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Engineering the electronic structure of a material is quite a fascinating field of study as it not only helps in
improving the performance of the material but also helps us understand why a particular combination of ele-
ments exhibits the properties it does. Substitutional doping has been receiving increasing interest in the field of
photocatalysis for boosting the performance of the material by tuning its crystal structure and electronic
structure. In this study, we report the effect of site occupancy of silver in Ag doped BaTiOs. First principles
density functional theory calculations highlight that the Ti site which is the preferred site in BaTiO3 for most of

the dopants is not so preferred in the case of Ag doping for enhancing the photocatalytic activity. It also reveals
the exceptional behavior of Ag where in it prevents the formation of mid gap recombination centers in the case of
mixed occupancy. Doped samples synthesized through solvothermal approach with directed doping shows ac-
tivity of 99.2 % and 99 % degradation of rose bengal and malachite green dyes in 40 and 50 min, respectively.

1. Introduction

Barium titanate, with a highly tunable crystal structure and elec-
tronic structure is emerging as a nifty material in various applications
like thermoelectrics, photocatalysis, piezocatalysis and ferroelectrics
[1-5]. The nontoxic, abundant, cost effective and stable nature of the
perovskite type oxides has led to their study in environmental remedi-
ation [6-11]. Although these materials possess an unfavorable elec-
tronic structure with huge band gaps and recombination centers, their
application in visible light photocatalytic generation of hydrogen by
water splitting and degradation of pollutants is being sought, after the
discovery of various strategies like doping [12-16], compositing
[17-19], hetero structure formation [20,21], defect engineering[22-24]
etc. which are capable of altering the properties of these materials.

Among various oxides, the perovskite titanates are the best bets as
they possess multiple doping sites [25-27]. It is known that substitu-
tional doping would modify the electronic structure based on the site the
dopant occupies [1,25]. BaTiOg offers two sites viz. Ba and Ti site for
cation doping and one site viz. O site for anion doping. These sites can be
either individually doped or simultaneously co-doped [1,3,27-30].
Previous reports suggest that while Ce, Eu, Na, Sr, Y, Zn dopants prefer
Ba site, Cr, Cu, Fe, Mn, Mo, Nb dopants prefer Ti site [2,29,31-37]. It is
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also known that dopants such as Rh have a tendency of creating acceptor
levels when they occupy both Ba and Ti sites simultaneously, a feature
also observed in its SrTiO3 counterpart [3,38]. For a photocatalytic
material to be highly efficient, it is necessary that the band gap be
appropriately small to create an electron hole pair on absorption of
visible light photon and also the electronic structure be free from mid
gap states which usually acts as a site for recombination of the generated
charge carriers [38]. A combination of experimental and theoretical
studies have been carried out in perovskite titanates to find a touchstone
for this purpose [7,9,27].

Synthetic conditions can be tailored to direct the dopant towards a
particular site [3,37]. Hence, it is essential to study the changes in the
electronic structure that occurs for each individual sites and for mixed
occupancies. Although there are reports on synthesis of Ag doped
BaTiO3 using various methods like sol-gel technique, hydrothermal
method, solvothermal method, spray pyrolysis, an in-depth study on the
electronic structure changes with respect to site occupancies and its
impact on photocatalysis have not been carried out [39-42]. Herein, for
the first time we study the changes that doping of Ag in BaTiO3 brings
about in the electronic structure while it occupies each of the site. We
reveal the unique interaction between Ag and BaTiO3 which leads to
mixed occupancy having the most appropriate electronic structure for
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Fig. 1. Electronic structure and pdos of 3 x 3 x 3 supercell of (a and b) BaTiOs; (c and d) Ag doped BaTiO3 (case A) with one Ag in Ti site (indicated by green color in

pDOS plot) and another Ag in Ba site (indicated by cyan color in pDOS plot).

promoting higher photocatalytic activity as opposed to the previously
known fact that the mixed occupancies are a strict no-no as far as doping
is considered [3,38]. We support this with experimental evidence by
choosing rose Bengal (RB) and malachite green (MG) as target pollutants
for photocatalytic degradation in the presence of Ag doped BaTiO3 nano
catalysts.

2. Methods

We conducted first principles density functional theory (DFT) sim-
ulations using the Quantum ESPRESSO package to analyze the elec-
tronic structure of both undoped and Ag doped BaTiOs [43]. The
calculations were performed on a 3 x 3 x 3 supercell (135 atoms) of the
primitive cubic BaTiOs, with Ba atoms at the corners, Ti at the center,
and O at the face centers of the cube. For the exchange and correlation
energy, we used the Perdew, Burke, and Ernzerhof (PBE) functional
within the generalized gradient approximation [44]. Valence electrons
were modeled using ultrasoft pseudopotentials:  5s25p®6s?,
3s23p°®3d24s?, 2s22p*, 4d 195! for Ba, Ti, O and Ag, respectively. The
wave functions, represented by the plane wave basis, were truncated
with energy and charge density cutoffs of 90 Ry and 720 Ry, respec-
tively. In our calculations, a 3 x 3 x 3 k-point mesh was used for
self-consistent field calculations, while a 6 x 6 x 6 mesh was employed
for non-self-consistent field calculations. The electronic structure was
analyzed along the high symmetry pathT' - X - M - T - R - X in the
Brillouin zone.

BaTiO3 samples in pristine and Ag-doped form were synthesized
through a straightforward solvothermal process previously reported,
bypassing the need for a calcination step to be carried out in addition, at

high-temperature [41]. Further information on characterization details
of the prepared samples is available in the supplementary material. The
photocatalytic efficiency was assessed following the techniques avail-
able in literature, and additional information can be found in the sup-
plementary materials [3,27,35].

3. Results and discussion
3.1. Electronic structure analysis

Exploring the intricacies of material electronic structure engineering
is a fascinating pursuit, offering not only performance enhancement but
also valuable insights into the unique properties arising from specific
element combinations. The electronic structure analysis of 3 x 3 x 3
supercell of pristine BaTiO3 discloses a direct band gap of 1.88 eV at the
I' point, aligning closely with previously reported values (Fig. 1a) [27,
35]. However, the band gap underestimation is a recognized phenom-
enon in electronic structure calculations, attributed to a discontinuity in
the derivative of energy concerning the number of electrons [45].
Additionally, two indirect band gaps of 1.76 eV and 1.74 eV between M
— I'and R — T, respectively, are observed in the electronic structure.
The partial density of states (pDOS) shown in Fig. 1b illustrates that the
'p’ orbitals of oxygen and ’d’ orbitals of titanium are respectively
forming the valence and conduction states of undoped BaTiO3 [1,46].

In this work our focus was on investigating the impact of site occu-
pancy of silver during doping in BaTiOs. For this we simulated 3 cases:
(i) Case A where both Ba and Ti atoms were substituted with two Ag
atoms, (ii) Case B where one Ba atom was substituted with one Ag atom
and (iii) Case C where one Ti atom was substituted with one Ag atom. In
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Fig. 2. Electronic structure and pdos of 3 x 3 x 3 supercell of Ag doped BaTiO3; with Ag in (a and b) Ba site (case B); (c and d) Ti site (case C).

case A the direct band gap decreased to 1.65 eV at I' point, with the
indirect gaps being 1.24 eV and 1.25 eV between M — 'and R — T,
respectively (Fig. 1c). The pDOS depicted in Fig. 1d reveals the forma-
tion of donor states just above the valence band edge by the Ag ‘d’ or-
bitals from atom substituted at Ba site capped by the atom substituted at
Ti site. This differs from the cases like Rh doping in SrTiO3 and BaTiO3
where mid gap states are formed due to the mixed occupancies resulting
in the increased charge carrier recombination rate [3,38].

To further study if the mixed occupancy case shows the combined
feature of single type site occupancy cases as revealed in previous
studies of copper doping in BaTiOs, we analyze electronic structures of
case B and case C [27,35]. In the case B, at I" point, we see a direct band

gap measuring 1.82 eV with both the indirect gaps reducing to 1.69 eV
(Fig. 2a). This slight decrement in the band gap is due to the levels
introduced by the ‘d’ states of Ag near the valence band edge (Fig. 2b).
Case C reveals a defect level at the mid gap region with a width of 0.41
eV lying 0.86 eV below the conduction band edge at I point (Fig. 2c).
This defect band formed due to the hybridization of ‘p’ orbitals of O and
‘d’ orbitals of Ag although decreases the band gap, acts as a recombi-
nation center detrimental to the photocatalytic ability (Fig. 2d).

The key contender in harnessing solar energy for catalytic processes
should possess a smaller gap, reduced recombination of charge carriers
and a high surface area. The electronic structure analysis reveals that
among the three cases simulated case C has the lowest band gap

Fig. 3. Electronic structure of 3 x 3 x 3 supercell of Ag doped BaTiO3 with (a) two Ag in Ti sites and one Ag in Ba site; (b) three Ag in Ti sites and one Ag in Ba site.
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Fig. 4. XRD patterns of BaTiO3 and Ag doped BaTiO3 nanoparticles.

followed by case A and finally case B. Based on the band gap criteria
alone materials with Ag in Ti site should perform better. But this is not
the case as the acceptor states formed when Ag is substituted in Ti site
provides opportunity of recombination of charge carriers thus dimin-
ishing the performance. Thus, this represents a unique case of doping
contrary to the common trend, as Ti site was considered the most
favorable site for many of the perovskite metal oxides for enhancing the
photocatalytic performance [7,16,27,35]. We observe that when Ag
shows mixed occupancy, it not only decreases the band gap to a larger
extent but it also pacifies the acceptor states by dragging it closer to the
valence band edge forming a continuous band with it. We further
considered two cases of mixed occupancies by doping (i) two Ag in Ti
sites and one Ag in Ba site and (ii) three Ag in Ti sites and one Ag in Ba
site. Even in these cases of mixed occupancies we see reduction in the
band gap and pacification of the acceptor states in the electronic
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structure (Fig. 3). To prove the hypothesis, we experimentally synthesize
samples corresponding to all the three cases (A, B and C) of doping and
study its photocatalytic performance in degradation of anionic and
cationic dyes.

3.2. X-ray diffraction and spectroscopy analysis

The X-ray diffraction (XRD) patterns reveal the formation of pristine
and Ag doped BaTiOs without any impurities, as illustrated in Fig. 4. The
crystal structures align with the standard perovskite phase of BaTiO3
(JCPDS card no 1-079-2263). Ba®* has a co-ordination number of 12 in
BaTiOs3, while Ti*t has 6, with an ionic radius of 1.61 A and 0.605 10\,
respectively for the two cations. Ag" can either have an ionic radius of
1.15A (for C.N. 6) or 1.28 A (for C.N. 8). Hence, when Ag is doped into
BaTiO3 due to closer ionic sizes and charges it would prefer substituting
Ba?t while due to similar co-ordination number it may prefer Ti site
also. In fact, the actual site depends on the synthetic conditions.

The lattice parameters are obtained with the help of Bragg’s law
using Eq. (1) for cubic system as given below:

=2 &)
where h, k and | are the Miller indices of the Bragg plane, d is the grating
constant and a is the lattice spacing. We see that at lower concentrations
of Ag it occupies Ba site, as the concentration increases it exhibits mixed
occupancies occupying both Ba and Ti sites while at higher concentra-
tions it occupies Ti sites. This is also indicated by the change in the
estimated lattice parameter ‘a’ of 3.99 A for BaTiO3; with Ag dopant
concentrations, with the ‘a’ decreasing for 0.5 AgBT (3.95 A) and
increasing for 1.0 AgBT (4.00 A) and 1.5 AgBT (4.05 A) samples. This is
further confirmed by the shift in the XRD peak of 0.5 AgBT and 1.5 AgBT
towards higher and lower 20 values, respectively compared to the
pristine BT.

X-ray Photoelectron Spectroscopy (XPS) analysis furnishes insights
into the elemental composition of the samples being studied. The XPS

Fig. 5. FESEM and TEM image of (a and b) BT and (c and d) 1.0 AgBT.
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Fig. 6. Photocatalytic degradation of (a) RB and (b) MG; (c) Rate constants of the photocatalytic degradation reactions (d) Effect of radical scavengers on the
photocatalytic degradation, (e) Cyclic stability test of 1.0 AgBT (f) XRD patterns of 1.0 AgBT before and after degradation of RB and MG dyes.

results reveal the presence of the elements, Ag, O, Ti, and Ba. The peaks
observed at 779.3 eV and 794.6 eV binding energies correspond to the
Ba 3ds,2 and Ba 3d3,; spin states, respectively (see Figure S1a) [35]. The
separation of 15.3 eV between these peaks indicates the +2 oxidation
state of Ba in BaTiOg [41]. Additionally, the binding energies of 464.2
eV and 458.3 eV for Ti 2p;,» and Ti 2p3/» suggest that Tiis in a + 4
oxidation state (refer to Figure S1b) [47]. The deconvolution of silver
peaks at binding energies of 373.7 eV and 367.7 eV corresponds to the
Ag 3ds/2 and Ag 3ds,2 spin states, respectively (observe Figure S1c) [48,
49]. Analyses of the oxygen peaks reveals surface hydroxyl groups (Oon)

and lattice oxygen (Or) identifiable by peaks at 529.7 eV and 531.5 eV
binding energies, respectively (see Figure S1d) [3,41,50].

The optical properties were assessed through diffuse reflectance (DR)
spectroscopy as illustrated in Figure S2a. The bandgap energy deter-
mined using the Kubelka-Munk equation shows a decreasing trend with
increase in the dopant concentration supporting the results from DFT
and XRD analysis regarding the site occupancy. The decrease in the band
gap promotes absorption of visible light [51]. The PL analysis showed
1.0 AgBT has least intensity among all the samples (Figure S2b). The
slight increase in the intensity of 1.5 AgBT indicates the presence of
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Fig. 7. The photocatalytic mechanism of the degradation of RB and MG dyes under visible light irradiation in the presence of BaTiO3 and Ag doped BaTiOs.

acceptor levels resulting in the formation of recombination centers
supported by the DFT results and results from XRD indicating at higher
dopant concentration Ag occupies Ti sites [41].

3.3. Morphology and surface area analysis

Field emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM) images captured for undoped and
Ag-doped BaTiOs, as depicted in Fig. 5, showcase irregularly shaped
particles that tend toward a cuboctahedral structure [41]. The doped
samples show clearer facets than the undoped samples. BET analysis was
carried out to understand the impact of doping on surface area. The
adsorption-desorption isotherms of the samples, BT and 1.0 AgBT
exhibited an H3 hysteresis loop of type IV pattern, indicative of the
mesoporous nature of the material (see Figure S3) [52,53]. The surface
area measured for the doped and undoped BaTiO3 were 35.23 m%/g and
24.18 m?/g, respectively. This implies that a large number of active sites
are available in 1.0 AgBT, promoting an efficient adsorption followed by
further degradation of pollutants [41].

3.4. Photocatalytic activity

To assess the photocatalytic activity and versatility of the catalyst,
RB as a model anionic dye and MG as a model cationic dye were selected
for the degradation studies under visible light conditions (Fig. 6). The
degradation extent was minimal in the absence of the catalyst. Notably,
1.0 AgBT exhibited the highest degradation efficiency, reaching 99.2 %
within 40 min for RB dye and 99 % within 50 min for MG dye. This
superior performance can be attributed to the lower band gap and
reduced rate of charge carrier recombination in the catalyst. The pho-
tocatalytic degradation of the dyes by BT and AgBT samples adhere to a
pseudo first-order rate Eq. (2), given by:

In(C/C,) = —kt (2

where C is the concentration of the dye at irradiation time t, C, is the
initial concentration of the dye, and k is the first-order rate constant [6].
To determine the value of the rate constant k, the slope of the
straight-line plot of —In(C/C,) versus t is utilized. Among the doped
samples, 1.0 AgBT exhibited the highest rate constant [41].

Trapping experiments were conducted to identify the active species
involved in the photocatalytic degradation. Benzoquinone was used to
scavenge the superoxide anion radicals (02~*), isopropyl alcohol to trap
hydroxyl radicals (OH®), and EDTA to trap holes (h™) [6,27]. Given that
the 1.0 AgBT sample exhibited maximum activity, it was selected for the

cyclic stability test and scavenger test. When benzoquinone was added,
there was no significant change in the photocatalytic activity of the
catalyst. This shows that the primary active species responsible for the
degradation of the dyes are other than the superoxide radical anions.
However, when EDTA and isopropyl alcohol were added, photocatalytic
activity was reduced significantly. This shows that the degradation of
the dyes is accomplished majorly by the holes and hydroxyl radicals [3].

To assess the reusability of the 1.0 AgBT sample, the photocatalytic
activity was evaluated over 6 consecutive cycles. The catalyst exhibited
minimal reduction in photocatalytic degradation efficiency during the
test, demonstrating ample stability for practical applications in water
treatment as an environmentally friendly photocatalyst. To investigate
whether the photocatalyst’s structure underwent any changes during the
degradation reaction, the XRD pattern of 1.0 AgBT was examined after
the reactions. The XRD pattern remained unchanged after the degra-
dation reaction, indicating the structural stability of the catalyst. Com-
parison of the photocatalytic activity of 1.0 AgBT with the previously
reported materials reveal that the synthesized material reported here is
highly efficient (Table S1).

Based on the presented results, a proposed photodegradation
mechanism for the dyes is depicted in Fig. 7. Light absorption initiates
the generation of charge carriers, where electrons from the valence band
(VB) transition to the conduction band (CB), creating holes (h*) in the
VB. The electrons in the CB are then engaged by oxygen to generate
anionic superoxide radicals. Simultaneously, the holes in the VB either
directly react with the dye or undergo a reaction with water to produce
hydroxyl radicals (OH®), which further react with dye molecules,
degrading them into harmless products by attacking the aromatic rings
[3,6,27].

4. Conclusions

The present work reports a holistic approach of combining compu-
tational and experimental techniques to enhance the photocatalytic
performance of BaTiO3 by doping Ag. We delve into the impact of site
occupancy during doping of silver in BaTiOs using first principles cal-
culations within density functional theory. Contrary to the common
trend where the Ti site is favored for most dopants in enhancing the
photocatalytic activity in BaTiOs, our findings reveal a distinct prefer-
ence in the case of Ag doping. Surprisingly, Ag exhibits exceptional
behavior by averting the formation of mid-gap recombination centers
with mixed occupancy. Experimental synthesis of doped samples using a
solvothermal approach, with careful attention to directed doping,
demonstrates notable photocatalytic activity. The doped samples exhibit
99.2 % and 99 % degradation efficiency for rose bengal and malachite
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green, respectively, within 40 and 50 min. Our findings emphasize the
importance of careful composition optimization for Ag doped BaTiO3
nanoparticles to achieve enhanced photocatalytic activity, offering
promising applications in water treatment and environmental
remediation.
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