently, 

both the VBM and the CBM shift upward toward the surface 
owing to these local structural changes. 

Layer-localised band-edge shifts correspond to band bending 
near the surface, as suggested previously. Previous studies 
assumed that only the CBM shifts upward toward the surface, 
producing internal band bending that suppresses electron–hole 
recombination.19,21 In our calculations, the CBM shifts upward 
as the TaO2 layer approaches the surface from the interior. In 
addition, we find that the VBM shifts upward as well in Sr 
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segregated model. The concurrent upward shifts of the CBM 
and VBM establish a built-in electric field across the near-
surface region. This field drives electron–hole separation and 
suppresses recombination. As a result, carrier lifetimes increase, 
enhancing the availability of electrons and holes for interfacial 
redox reactions with water. 

Conclusions
Using first-principles calculations, we systematically examined 
Sr substitution in bulk and TaO2-terminated surfaces of NaTaO3 
(NTO). Enumeration and screening of configurations showed 
that shorter Sr–Sr separations are energetically favoured, and 
the lattice volume increases monotonically with Sr content. 
Substitution at Ta (B) sites expands the lattice more than at Na 
(A) sites, consistent with ionic radii. At lower Sr contents, the 
gap is comparable to pristine NTO (2.80 eV), whereas Sr 
accumulation (e.g., 1×1×3, 1×1×5; Sr(Ta)O6 surrounded by Sr at 
A sites) produces in-gap acceptor-like states near the VBM and 
reduces the host gap. 

At the surface, Sr segregates strongly and tends to 
accumulate, which is a trend that is robust to slab stoichiometry 
and charge compensation. Layer-resolved LDOS shows that in-
gap states are confined to the outermost TaO2 layer, while 
interior layers retain a nearly constant gap. In both S1-2Ta and 
S1-4Na2Ta slabs, the VBM and CBM shift upward in the surface 
layer relative to the interior; similar band-edge upshifts appear 
in Sr-rich layers of bulk supercells. Analysis of bond metrics and 
pCOHP links these shifts to O–O contraction (enhanced O–O 
antibonding raising the VBM) and Ta–Ta elongation together 
with Ta–O antibonding (raising the CBM).

These results establish a near-surface band bending driven by 
local Sr-induced structural distortions, creating a built-in 
electric field that promotes electron–hole separation and 
suppresses recombination, thereby enhancing photo-driven 
water splitting on Sr-modified NTO. 

Figure 9. Schematic of band-bending mechanism at Sr-rich layers. 
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