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Oxygen vacancies assisted photocatalytic dye
degradation and photoelectrochemical water
splitting performance in Ag and Mg-modified
NaNbO3T
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A lead-free NaggsAdo15sNbposMgposOs (AM-NN) polycrystalline ceramic was synthesized using the
conventional solid-state reaction method, and its structural, dielectric, impedance, and optical properties
were thoroughly investigated. X-ray diffraction (XRD) and Rietveld refinement of AM-NN confirmed that
the material adopts a perovskite-type orthorhombic structure with the P2;ma space group. Introducing
oxygen vacancies through AgO resulted in spectral changes observed in Raman spectroscopy and
Photoluminescence. Dielectric and complex impedance measurements, taken from 10%-10° Hz and
room temperature to 500 °C, exhibited non-Debye behavior. AM-NN presented a reduced band gap of
3.12 eV compared to pure NaNbOs (NN) (3.4 eV) as obtained from UV-vis spectroscopy. AM-NN
demonstrated a superior photocatalytic dye degradation percentage of 99% methylene blue (MB), 95%
crystal violet (CV) and 60% congo red (CR) at 300 min with the rate constant (k) of 0.0128 min~! (MB),
0.0138 min~* (CV) and 0.0027 min~* (CR), respectively. PEC water splitting showed that the photoanode
fabricated with AM-NN exhibits enriched photocurrent density (111 mA cm™2). XRD showed no
secondary phase after dye degradation, indicating the system’s reusability. A detailed investigation into
the electrical properties and photocatalytic mechanism was provided to account for the observed
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1. Introduction

Industrial wastewater containing organic pollutants, such as
dyes, surfactants, and fertilizers, has emerged as a significant
environmental concern. These pollutants, when released
untreated into water bodies, can severely disrupt ecosystems
and pose health risks to humans. As a result, a variety of
treatment strategies have been explored, including adsorption,
filtration, catalytic oxidation, biological methods, and com-
bined processes."™ Among these, photocatalysis has garnered
widespread attention due to its potential to efficiently and
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improvements in dye degradation and water splitting applications.

sustainably degrade complex organic compounds using sun-
light or artificial light. Photocatalysis relies on semiconducting
materials that absorb light with energy greater than their
bandgap, producing electron-hole pairs that can drive redox
reactions at the surface. This mechanism is not only useful for
environmental remediation but also holds promise in the
generation of clean energy, particularly through water splitting
to produce hydrogen ions.>® The hydrogen ions produced can
contribute to sustainable hydrogen fuel technologies, linking
pollution treatment with energy generation.

Over the past decades, more than 50 semiconducting mate-
rials—such as TiO,, ZrO,, and ZnO—have been studied exten-
sively for their photocatalytic activity. However, challenges like
low charge separation efficiency, limited response to visible
light, and sluggish kinetics limit their large-scale applications.
This has sparked interest in alternative materials and strategies
to enhance photocatalytic efficiency. Ferroelectric materials are
gaining momentum in this field due to their internal electric
fields that help to separate photogenerated charge carriers and
suppress recombination.”®

Ferroelectrics possess spontaneous polarization and lack of
inversion symmetry, both of which contribute to improved
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photocatalytic behaviour. Their internal electric fields can work
similarly to the built-in potential of a p—n junction in conven-
tional semiconductors, aiding in better charge separation and
carrier mobility.”™** A particularly promising ferroelectric material
is sodium niobate (NaNbQ;). With its stable perovskite structure,
earth-abundant composition, environmental friendliness, and
strong ferroelectric properties, NaNbO; is well-suited for photo-
catalytic applications.”*™® To further improve performance,
researchers have explored loading NaNbO; with noble metals
such as Ag, Au, Pt, and Pd, which can increase surface reactivity
and enhance light absorption.’®"” In this study, Ag* and Mg>*
were specifically selected as substituents to enhance the photo-
catalytic performance of NaNbOj;, particularly for dye degradation
and water splitting applications. Ag" is known to improve charge
separation efficiency by acting as an electron sink and enhancing
visible light absorption, which boosts catalytic activity.'®"®
Meanwhile, Mg”" plays a crucial role in maintaining an optimal
concentration of oxygen vacancies and improving charge carrier
mobility, both essential for efficient photocatalysis.>®*!

However, while noble metal modification and doping have
shown promise, methods involving precious metals often suffer
from high material costs and complex synthesis. A more cost-
effective and scalable approach involves defect engineering,
particularly through the controlled introduction of oxygen
vacancies. These vacancies act as electron traps, improving
carrier separation and enabling visible-light-driven activity.
For example, Di et al®® demonstrated that surface oxygen
vacancies in BiFeO; facilitate the rapid separation of photo-
generated charges and enhance photocatalytic performance.
However, an excess of oxygen vacancies can introduce bulk
defects that act as recombination sites, ultimately reducing
efficiency. Similar observations have been reported in NBT-based
systems, where moderate concentrations of oxygen vacancies
improved charge carrier mobility and surface reactivity.>* >
Therefore, maintaining an optimal balance of vacancies is essen-
tial. To achieve this balance, Mg>" ion doping has been proposed
as an effective route. Magnesium can help regulate oxygen
vacancy concentration by providing pathways for ion migration,
which improves both ionic conductivity and charge transport.*!
This strategy offers a practical route to tailor material properties
and enhance the overall photocatalytic efficiency of NaNbO;-
based systems.

Therefore, investigating the photocatalytic properties of
NN-based systems has become a crucial issue in the fields of
environmental protection and energy conservation. The current
study on AM-NN significantly diverges from existing literature
by focusing on the rapid degradation of pollutants such as
methylene blue (MB), crystal violet (CV), congo red (CR), and
rhodamine B (RhB) through the use of oxygen vacancies. In this
work, AgO was used instead of Ag,O, as it facilitates the
formation of a higher concentration of oxygen vacancies,
further enhancing photocatalytic activity. A mechanism for
dye decolorization driven by the enhanced oxygen vacancies
has been proposed. Additionally, the improved photocatalytic
water splitting performance, with a photocurrent density
(1.11 mA em™? at 1.2 V vs. Pt) is highlighted. Thus, this work
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offers an approach for eliminating harmful dye molecules from
wastewater and promoting water splitting using abundant solar
energy, contributing to environmental sustainability.

2. Experimental details

Sodium niobate (NaNbO;), abbreviated as NN, has been synthe-
sized via a conventional solid-state sintering route. High-purity
analytical grade Na,CO; and Nb,Os (99.99%, Sigma Aldrich,
USA) have been used as starting precursors. The powders have
been accurately weighed according to the stoichiometric ratio
and thoroughly mixed using an agate mortar and pestle for
3 hours with isopropyl alcohol (IPA) as the mixing medium. The
homogenized mixture has been calcined in an oxygen atmo-
sphere at 950 °C for 5 hours. After calcination, 1 wt% polyvinyl
alcohol (PVA) has been added to the powder as a binder. The
granulated powder has been pressed into circular pellets of
10 mm diameter using a uniaxial press. The green pellets have
been sintered in air at 1150 °C for 3 hours. For electrical
measurements, silver electrodes have been applied to the
polished pellet surfaces and heated at 200 °C for 2 hours to
ensure good electrical contact.

The Ag®" and Mg>" substituted composition, Nag gsAgo.15-
Nby.9sMgo.0503, abbreviated as AM-NN, has also been synthe-
sized using the same solid-state sintering technique. The start-
ing precursors, Na,COs;, AgO, Nb,Os, and MgO (99.99%, Sigma
Aldrich Chemicals, USA) powders, have been weighed precisely
according to the desired stoichiometry. The powders have been
mixed using a mortar and pestle for 3 hours with IPA as the
solvent. The resulting mixture has been calcined in an oxygen
environment at 950 °C for 5 hours. After calcination, 1 wt% PVA
has been added as a binder, and the granulated powder has
been pressed into 10 mm diameter discs. The pellets have been
sintered in air at 1150 °C for 3 hours. For electrical character-
ization, silver electrodes have been fabricated and heated at
200 °C for 2 hours.

To characterize the materials, X-ray diffraction (XRD) pat-
terns have been collected at room temperature using a Rigaku
SmartLab diffractometer. The surface morphology has been
examined using scanning electron microscopy (SEM, Zeiss
Supra 40). Image] software has been used to estimate the average
grain size. The temperature- and frequency-dependent dielectric
properties have been measured using a Novocontrol Alpha-A
dielectric analyzer. The photoluminescence (PL) spectra of the
modified system have been recorded at room temperature using
a spectrofluorometer (FLS 1000, Edinburgh Instruments). The
ultraviolet-visible (UV-vis) diffuse reflectance spectra have been
analyzed using a PerkinElmer Lambda 1050 UV/vis/NIR
spectrophotometer.

The photocatalytic performance of the synthesized NN and
AM-NN samples has been evaluated by monitoring the degra-
dation of dyes such as rhodamine B (RhB, >97.0%, Avra),
methylene blue (MB, >98%, Sigma-Aldrich), crystal violet (CV,
>86%, Sigma-Aldrich), and congo red (CR, >35%, Sigma-
Aldrich) under visible light irradiation using a 500 W halogen
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lamp. For each test, 50 ml of a 10 mg 1" dye solution has been
mixed with 50 mg of the photocatalyst (NN or AM-NN). The
mixture has been stirred in the dark for 30 minutes to reach
adsorption—desorption equilibrium. During photocatalysis, at
60-minute intervals over 5 hours, 4 ml of the suspension has
been extracted, centrifuged at 8000 rpm for 10 minutes, and the
absorbance of the supernatant has been measured using the
spectrophotometer in the 200-800 nm range.

3. Results and discussion
3.1. Invariance of structural phase in AM-NN

The powder X-ray diffraction (XRD) patterns of pure NN and
AM-NN are shown in Fig. 1. Only diffraction lines of the
orthorhombic phase were observed at room temperature for
both systems. The diffraction data were utilized for further
structural refinement and phase analysis with the help of the
Full Proof program.”” Table 1 presents the lattice parameters
and other structural details obtained from the Rietveld refine-
ment. The compounds have an orthorhombic crystal structure
with a P2,ma space group. Substituting Ag and Mg in NN does
not induce any changes in the Bragg peak positions.

The tolerance factor (t-factor) for pure NN and AM-NN is
calculated to be 0.975 and 0.971 respectively, suggesting that
the variation between the two systems is relatively small. As a
result, no differences are seen in the XRD analysis. Although
the t-factor value of approximately 0.97 is favorable for a cubic
structure, the lattice distortion present in some ceramics may
result in an orthorhombic phase, which explains the orthor-
hombic phase we observed.?® The average crystalline size and
lattice strain are estimated using the Debye-Scherrer formula.
Incorporating Ag and Mg into NN leads to a decrease in
crystallite size from 75 nm to 62 nm and an increase in lattice
strain from 0.16 to 0.22 (a detailed calculation of crystalline size
and lattice strain is mentioned in the ESIT).
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Table 1 Rietveld refinement parameter of NN, and AM-NN

Parameter NN orthorhombic AM-NN orthorhombic

Lattice parameter (A) a=5.5721(4) a=5.5717(1)
b =7.7726(8) b =7.7695(2)
¢ =5.5129(3) ¢ =5.5132(5)
a=pf=y=90° o=p=y=90°

R, 21.1(2) 21.3(1)

Ryp 17.2(1) 17.6(3)

2
P 2.32(4) 2.34(2)

3.2. Evidence of increased oxygen vacancy in AM-NN using
Raman spectroscopy

Fig. 2(a) and (b) present the Raman spectra of NN and AM-NN,
offering valuable insights into the vibrational modes associated
with the NbOg octahedron. The Raman spectra of both materi-
als are deconvoluted into individual peaks to analyze the
phonon vibrations. A total of 12 peaks are observed in both
systems, representing six distinct vibrational modes: v;(Ayy),
V2(Eyg), V3(F1u), Va(F1u), Vs(F2g), and vg(F»,) as shown in Fig. 2(c).
Among these, Ay, E,, and F,, are Raman-active modes, while
Fi1, and F,, are infrared-active and inactive, respectively.”** In
the 180-276 cm™' range, the triply degenerate v5(F,,) and
ve(F2u) modes reflect the internal dynamics of the NbOg octa-
hedron in both systems. The band around 429 cm™' corre-
sponds to the antisymmetric bending of the v,(F,,) mode, with
sharper peaks observed in the modified system compared to
the pure NN, indicating a significant bending of the v,(Fy,)
mode. The most prominent bands at 560 cm™* and 600 cm™*
correspond to the v,(E,) and v,(A;,) modes, respectively, which
are critical for understanding the material’s structural integrity.
There is no splitting observed around 600 cm ™', suggesting a
well-ordered NbOg octahedron, which is important for short-
range structural order. The band at 670 cm™ " is attributed to
the v3(F;1,) mode, and this band is more significant in AM-NN
as shown in Fig. 2(d), similar to the v;, v,, and v, modes,
indicating the NbO, octahedron’s influence and presence of
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Fig.1 Shows the XRD patterns of (a) NN and (b) AM-NN.
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Fig. 2 Raman scattering spectra of (@) NN and (b) AM-NN with Lorentzian fitting (c) comparative Raman spectra indicating different modes (d)
deconvolution of v;, v, and vz mode of AM-NN system and SEM images of (e) the pristine NN (f) AM-NN systems.

oxygen vacancy.** > Additionally, the weak band at 870 cm™ " is
linked to the combination of v; and vs modes, revealing the
complexity of vibrational changes within the material. The
comparative Raman spectra in Fig. 2(c) reveal both enhanced
peak intensities and sharper peaks in the AM-NN system.
A comparative table of the peak position of this work and some
other related work is listed in Table 2 suggesting a noticeable
red shifting of the bands as compared to NN. This combination
of increased peak sharpness and downshifted peaks highlights
the significant changes in the material’s vibrational properties
due to the modifications. Previous studies by Chapron et al.*’
and Silva et al.*® have discussed the role of oxygen vacancies in
causing peak downshifting and intensity enhancement due to
localized charge perturbation around vacancy sites. The

This journal is © the Owner Societies 2025

introduction of oxygen vacancies in the AM-NN system
accounts for the observed spectral changes, further supporting
their presence and impact on the material’s vibrational proper-
ties. Following the structural analysis, a microstructural exam-
ination is carried out to explore the material’s surface
morphology and grain distribution.

3.3. Microstructural evidence of defects linked to oxygen
vacancies in AM-NN

Scanning electron microscopy (SEM) is crucial in advancing our
understanding of material properties at a small scale, facilitat-
ing the design and optimization of new materials. Fig. 2(e) and
(f) shows the SEM of NN and AM-NN compounds. Pure NN
displays larger grains with 5.503 pm and higher density.

Phys. Chem. Chem. Phys., 2025, 27,16236-16253 | 16239
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Table 2 The Raman band positions observed in the Raman spectra of AM-NN are compared with literature values

Ref. 36 Ref. 33 Ref. 29 This work This work
Raman vibrational modes NN (cm ™) NN (ecm %) NN (cm™%) NN (cm %) AM-NN (cm %)
\'21 599.4-613.3 605 600 618 604
vy 556.4-569.4 560 560 573 562
A 670 — — — 668
vy 375, 433 377.3, 433.1 429 375, 430 371, 427
Vs 223, 258, 279 ~200-300 206-276 ~255-285 ~250-290
Ve 170 180-186 180 ~120-180 ~125-185
vyt Vs 870.6 — — 874 860

The substitution of Ag and Mg on grain size is observed in
grain size reduction (i.e. 2.374 um) and a few distinct pores.
Possible explanations for the decrease include the substitution
of ions with different radii. Choi et al.>* and Kobayashi et al.*’
have suggested that smaller grain sizes often increase oxygen
vacancies, driven by the larger surface area and higher energy
states at grain boundaries. Phase-field simulations have vali-
dated this observation, which reveal a strong link between
smaller grain sizes and enhanced elastic and piezoelectric
properties in ferroelectric materials such as BaTiO;. The
reduction in grain size observed in AM-NN, as compared to
NN, can likely be attributed to this effect. Furthermore, the
influence of grain size reduction on the electrical properties has
been confirmed in earlier studies on NN-based systems.

3.4. Confirmation of elemental states and oxygen vacancies
via XPS

Fig. 3(a)-(e) displays the high-resolution XPS spectra of AM-NN
system corresponding to Na 1s, Nb 3d, O 1s, Ag 3d, and Mg 1s,
respectively. Similarly, the high-resolution XPS spectra of NN
are shown in Fig. S1(a)-(c) (ESIt), corresponding to Na 1s, Nb
3d, and O 1s, respectively. The presence of all the constituent
elements in both AM-NN and NN systems is confirmed from
the high-resolution XPS spectra.

In Fig. 3(a), the Na 1s orbital is identified by a peak centred
at 1071.6 eV."! The high-resolution Nb 3d spectrum, shown in
Fig. 3(b), displays two distinct peaks corresponding to the spin-
orbit components. The peak at 207.1 eV is attributed to Nb 3ds/,,
while the peak at 210.0 eV corresponds to Nb 3d;/,.**> As shown in
Fig. 3(c), the O 1s high-resolution spectrum reveals three separate
components with binding energies at 529.5, 531.2, and 533.8 eV.
Similarly, the high-resolution O 1s spectrum of NN presented in
Fig. S1(c) (ESIT) is deconvoluted into three distinct peaks located
at 529.4, 531.0, and 534.3 eV. The comparative O 1s spectra for
AM-NN and NN, presented in Fig. 3(f), show broader peaks in the
AM-NN sample, indicating an enhanced concentration of oxygen
vacancies in the modified AM-NN system. The increased oxygen
vacancy concentration can facilitate improved charge carrier
separation, which is beneficial for photocatalytic activity. More-
over, these vacancies can act as active sites for surface reactions,
further enhancing the overall photocatalytic efficiency.**** As
shown in Fig. 3(d), the high-resolution Ag 3d spectrum displays
a characteristic doublet, with peaks located at 366.6 eV and
375.0 eV, corresponding to the Ag 3ds/, and Ag 3d;/, components,
respectively. This doublet may be due to the coexistence of Ag(i)

16240 | Phys. Chem. Chem. Phys., 2025, 27, 16236-16253

and Ag(n) or Ag(u) oxidation states, which is consistent with the
use of AgO as the precursor. Typically, a single peak at 368.6 eV
would be observed for pure Ag(1); however, the presence of an
additional peak confirms the mixed-valence state.*> As illustrated
in Fig. 3(e), the high-resolution spectrum of Mg exhibits a
prominent peak at 1304.0 eV, corresponding to the Mg 1s orbital
and confirming its successful incorporation.*®

3.5. Temperature and frequency-dependent dielectric
behaviour of AM-NN and NN

Fig. 4(a) and (b) presents the comparative dielectric curves of AM-
NN and NN under (a) varying temperature and (b) frequency
conditions. It is observed that the dielectric constant of the AM-
NN system is notably lower than that of the parent NN system.
One possible explanation for this reduction is the presence of
oxygen vacancies, as previously discussed in ref. 47. Oxygen
vacancies contribute to the enhancement of electrical conductivity
by acting as charge carriers, which increases electron mobility;
however, this also leads to a decrease in the dielectric constant
due to the increased movement of electrons. Fig. 4(c) and (d)
illustrate how the dielectric constant and dielectric loss of the AM-
NN system (shown in the inset) vary with frequency at different
temperatures (RT, 50, 100, 200, 300, 400, and 500 °C). Fig. 4(e) and
(f) show that as the frequency increases, the dielectric constant
decreases, initially dropping from lower values and eventually
levelling off. Electronic polarization plays a more significant role
at higher frequencies, while at lower frequencies, mechanisms
like space charge and dipolar polarization are more dominant.
Therefore, the dielectric constant at higher frequencies is smaller
than at lower ones. Additionally, as the frequency increases, the
dipole no longer follows the oscillating electric field, reducing the
dielectric constant. At room temperature, the dielectric loss
remains relatively low across various frequencies. However, at
elevated temperatures, the dielectric loss shows a sharp increase,
which can be attributed to two main factors: (a) temperature-
induced scattering of charge carriers and (b) the presence of
defects or impurity phases formed during the sample’s
preparation,*®*® for the modified system defects like oxygen
vacancies play an important role for this sharp increase. Further,
the pure NN is reportedly transitioning at 360 °C from orthor-
hombic to tetragonal phases.’® However, upon doping Ag and Mg
with NN, a diffused transition temperature (7c) is observed
around 410 °C. There is an appearance hump in the
temperature-dependent tangent loss curves at high temperatures
(around 400 °C) may be attributed to the presence of relaxation

This journal is © the Owner Societies 2025
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Fig. 3 High-resolution XPS spectra of (a) Na 1s, (b) Nb 3d, (c) O 1s, (d) Ag 3d, (e) Mg 1s, and (f) comparative O 1s spectra for AM-NN and NN.

processes within the material. Compositional disorders or impu-
rities can lead to the occurrence of multiple relaxation phenom-
ena in the solid solution, contributing to the observed humps in
the tangent loss.” The existence of either a single relaxation time
or a distributed relaxation time can be obtained using theoretical
models such as the Debye equation and the non-Debye equation.
The Debye equation describes dynamic polarization in materials
with a single relaxation time, assuming that the material undergoes
a simple exponential decay in polarization when subjected to an
external electric field. The Debye equation is given by:**
Ers — érco

X
& — &roo = -
1+ iwt

T

The frequency-dependent dielectric values of NN and AM-
NN are fitted with the Debye equation (as shown in the ESI} of
Fig. S2). As observed, the Debye equation fits the experimental
data of NN well, but it does not provide a good fit for the
experimental data of AM-NN.

On the other hand, the Havriliak-Negami equation offers a
more accurate fit for most experimental results, particularly for
systems that exhibit more than one relaxation process. The
Havriliak-Negami equation is expressed as:*®

8: b = &rs — &roo
1+ (iwe)1-+)’

In this equation, the parameters o and f lie within the
ranges 0 < o« < l1land 0 < ff < 1.

The frequency-dependent dielectric curves of AM-NN align
well with the Havriliak-Negami equation, while the dielectric
curves of NN do not, suggesting that the AM-NN system exhibits
more than one relaxation process, as shown in Fig. 5. The
parameters « and f§ represent the dispersion of the system (from

This journal is © the Owner Societies 2025

the fitting, it is obtained that all the « and f values range from
0.41 to 0.86 and 0.5 to 0.89, respectively) and indicate deviations
from classical ferroelectric behavior.> The parent NN and AM-
NN system impedance study is performed for further analysis.

3.6. Investigating the electrical characteristics of AM-NN
systems via impedance spectroscopy

Complex impedance spectroscopy is a technique commonly
used to study the electrical properties of polycrystalline materi-
als across a broad frequency range and at various temperatures.
Understanding the contributions from grains, grain bound-
aries, and interfaces is crucial, as these factors significantly
affect the overall electrical behaviour of the material. It is well-
established that the complex impedance parameters can be
described by specific mathematical relations, which account for
the influence of these different structural components.

e*=¢ — g
=7 — i7"
M* =M — iM"
Y=Y — iy
o*=a¢ — id"

8” Z/ Y/

=yt Ty

In this context, ¢* represents the complex dielectric con-
stant, M* denotes the complex modulus, Z* is the complex
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frequencies of AM-NN.

impedance, Y* refers to the complex admittance, ¢* stands for
the complex conductivity, and tan § is the loss tangent.*®>* The
contributions from the bulk and grain boundaries can be
separated and distinguished by analyzing the variations in
the impedance response to an applied alternating field.
Fig. 6(a) and (b) displays the complex impedance spectrum
(Z" vs. Z") for all the parent NN and AM-NN ceramics at a
temperature range of 300 to 500 °C. A single semicircular arc for
both indicates that the behavior is primarily due to the grain
contribution, as the grain boundary typically exhibits higher
resistance than the grain. This is because the grain boundary
creates a potential barrier, which leads to an additional semi-
circle at lower frequencies.

16242 | Phys. Chem. Chem. Phys., 2025, 27, 16236-16253

The separation of grain and grain boundary effects is
achieved by fitting the experimental data to an equivalent
circuit model, typically represented by a parallel resistor-capa-
citor (R-C) element, as illustrated in the inset of Fig. 6(a)
and (b). The mathematical representation of the circuit is as
follows:

1

- g g
R+ iwC !

Z*

Here, Z' and Z” represent the real and imaginary compo-
nents of the complex impedance, respectively. The fitting
results closely match the measured data, revealing that the
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center of the semicircles is slightly shifted below the real axis
(Z"). This shift is attributed to a distribution of relaxation times,
which causes a deviation from the ideal Debye behavior. For
non-Debye behavior, a constant phase element (CPE) is used in
place of the capacitor (C).>* The Cole-Cole plot shows tilted
semicircular arcs, with the center positioned below the real
axis, indicating a complex capacitance with a dissipative
imaginary component. The angle of depression represents the

This journal is © the Owner Societies 2025

phase angle of the capacitance at the frequency corresponding
to the peak of the Cole-Cole plot, where wR|C| = 1.>* The
semicircular plots for the NN and AM-NN in ESL{ Fig. S3 are
generated using Mathematica software. For the NN and AM-
NN, the depressed angles are calculated to be 14.32° and 27.14°
respectively. The increase in the depression angle in the AM-NN
system indicates its non-Debye behavior. This non-Debye
characteristic of the AM-NN system is further supported by

Phys. Chem. Chem. Phys., 2025, 27, 16236-16253
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at different temperatures (f) comparative plot real impedance plot for NN and AM-NN.

mathematical calculation, consistent with the explanation pro-
vided earlier. The variation of the real impedance (Z’) of the
AM-NN system with frequencies, ranging from 100 Hz to
1 MHz, at different temperatures, has been investigated as
shown in Fig. 6(c). It is observed that the magnitude of Z’

16244 | Phys. Chem. Chem. Phys., 2025, 27, 16236-16253

decreases with increasing frequency (logf) as well as tempera-
ture (T), which suggests an increase in AC conductivity. Fig. 6(d)
presents a comparative plot of the real impedance (Z') for NN
and modified NN at 500 °C, highlighting an increase in AC
conductivity in the Ag and Mg-modified AM-NN systems, which
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is attributed to the presence of oxygen vacancies. The Z’ values
for all temperatures converge at high frequencies, which can be
attributed to the release of space charge caused by the
reduction in barrier properties as temperature increases.>® This
effect may also enhance AC conductivity with temperature at
high frequencies. Additionally, at low frequencies, Z' values
decrease with increasing temperature, displaying a negative
temperature coefficient of resistance (NTCR) behavior, similar
to that observed in semiconductors. Fig. 6(e) represents the
imaginary impedance (Z”) plot of AM-NN as a function of
frequency at different temperatures. Shifting of the Z” peak to
the higher temperature side suggests the occurrence of more
than one relaxation process with increasing temperature and
gives evidence of regarding the non-Debye type of relaxation
process. Fig. 6(f) shows the comparative Z” plot of AM-NN and
NN advocating the non-Debye type nature of AM-NN as com-
pared to NaNbO;.>®

3.7. Confirmation of oxygen vacancies through
photoluminescence and UV-vis spectroscopy

The correlation between cationic modification and defects can
change the electronic band structure of various materials,
influencing properties such as photoluminescence, which are
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determined by electronic transition. When defects like vacan-
cies, interstitials, or substitutional atoms are present, they
introduce localized energy levels within the bandgaps. These
levels can act as trap states for charge carriers, either enhancing
or diminishing photoluminescence based on the characteris-
tics of the defect. For example, some defects might create
energy states that facilitate transitions from the conduction
band to these traps, increasing photoluminescence. The photo-
luminescence emission bands are associated with different
electronic transitions that are allowed between the energy levels
created within the bandgap. For NN, the PL emission is
particularly influenced by the local configuration of the NbOg
octahedron. These structural factors are essential in shaping
the energy levels and transitions that result in the observed
luminescence. As Kroger-Vink notation describes, oxygen
vacancies are among the most common defects in semiconduc-
tors and perovskite-oxide materials.>” Teixeira et al.*>® in their
report, mentioned that oxygen vacancies play a crucial role in
the case of pristine NN and show PL activities, which are
generally observed in the case of rare earth element-modified
systems. In Fig. 7(a) and (b) PL spectra of NN and AM-NN are
presented and a significant hump at 610 nm is observed for
both systems’ suggesting the presence of oxygen vacancies as
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mentioned in the literature earlier. In the modified AM-NN
system the hump at 610 nm is prominently indicating the
enhanced involvement of oxygen vacancies in the case of the
modified system. AgO as the raw material is not stable by nature
and stabilizes as Ag,O, generating more oxygen vacancies as
represented in the below equation using Kréger-Vink notation.

[Ag20~Vg] - [Ag20~VE)]

[Ag,0 V5] — [Ag,0 - V5]

An increase in oxygen vacancies contributes to medium-
range structural disorder, leading to a narrowing of the optical
band gap. The resulting structural disorder is reflected in the
broad PL band profile, where the hump associated with struc-
tural defects becomes prominent in the modified system. This
suggests that shallow energy levels have formed within the
band gap. Consequently, the density of these shallow levels is
greater in the modified NN due to the presence of these
vacancies. Fig. 7(a) and (b) illustrates the photoluminescence
(PL) spectra of NN and modified AM-NN at ambient tempera-
ture. Both samples exhibit broad emission bands ranging from
350 to 750 nm, and the peak of these bands is located around
420 nm. However, the emission intensity is lower in the AM-NN
compared to the NN. The broad-band photoluminescence (PL)
emission shown in Fig. 7(d) is typical of a mechanism where
the band gap is relaxed between intermediary levels.

The observed differences in the PL band profiles, including
variations in intensity and broadening, are attributed to changes
in the band gap energy (Egp) due to the modification. The PL
emission typically exhibits a broad band profile for many semi-
conductors and perovskite-based materials.”® Fig. 7(c) shows the
UV-vis spectrum of NN and AM-NN and the band gap determined
for both systems is found to be 3.35 eV and 3.12 eV respectively.
The decreased band gap in the modified system may be due to the
presence of oxygen vacancies and the reduced band gap enhances
the photocatalytic behavior of the systems.’® Therefore, after
getting the bandgap, we performed the photocatalytic analysis
of the sample. The reduced band gap in Fig. 7(c) reflects a
mechanism in which an intermediary level relaxes the band
gap. An additional intermediate metastable state is created
between the conduction and valence bands due to the presence
of oxygen vacancies, as illustrated schematically in Fig. 7(d).

3.8. Dipole and defect-driven photocatalytic properties in AM-
NN systems

The photocatalytic activity of NN and AM-NN, shown in Fig. S4
and S5 (ESIt), presents the absorbance spectra of dyes such as
RhB, CV, CR, and MB in the presence of the catalyst, measured
at various time intervals under visible light exposure. From the
above figures, it is clear that the absorbance of RhB, CV, CR,
and MB consistently decreases over time with irradiation.

The maximum absorbance is observed at 544, 588, 498, and
644 nm for each dye, respectively. The intensity of these

16246 | Phys. Chem. Chem. Phys., 2025, 27, 16236-16253
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absorption peaks is directly associated with the color ratio to
the solution. Next, we investigated the photocatalytic perfor-
mance of NN and AM-NN in the degradation of these dyes under
tungsten lamp exposure. The below-mentioned equation is used
to calculate the percentage degradation of the organic dyes:>*®°

Co—C

Degradation rate (1) = L% 100%

0

where C, represents the concentration of the dye solution at time
t, and C, is the initial concentration at time ¢ = 0. Fig. 8(a) shows
that AM-NN demonstrated excellent photocatalytic activity as
compared to NN. Degradation efficiency for NN and AM-NN in
the case of MB and CV dyes are around 94% and 99%, respec-
tively, within 5 h, which is quite similar for both the systems. But
in the case of CR and RhB, the degradation efficiency of AM-NN
(i.e. 60% for CR and 20% for RhB) is higher than NN (i.e. 5% for
CR and 5% for RhB) within 5 h as shown in Fig. 8(a). The
difference in degradation efficiencies of various dyes for the
same catalyst has been previously reported by Saha et al.®"*
This variation could be attributed to several factors. One factor is
the differing abilities of the dyes to inject electrons in the
conduction band of the photocatalyst.

Additionally, the chemical structure of the organic dyes plays
a significant role in their reactivity during the photocatalytic
degradation process. Organic dye molecules typically contain
varying numbers of functional groups, which can lead to differ-
ent reactions and the formation of various intermediate pro-
ducts, ultimately influencing the degradation efficiency. AgO as
the raw material contributing towards the creation of oxygen
vacancies results in the decrease in the band gap of modified
NN. This allows the material to absorb visible light more
effectively, enhancing its photocatalytic activity. Oxygen vacan-
cies contribute to a higher charge density within the material.
This increase facilitates better charge separation and transfer
during photocatalytic reactions, which is crucial for efficient
photocatalysis.®* As depicted in Fig. 8(a) the AM-NN shows a
notable increase in photodegradation efficiency compared to
pure NN. The kinetic rate constants were determined by fitting
the experimental data points to a pseudo-first-order kinetic
model. The photodegradation rate was studied by adding 50
mg of photocatalysts to a 50 ml solution of MB, CV, CR, and RhB
(10 ppm) in a beaker. The suspension was stirred in the dark for
60 minutes to reach adsorption-desorption equilibrium, after
which it was exposed to visible light irradiation from a tungsten
lamp. The linear fit indicates that the dye degradation process
follows the pseudo-first-order model, as shown below:*°

The reaction rate constant, denoted as k, is determined by
analyzing the slope of a plot as shown in Fig. 9(c), (d), (g) and

(h).
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The estimated values of k at ¢ = 300 minutes are provided in the
ESL+ The values for & are 0.0005, 0.0027, 0.0138, and 0.0128 min™*
for RhB, CR, CV, and MB dyes, respectively which is higher than that
of the parent NN. The findings of this study indicate that the AM-NN
material holds promise as a perovskite photocatalyst for the efficient
removal of organic dyes from solutions.

To elucidate the reactive species responsible for photocata-
lytic dye degradation under solar irradiation, selective radical
scavengers were employed to quench specific active species. A
systematic scavenging study utilized disodium ethylenediami-
netetraacetate (EDTA) for photogenerated hole (h*) capture,
ethanol (EtOH) for hydroxyl radical (OH*) quenching, and 1,4-
benzoquinone (p-BQ) for superoxide radical (O,*") trapping.
The scavenger dosages were optimized at 1 mM EDTA, 2 mM
EtOH, and 1 mM p-BQ, with photodegradation performance
evaluated through normalized concentration ratios (C,/C,) as
depicted in Fig. 10(a) for methylene blue (MB). The reaction
rate constant, denoted as k, is determined by analyzing the
slope of a plot as shown in Fig. 10(b).

The experimental results, as presented in Fig. 10(c), demon-
strate substantial inhibition of the photocatalytic process

This journal is © the Owner Societies 2025

compared to the reference system without scavengers when
EtOH and EDTA were introduced, confirming the crucial roles
of OH* radicals and photogenerated holes in the degradation
mechanism of MB. Specifically, EtOH addition resulted in a
dramatic decrease in MB degradation efficiency from 99% to
30%. Similarly, EDTA incorporation caused a significant
reduction in degradation performance from 99% to 46% for
MB. Conversely, p-BQ addition produced only marginal inhibi-
tion, with MB degradation efficiency decreasing modestly to
94%, suggesting that superoxide radicals play a minor role in
the overall photodegradation pathway.

Based on the above scavenger results, a possible mechanism
for the AM-NN with improved activity is proposed. To activate
the photocatalytic process, the photocatalyst must absorb light
photons with energy equal to or greater than its band gap. This
absorption excites electrons in the valence band, causing them
to move to the conduction band, thus generating charge
carriers. As represented in the Fig. 8(b) when the AM-NN
particles are exposed to visible light, the photo-induced elec-
trons interact with oxygen molecules (O,) on the catalyst sur-
face, leading to the formation of superoxide radicals (*O, 7).

Phys. Chem. Chem. Phys., 2025, 27,16236-16253 | 16247
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As we have used AgO as the raw material the concentration
of superoxide radicals (*O, ) will be higher than usual. Simulta-
neously, the photo-induced holes interact with water molecules
(H,0) at the catalyst surface, producing hydroxyl radicals (*OH).
These reactive species then participate in the degradation
reactions. The reactions involving superoxide radicals (*O,")
and water molecules (H,O) lead to the formation of hydrogen
peroxide (H,O,). Under light exposure, hydrogen peroxide
decomposes into hydroxyl radicals (*OH). These hydroxyl radi-
cals are highly reactive and play a crucial role in breaking down
organic pollutants into harmless byproducts like carbon diox-
ide and water. The efficiency of photocatalytic degradation for a
particular dye is influenced by the compatibility between the
energy levels of the excited dye and the conduction band of the

16248 | Phys. Chem. Chem. Phys., 2025, 27, 16236-16253
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photocatalyst. This interaction determines the overall degrada-
tion rate for specific dyes. The photocatalytic process can be
described by the following equation:

Nap 55A20.15Nbo.0sMgo.05 + A = Nag 55A80.15Nbg.05Mgo.05 (€cb +
hvb+)

hy," + H,O — *OH + H'
*OH + dye — H,0 + CO, + products due to degradation of dye
ep +0, = °0y”
*0,” + H,0 - OH™ + *HO,
*HO, + H,0 —» H,0, + *OH
H,0, + eq,” — OH™ + *OH
*OH + dye — H,0 + CO, + products due to degradation of dye

Fig. 9(a) and (b) illustrates the variation in relative concen-
tration (C,/C,) of different dye solutions as time progresses.
Fig. 8(a) presents the photocatalytic activity of AM-NN in the
degradation of these dye solutions. In case ferroelectric dipoles
are present in the system, this facilitates the generation of
several holes and electrons, which will enhance the photocata-
Iytic process as presented in the schematic diagram Fig. S6(a)
(ESIY). After using the sample of AM-NN in dye degradation, we
performed the XRD of the used sample. The comparative XRD
graph as shown in Fig. S6(b) (ESIt) of the used and unused
samples suggests that there are no extra peaks obtained for the
used sample. This suggests the reusability of the AM-NN system
for dye degradation for several cycles.

3.9. Exploring oxygen vacancies’ effects on
photoelectrochemical behaviour in AM-NN system

Photoelectrochemical measurements (PEC) were conducted in
a neutral electrolyte solution (0.1 M Na,SO,) at pH 7. The
photocurrent density was recorded in a quartz glass beaker
using a standard three-electrode setup. Ag/AgCl served as the
reference electrode, Pt was used as the counter electrode, and
the desired samples were coated on the third working elec-
trode. The electrochemical impedance spectroscopy (EIS)
experiment was conducted with a sinusoidal perturbation of
5 mV amplitude, over a frequency range from 100 kHz to 0.1 Hz.
The schematic diagram of the whole setup is shown in
Fig. 11(a). To convert the measured applied potential versus
Ag/AgCl into the potential relative to the reversible hydrogen
electrode (RHE), the Nernst equation was used:

Erug = Eag/agcl T Egg/Agcl + (59 mV)-pH
In this equation, Egg/Agcl is the standard electrode potential
of Ag/AgCl (0.1976 V) at 25 °C, and the pH was set to 7.

PEC will provide further information regarding charge
transfer and light sensitivity. As shown in Fig. 11(b), the
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photocurrent density of AM-NN is higher than the NN, suggest-
ing its superior photo activity. For both modified and parent
NN, dark photocurrent density is lower than light condition
owing to its photoactive behavior.®*®> PEC water splitting
showed that the photoanode fabricated with AM-NN exhibits

enriched photocurrent density (1.11 mA cm™?). The theoretical
electrochemical circuit fitted in Fig. 11(c) depicts that the Ror
(charge transfer resistance) of NN and AM-NN were 5721.8 Q
and 1115.3 Q, respectively. The lower charge transfer resistance
corresponds to efficient charge transfer, which means there is
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Table 3 Electrochemical impedance data fitting parameters of the NN
and AM-NN photoelectrode

Sample Rs (Ohm) R (Ohm) CPE (Farad)
NN 31.766 5721.8 1.15 x 107>
AM-NN 53.021 1115.3 1.66 x 107>

an efficient charge transfer occurring in AM-NN. The fitted
parameters are displayed in Table 3, revealing the enhanced
property of AM-NN due to oxygen vacancies. The bode phase
diagram acquired from EIS spectra is shown in Fig. 11(d). The
lower phase angle and frequency maxima correspond to a
higher electron lifetime in the circuit. The NN and AM-NN
system has shown an improved lifetime of the photoexcited
electron. Fig. 11(e) shows the real impedance vs. frequency
graph of NN and AM-NN, suggesting a decrease in resistivity
with the modification of Ag and Mg.

The applied bias photon to the current efficiencies (ABPE)
for various photoanodes-based NN and AM-NN were deter-
mined from the below-mentioned equation:

1.23 = Vapp)

ABPE (%) = (1 x( ) % 100%

Pincident
Here, V,p, represents the external applied potential relative to
RHE, I denote the measured current density, and Pj,ciqent refers
to the power density of the incoming light (mW cm™2).

As illustrated in Fig. 11(f), the AM-NN photoanode achieves a
peak efficiency of approximately 0.08% (at 1.013 V vs. RHE)
which is about 4 times higher than that of pure NN (0.02% at
1.045 V vs. RHE) photoanode. The %ABPE result obtained for
our system closely resembles the findings reported for ZnO-
based materials by Koyale et al°® and Liu et al.®” The PEC
results are consistent with the complex impedance spectro-
scopy findings, which confirm the reliability of the outcome.

4. Conclusion

A lead-free, oxygen vacancy generated AM-NN ferroelectric
material was synthesized via a solid-state method. Comparative
Raman analysis of both NN and AM-NN confirmed the for-
mation of oxygen vacancies in the modified system. The
influence of these vacancies on the dielectric properties was
investigated using theoretical models. The resistance and capa-
citance of the materials were measured using complex impe-
dance spectroscopy. The derived data from the impedance data
indicated the presence of oxygen vacancies in the AM-NN
system due to the addition of AgO and MgO. Photolumines-
cence spectroscopy further supported the presence of oxygen
vacancies, as evidenced by an additional peak. UV-Vis spectro-
scopy determined the bandgap of the AM-NN system to be
3.12 eV, making it suitable for photocatalytic applications. The
AM-NN exhibited approximately 90% efficiency for MB and CV
dyes and around 60% efficiency for CR. X-ray diffraction
analysis of the used sample showed no extra peaks, indicating
the material’s reusability. The water splitting performance,
quantified by the ABPE (%), demonstrated that the AM-NN
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system performed similarly to well-known photocatalysts, such
as ZnO. Overall, the strategic introduction of oxygen vacancies
in the AM-NN system enhanced its conductivity, as well as
photocatalytic efficiency, and reduced its bandgap, making it
suitable for a variety of photocatalytic applications.
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