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A B S T R A C T   

This study investigates the impact of off-valent doping on the photocatalytic properties of NaNbO3 concerning the degradation of Methylene Blue. 
Compositions with x values of 0.00 (representing pure NaNbO3, denoted as NBO) and 0.05 within the material system Na1-xAxNbO3 (where A is K1+, 
Ba2+, La3+, abbreviated as K-NBO, Ba-NBO, and La-NBO respectively) were synthesized using the conventional solid-state reaction method. The 
UV–visible analysis revealed a decrease in the band gap for samples K-NBO and Ba-NBO, while an increase was observed for sample La-NBO. Raman 
modes of lower wave numbers merged and shifted towards the higher wave number side. The determination of valence band edge and conduction 
band edge involved computational analysis based on XPS survey scans, and the band gap energy values were derived from UV–Visible spectroscopy 
results. Examining the band diagram of the samples (NBO, K-NBO, Ba-NBO, and La-NBO) in conjunction with the highest occupied molecular orbital 
and lowest unoccupied molecular orbital levels of MB dye provided insights into potential degradation mechanisms. Photocatalytic dye degradation 
experiments for Methylene Blue demonstrated that doping increased the degradation efficiency of samples K-NBO, Ba-NBO, and La-NBO compared 
to NBO. Among all NaNbO3 based prepared samples, Ba-NBO exhibited the highest degradation efficiency of 96%, however slightly less than the 
reference sample P25 TiO2.   

1. Introduction 

Industrial effluent discharge that contains organic pollutants like dye, fertiliser, or surface-active substances is transforming in a 
significant problem for community since they harm water streams, putting both human in addition wildlife lives at risk [1]. Globally, 
0.7 million tonnes of organic harmful dyes are generated and released [2]. The main cause of water contamination is dyes and thinners 
used across a range of sectors, including petrochemicals, paints, textiles, agriculture and medicine, with methylene blue being the most 
common organic cationic dye. Some azo-dyes and their by-products, including aromatic amines, are well recognised to be very 
carcinogenic [3]. Through waste products from these industries, these dyes leak into the ground and pollute the source of drinking 
water [4]. There are numerous treatment techniques that have been established, including biological techniques, membrane sepa-
ration technologies, electrochemical techniques, ozone oxidation, and others. Among these, Photocatalytic technology has great 
potential and feasible for treating environmental contaminants due to its high mineralization efficiency, no additional pollutants, 
lower consumption of energy, and simple procedures [5]. Due to its applicability in both the production of solar fuel and environ-
mental clean-up, semiconductor photocatalysis has garnered significant and growing interest. The importance of photocatalytic 
wastewater clean-up and photocatalytic hydrogen production from water splitting has increased among various methods due to its 
environmental friendliness and water capacity for regeneration. As a result of Fujishima’s ground-breaking work employing TiO2 as a 
water-splitting photocatalyst, a variety of inorganic photocatalysts are now commonly being used [6]. The photocatalytic process 
involves various critical factors, including the bandgap energy, effective surface area, light energy absorption characteristics, 
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operational intensity, temperature, and pH during the degradation process. Additionally, the bandgap energy of photocatalytic ma-
terials plays a crucial role in influencing photocatalytic activity [7]. 

Due to their ferroelectric and piezoelectric capabilities, niobium oxide-based perovskite-like structures, Alkali Niobate compounds, 
such as LiNbO3, NaNbO3, and KNbO3, have received a lot of attention in recent years [8]. In recent times, there has been a notable 
surge in interest surrounding NaNbO3 perovskite nanostructures, a semiconductor photocatalyst under investigation. This increased 
attention is attributed to their advantageous qualities, including remarkable physicochemical stability, high crystallinity, 
cost-effectiveness, abundance, and minimal environmental impact [9]. However, the photocatalytic activity of NaNbO3 faces limi-
tations due to its high band gap (3.4 eV) and the rapid recombination rate of photo-generated electron-hole pairs [10]. It is noteworthy 
that the properties and applications of NaNbO3 nanoparticles are significantly influenced by their shape, size, and structure [9]. 

One potential approach to enhance photocatalytic activity involves introducing foreign elements through doping, aiming to modify 
the structural characteristics of the designated photocatalysts [6]. In a study by Jana et al. (2020), the impact of mono-doping and 
co-doping K and V on the dye degradation properties of NaNbO3 under CFL light was investigated. The findings indicate that samples 
co-doped with K and V exhibited a dye degradation efficiency of 34% [11]. In a study conducted by Wu and colleagues in 2021, the 
influence of V doping on the degradation properties of antibiotics in NaNbO3 was demonstrated. Degradation properties have been 
studied using tetracycline, ciprofloxacin and enrofloxacin as antibiotics. Doping of V2O5 has reduced the band gap to a value of 2.89 eV 
from 3.03 eV [12]. Li et al. (2014) studied La and Co co-doped NaNbO3 for hydrogen generation. These results illustrate that the 
incorporation of Co introduces an additional electronic state, leading to a reduction in the band gap for enhanced absorption of visible 
light. The improved activity can be attributed to the Co d-d transition [13]. 

MB, a cationic thiazine dye, is an amorphous compound in its solid state with the chemical formula C16H18N3SCI. The nomen-
clature "basic blue 9″ originates from its property of producing a dark blue-green solution, encompassing an MB cation and a chloride 
anion, upon dissolution in water [14]. This dye finds common applications in the dyeing processes of hemp, silk fabric, and paper [15]. 

Despite this, there is a notable absence of reports on A site cation doping, especially with off-valent ions, specifically for photo-
catalytic purposes. To address this gap, we have explored the incorporation of K1+, Ba2+, and La3+ (off-valent cations with distinct 
valence states) into NaNbO3 with x = 0.05 for potential photocatalytic applications. The synthesis of these samples is carried out using 
the conventional solid-state reaction method. Characterization of the prepared samples involves XRD, UV, Raman, and XPS mea-
surements. Previous studies have already highlighted the impact of off-valent substitutions on structural and electrical properties [16]. 
The investigation extends to the study of photocatalytic properties, specifically targeting the degradation of organic pollutants with 
Methylene Blue (MB) chosen as the experimental subject. This report provides a comprehensive discussion on the detailed effects of 
off-valent doping on the photocatalytic properties of NaNbO3. 

2. Experimental details 

The solid-state reaction method is employed to fabricate samples within the Na0.95A0.05NbO3 material system, where A represents 
K1+, Ba2+, and La3+, abbreviated as NBO, K-NBO, Ba-NBO, and La-NBO, denoting pure, K-doped, Ba-doped, and La-doped samples, 
respectively. Raw materials of high purity (more than 99%), namely Na2CO3, Nb2O5, La2O3, K2CO3, and BaCO3 sourced from Sigma 
Aldrich, are used for sample preparation. Appropriate amount of these powders are homogeneously ground in acetone media in a 
mortar and pestle for 4 h. Subsequently, the dried mixture undergoes calcination for 4 h at 900 ◦C in a tubular furnace. For the XRD 
characterization, a Shimadzu XRD-6000 instrument with Cu-Kα radiations (1.5406 Å) is utilized. XRD spectra for these samples have 

Fig. 1. (a) XRD pattern of the samples NBO, K-NBO, Ba-NBO and La-NBO (b) A closer look of the peaks within the range of 21◦ ≤ θ ≤ 34◦.  
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been recorded in the 2θ range of 20◦–75◦ with a scan speed of 2◦/minute. Raman measurements are conducted using a Confocal Raman 
spectrometer with a laser source at 532 nm. X-ray photoelectron spectroscopy (XPS) data is acquired using an Omicron ESCA in-
strument by Oxford Instruments Germany. Photoluminescence spectra have been recorded using Luminescence spectrophotometer 
from Agilent Cary Eclipse 100 with Xenon flash lamp as source. 

In order to study photocatalytic properties, the following experimental process has been adopted. Photocatalytic activity study has 

Fig. 2. (a) UV–Vis absorbance spectra for NBO, K-NBO, Ba-NBO, and La-NBO samples, coupled with Tauc plots corresponding to each sample (b) 
NBO, (c) K-NBO (d) Ba-NBO and (e) La-NBO. 
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been carried out by using a solution of methylene blue dye in distilled water. The experiment was performed in a photocatalytic reactor 
setup from Biogenix with a reactor of capacity of 1L with a 300W xenon lamp under full arc filter for UV irradiation. The temperature of 
the system was kept at 20 ◦C throughout the reaction with the help of a chiller. The flask’s overall capacity is 1L, with the irradiated 
solution volume set at 100 mL. To prepare the photocatalyst solution, 20 mg of the synthesized photocatalyst is dispersed in 100 mL of 
a 10 ppm Methylene Blue (MB) solution. Consequently, the catalyst loading in this experiment is 0.2 g/L. Following the addition of the 
catalyst to the 100 mL dye solution, the resultant mixture is stirred in darkness for 30 min to allow the absorption-desorption process to 
attain equilibrium conditions. Subsequently, the solution is exposed to UV light, and at intervals of 30 min, 3–4 mL of the solution is 
collected. The absorbance spectra within the wavelength range of 500 nm–800 nm are monitored to confirm the degradation of the MB 
dye. This process is carried out for a duration of 3 h. 

3. Results and discussion 

3.1. XRD analysis 

The XRD patterns of all synthesized samples are shown in Fig. 1, revealing a Pbcm space group symmetry with an orthorhombic 
structure as per the JCPDS- 073–083 data. The absence of characteristic peaks indicates the presence of the samples in a single phase. 
Upon doping with K and Ba, the peaks exhibit a shift towards the lower Bragg’s angle side, as depicted in Fig. 1(b). Alternatively, La 
doping induces a peak shift for the higher Bragg’s angle side. The ionic radii of the dopants, specifically K1+ (1.64 Å) in the K-NBO 
sample and Ba2+ (1.61 Å) in the Ba-NBO sample, surpasses the ionic radii of the host ion Na1+ (1.39 Å). This difference in ionic radii 
may accounts for the observed peak shifts and the consequent increase in interplanar spacing, leading to an enlarged unit cell size. For 
La-NBO samples, the XRD pattern indicates a shift towards higher angle, possibly attributed to the shorter ionic radii of La3+ (1.36 Å) 
compared to Na1+ (1.39 Å), resulting in a decreased interplanar spacing. The crystallite size has been determined using Scherrer 
formula and found to be in the range of 21 nm–36 nm which has been found to be decreased from 36 nm for pure NBO to 21 nm for La 
doped NBO. A comprehensive structural analysis, conducted through Rietveld refinement of diffraction data, has already been pub-
lished [16]. 

3.2. UV–visible spectroscopy 

The UV–visible spectra for the NBO, K-NBO, Ba-NBO, and La-NBO samples were recorded over the 200 nm – 800 nm wavelength 
range, as depicted in Fig. 2. The absorption edges for these samples are observed in the 300 nm – 350 nm range. Notably, the broad 
absorption band at around 300 nm is attributed to the corner-sharing NbO6 octahedra [17]. In the UV region, NBO exhibits an ab-
sorption edge with a band gap energy of 3.21 eV, excited by the O-2p and Nb-3d states, as depicted in Fig. 2(a). The absorption edge for 
the doped samples has shifted towards longer wavelengths, enhancing the photocatalytic activity through increased light absorption, 
as indicated in Fig. 2(a) [15]. The determination of the optical band gap has been carried out using the Tauc plot, following the 
equation provided below: 

(αhν)n
=A

(
hv − Eg

)
(1)  

in the given context, α denotes the absorption coefficient, ν stands for light frequency, A represents the proportionality constant (band 
tailoring coefficient), and Eg signifies the band gap [18,19]. The ’n’ parameter is dictated by the intrinsic characteristics of the ma-
terials, such as the type of transition. For materials with n = 2, they showcase direct transitions, while those with n = ½ are 
acknowledged for featuring indirect transitions, in accordance with equation (1) [13]. Table 1 provides an overview of the band gap 
values that were obtained using equation (1) and linear interpolation of αhν with hν. 

The faster electron transfer at the solid-liquid interface was made achievable by the rise in band gap because it effectively separated 
charges, decreased the rate of electron-hole pair recombination, and increased electron separation [20]. Nevertheless, Ba-NBO exhibits 
superior catalytic activity in the degradation of Methylene Blue (MB), boasting a band gap energy of 3.14 eV. A smaller band gap 
implies a reduced energy requirement for electronic transitions, facilitating the photocatalytic process. 

3.3. Raman analysis 

Raman spectroscopy emerges as a valuable technique for probing the ordered a short-range arrangement of phases in perovskites. 
The NaNbO3 exhibits an orthorhombic structure (at room temperature) identified by the Pbcm space group symmetry, with each unit 

Table 1 
Optical Band gaps of samples NBO, K-NBO, Ba-NBO and 
La-NBO.  

Samples Name Band Gap (eV) 

NBO 3.21 
K-NBO 3.12 
Ba-NBO 3.14 
La-NBO 3.28  
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cell containing eight formula units. The theoretical analysis categorizes optical vibrational modes at zero wavevector based on their 
irreducible representations, as outlined in equation (2): 

Γopt = 15Ag + 17B1g + 15B2g + 13B3g + 13Au + 14B1u + 16B2u + 14B3u (2) 

The identified Raman-active modes include Ag, B1g, B2g, and B3g mainly, Au remains inactive for both Raman and Infrared, while 
Infrared-active modes are confined to B1u, B2u, and B3u [21]. The expected total count of Raman optical phonon modes is 60, with 
discernible peaks due to low intensity between specific Raman modes and accidental degeneracy. The deconvoluted Raman profile of 
NBO, K-NBO, Ba-NBO, and La-NBO samples at room temperature is illustrated in Fig. 3, spanning from 100 cm− 1 to 800 cm− 1. 

For the NBO sample, bands within the 100-1000 cm− 1 range are linked to the internal vibrational mode of NbO6. The band at 
approximately 145 cm− 1 is attributed to NbO6 octahedral rotational vibrations, and the wavenumber range of 150–300 cm− 1 cor-
responds to the v6 (F2u) and v5 (F2g) modes, both exhibiting a triple degeneracy [22,23]. In the interval of 170 cm− 1 to 300 cm− 1, the v6 
and ν5 modes display dispersed intensity, forming a complex band profile. The faint presence of the v4 (F1u) band is observed at 379 
cm− 1 and 436 cm− 1. Phonon modes below 400 cm− 1 are associated with O–Nb–O bending vibrations, while those above 400 cm− 1 

correspond to O–Nb–O stretching vibrations. The phonon modes at 569 cm− 1 and 606 cm− 1 are attributed to stretching vibrational 
symmetry ν2 (Eg) and ν1 (A1g) (symmetric stretching) in the NbO6 octahedron. The stretching motions include ν1, ν2, and ν3, while the 
bending modes consist of ν4, ν5, and ν6 in a perfect octahedron [24]. Among these modes, only ν1, ν2, and ν5 exhibit Raman activity, 
with ν3 and ν4 being Infrared (IR) active. The triple-degenerate mode ν6 remains silent [24]. Depending on the site symmetry, these 
modes may undergo splitting, and non-Raman active modes may transform into Raman active modes. 

Upon doping with K, Ba, and La in NBO sample i.e. K-NBO, Ba-NBO, and La-NBO, the modes on the lower wave number side slightly 
merge. Additionally, the band around 436 cm− 1 in pure NaNbO3 disappears for Ba-NBO and La-NBO samples, possibly associated with 
disordering at A or B-sites [25]. The doping of K, Ba, and La causes the Raman modes to shift towards higher wave number side. All the 
modes assigned for all prepared samples have been shown in Table 2. 

3.4. Photocatalytic activity study 

The photocatalytic activity of the samples was studied by employing methylene blue as the model pollutant, chosen for its high 

Fig. 3. Deconvoluted Raman spectra of prepared samples NBO, K-NBO, Ba-NBO and La-NBO  

R. Nain and R.K. Dwivedi                                                                                                                                                                                           



Heliyon 10 (2024) e29121

6

stability, preventing self-degradation. In the absence of a photocatalyst, the degradation of MB dye remained stable under both light 
and dark conditions [26]. Furthermore, no degradation was observed in acidic and basic media, specifically in a solution with a pH of 
7.00. The degradation of methylene blue occurred in the presence of UV radiation, characterized by a prominent absorption band at a 
wavelength of 664 nm and a shoulder at 609 nm. The primary absorption is associated with the n-π* transition, while the shoulder at 
609 nm corresponds to the 0–1 vibronic transition [27]. 

Fig. 4 represents the decomposition of methylene blue in the presence of a catalyst for all the samples NBO, K-NBO, Ba-NBO and La- 
NBO. The two absorption maxima first at 609 nm and second at 664 nm of MB dye are clearly seen in all these samples. The intensity of 
absorption peaks at wavelengths of 609 nm and 664 nm decreases with increasing exposure time, as seen in Fig. 4(a–d). In photo 
decolourisation process, the major absorption edge at 664 nm decreases gradually with elapsing time. The apparent decrease the 
absorption band at 664 nm indicates that doped NaNbO3 had initiated the photodegradation breaking the bonding in MB and 
decolourize the sample. From Fig. 4(a), it can be seen that absorption maxima corresponding to MB dye decrease by a very small value 
indicating that sample NBO shows a small degradation of MB dye. For K-NBO sample after 180 min, the absorption maxima decrease 

Table 2 
Assignment of Raman modes for samples NBO, K-NBO, Ba-NBO and La-NBO.  

NBO K-NBO Ba-NBO La-NBO Mode assigned 

145 143 155 156 ν6 (F2u) 
184 189 190 198 ν6 (F2u) 
224 222 217 231 ν6 (F2u) 
257 255 265 262 ν5(F2g) 
280 290 298 299 ν6 (F2g) 
377 371 335 344 ν4 (F1u) 
436 445 – – ν4 (F1u) 
562 581 589 588 ν2 (Eg) 
605 626 628 629 ν1 (A1g) 
683 689 655 681 ν3 (F1u)  

Fig. 4. Absorption spectra recorded during the photocatalytic reaction of the MB dye solution for NBO, K-NBO, Ba-NBO, and La-NBO samples.  
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by a large value indicates that K doped NaNbO3 shows increased degradation of the MB dye. For Ba-NBO sample, the absorption peaks 
get smoothened after 180 min which shows the higher degradation values as compared to K-doped NBO as seen in Fig. 5 (b). For 
sample La-NBO degradation efficiency is higher compared to NBO and K-NBO sample but lower than Ba-NBO. The degradation ef-
ficiency is highest for Ba-NBO sample and relatively better for La-NBO sample may be due to creation of defects i.e. oxygen vacancies 
that are associated with the charge imbalance effect of substitution of Na by Ba and La. The generation of oxygen vacancies enhanced 
the delayed recombination resulting in an increased photocatalytic activity [28]. Fig. 5(a) shows the percentage degradation with time 
for all prepared samples. Least dye degradation is observed in pure NaNbO3 which may be due to higher recombination of charge 
carriers under light illumination. As seen from Fig. 5(a) that Ba doped NBO shows higher degradation up to 96%. In comparison with 
P25 TiO2, Ba-NBO possess slightly lower MB dye degradation efficiency. The rate constant of all the samples, determined by linear 
fitting, is shown in Fig. 5(b). 

Several classical kinetic factors need to be considered for a more precise interpretation of the kinetic data for K, Ba, and La-doped 
NaNbO3. The Langmuir-Hinshelwood (L-H) mechanism, which controls the kinetics of photocatalytic degradation, is widely recog-
nised and have been used here for first order kinetics [29,30]: 

ct = c0e− k1 t (3)  

− ln
(

Ct

C0

)

= k1t (4)  

Here, C is the concentration of MB dye and k1 is an apparent rate constant first-order reactions respectively. 
The percentage degradation has been calculated by the following formula: 

% degrdation=
C0 − Ct

C0
˟ 100 =

A0 − At

A0
˟ 100 (5) 

In this context, C0 represents the initial equilibrium concentration for absorption/desorption (at reaction time 0), while Ct stands 
for the concentration after reaction time t. A0 and At denote the respective values of absorbance measured at 664 nm [31]. 

The values of degradation and rate constant are determined using the above equations which are shown in Table 3. The regression 
coefficient values lie close to 1 which signifies that reaction follows first order kinetics. 

Cycling performance has also been tested for Ba-NBO and La-NBO samples repeatedly in different runs, shown in Fig. 6. The cycling 
performance for MB degradation has been tested for five cycles. In these three consecutive cycles, the performance for Ba-NBO sample 
was found to be 96%, 94% and 88% respectively but in 4th and 5th cycle it gets stabilized to a value of 85% (see Fig. 6a) whereas, for 
La-NBO sample, it was 95%, 92%, 86%, 84% and 80% respectively (see Fig. 6b). The decrease in photocatalytic performance may be 
due to some of the dye molecules already adsorbed on the surface of catalyst. Table 4 shows the comparative photocatalytic degra-
dation performance of MB dye with different photocatalysts reported earlier along with this work. 

3.5. XPS analysis 

All these samples NBO, K-NBO, Ba-NBO and La-NBO have undergone XPS measurements to investigate the element’s chemical 
states. These composition’s spectra have been calibrated with respect to a reference carbon species, graphite, which has a binding 
energy of 284.6 eV. Survey scan of NBO, K-NBO, Ba-NBO and La-NBO are given in supplementary information (Figure SI-1). The 
sample NBO shows peaks conforming Na, Nb and O i.e the formation of NaNbO3. The survey spectra of samples K-NBO, Ba-NBO and 
La-NBO show the presence of K, Ba and La respectively along with Na, Nb and O in these samples. Although, due to the low 

Fig. 5. (a) First order Kinetics plot for samples NBO, K-NBO, Ba-NBO, La-NBO and P25. (b) Rate constant for degradation of MB dye for samples 
NBO, K-NBO, Ba-NBO, La-NBO and P25 TiO2. 
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concentration of K in the sample, the K-2p peak signal is not clear in the survey spectra of sample K-NBO but high-resolution scan show 
presence of Na-1s, Nb-3d, O-1s, K-2p, Ba-3d and La-3d with different oxidation states. The peak at binding energy of 1070.34 eV for 
sample NBO shows a singlet, indicating the +1 state of the Na atom [32]. For sample K-NBO, this Na 1s peak seems at 1071.38 eV 
whereas for sample Ba-NBO and La-NBO it is shifted towards a lower binding energy having values of 1071.16 eV and 1071.15 eV 
respectively, given in supplementary information (Figure SI-2). But in the samples K-NBO, Ba-NBO and La-NBO, the peak corre-
sponding to Na-1s is in single form as no satellite peak is present which confirms the +1-oxidation state of Na in all these samples. Also, 
based on the data in the NIST XPS database, it is clear that peak associated with Na-1s is found within the range of 1070 eV–1072 eV 
[33]. 

Table 3 
Apparent rate constant (first order) and percentage degradation of samples NBO, K-NBO, Ba-NBO, La-NBO and 
reference sample P25 TiO2.  

Compositions (x) k1 (First order) (±2 × 10− 3) % degradation 

NBO 0.003 33 
K-NBO 0.014 92 
Ba-NBO 0.019 96 
La-NBO 0.016 95 
P25 TiO2 0.018 97  

Fig. 6. Effect of cycling runs on MB degradation for catalyst (a) Ba-NBO (b) La-NBO.  

Table 4 
Comparative study of prepared photocatalysts for MB degradation with the reported literature.  

Catalyst Dye 
degraded 

Light source 
used 

Amount of 
catalyst used 

Concentration of 
MB dye 

Volume of 
MB dye 

% 
degradation 

Degradation time 
(minutes) 

Reference 

N–SrTiO3 MB Xe lamp 
(300W) 

0.05g 10 ppm 100 mL 88 140 [2] 

NaNb1− xTaxO3 MB Xe lamp 
(200W) 

0.02g 1 × 10− 5M 50 mLs 89 80 [6] 

N–ZnO/CD MB UV lamp 
(75W) 

0.05g 10 ppm – 83.4 60 [7] 

K/V– NaNbO3 MB CFL light 0.01g 10 mg/L 100 mL 34 300 [11] 
Na+ co-doped 

CaTiO3:Eu3+
MB Mercury 

Lamp (35 W) 
0.2g 5 mg/L 100 mL 96.62 300 [15] 

La and Zr codoped 
AgNbO3 

MB Xe lamp 
(300W) 

0.02g 10 ppm 50 mL 48.3 300 [19] 

SrTiO3 @ reduced 
graphene oxide 

MB Halogen 
lamp (500W) 

0.01g 100 mg/L – 91 150 [26] 

NBO MB Xe lamp 
(300W) 

0.02g 10 ppm 100 mL 33 1801 Present 
work 

K-NBO MB Xe lamp 
(300W) 

0.02g 10 ppm 100 mL 92 180 Present 
work 

Ba-NBO MB Xe lamp 
(300W) 

0.02g 10 ppm 100 mL 96 180 Present 
work 

La-NBO MB Xe lamp 
(300W) 

0.02g 10 ppm 100 mL 95 180 Present 
work  
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The XPS study of p and d orbitals is difficult because of the numerous complex splits and overlapped binding energies. Fig. 7(a) 
shows the high-resolution scan for Na-1s for sample NBO. Fig. 7 (b) shows the high-resolution scan for K-2p for sample-NBO having 
binding energy spanning from 290 eV to 300 eV. The presence of two distinct peaks in the K element’s binding energy, at 292.37 eV 
and 295.16 eV, can be attributed to the K-2p3/2 and K-2p½ states [34]. These two peaks show a difference of 2.79eV (~2.8eV) which 
signifies the K in +1 state [35]. High resolution scan for Ba-3d in sample Ba-NBO indicates the binding energy range of 775 eV–800 eV 
as shown in Fig. 7 (c). It is to be noted that Ba-3d shows a doublet separation of peaks 3d5/2 and 3d3/2 with the binding energy 779.293 
eV and 794.637 eV respectively, which are the core lines of Ba2+ as reported by Yuan et al. (2018) [36]. The binding energy separation 
of nearly 15.34eV which is very close to 15.30 eV as reported for doublet separation of Ba-3d confirms the +2 oxidation state of Ba 
[33]. Fig. 7 (d) displays a detailed scan of La-3d within binding energy range of 830 eV–865 eV. The peak exhibits a segmentation into 
La-3d5/2 and La-3d3/2, characterised by four gaussian components which is in agreement with Sanvarapu et al. (2018) [37]. The main 
peaks at 833.9eV and 850.7eV corresponds to the spin orbit state of La-3d5/2 and La-3d3/2 respectively whereas the peaks at 837.9eV 
and 854.9eV are the satellite peaks [38]. The formation of these satellite peaks is a result of the charge transfer that occurs between the 
Oxygen 2p and Lanthanum 4f orbitals. The difference in binding energy between La-3d5/2 and La-3d3/2 is almost 16.8 eV, which is 
close to the 16.82 eV that has been published in the literature, which confirms the +3-oxidation state of La [39]. Additional evidence 
supporting the presence of La in a +3-oxidation state is the observed difference in binding energy between the La-3d5/2 state and the 
satellite peak, which falls within range of 4.0 eV–4.6 eV as reported in the literature. Furthermore, the ratio of the peak area surpassing 
unity serves as additional confirmation for the existence of La in the +3 oxidation state. 

The core level with Ɩ ≥1 appears as spin doublets as a result of spin orbit interactions. The core spectrum for the Nb-3d level in 
sample NBO reveals a doublet, with binding energies of 209.01 eV and 206.27 eV for Nb-3d3/2 and Nb-3d5/2, respectively as shown in 
Fig. 8(a). The peaks exhibit a Binding energy difference of 2.74 eV and a branching ratio of 1.7, which closely aligns with the value of 
1.5 reported in literature [33]. The indication of Niobium in the +5 oxidation state is derived from a discernible difference in binding 
energy of 2.74eV and the absence of any satellite peak observed in the NBO sample. But, for samples K-NBO, Ba-NBO and La-NBO, 
there is an extra shoulder present at lower binding energy nearly at 205 eV. The high-resolution scan of Nb-3d for samples K-NBO, 
Ba-NBO and La-NBO have been deconvolved into four peaks with +4 and + 5 oxidation states of Nb-3d as shown in Fig. 8 (b, c, d). For 
sample K-NBO, the peaks corresponding to Nb5+ states appear at the binding energy of 206.36 eV and 209.13 eV corresponding to 

Fig. 7. (a) High resolution scan of Na-1s in sample NBO (b) High resolution scan of K-2p in sample K-NBO (c) High resolution scan of Ba-3d in 
sample Ba-NBO (d) High resolution scan of La-3d in sample La-NBO. 
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3d5/2 and 3d3/2 states with a binding energy separation of ~2.77eV which confirms the +5 oxidation states of Nb [40,41]. The peaks 
appearing around 204.21eV and 208.01 eV with a slight shift in binding energy due to K doping corresponds to Nb4+ states as reported 
in literature [42,43]. For sample Ba-NBO, Nb-3d spectrum have been shown in Fig. 8 (c). In this sample, the peaks appearing at binding 
energies of 206.27 eV and 209.04 eV correspond to +5 state of Nb and the peaks appearing at 205.45 eV and 207.28 eV are attributed 
to +4 oxidation state of Nb. In sample La-NBO, as shown in Fig. 8 (d), the peaks arising at 208.94 eV and 206.26 eV are due to +5 and 
the peaks appearing at 204.01eV and 207.92eV are due to +4 oxidation state of Niobium atom. The high-resolution spectra of Nb for 
different samples NBO, K-NBO, Ba-NBO and La-NBO suggest that doping of K, Ba and La not only introduces the extra oxidation state of 
Nb (+4) in the system but also shifts the binding energy towards the lower side. Thus, it is concluded from XPS spectra that the doping 
of K, Ba and La may create Nb4+ in addition to Nb5+ in these samples which may be caused by charge compensation internally in these 
materials systems [44]. 

Fig. 9 (a, b, c, d) shows the Oxygen 1s (O-1s) spectra for NBO, K-NBO, Ba-NBO and La-NBO samples. The whole spectrum of all these 
samples have been modelled into three gaussian peaks, as shown in Fig. 9 as per Yang et al. (2019) [45]. The peak around 529.07 eV 
resembles to the oxygen at lattice (OL) in the perovskite structure, Oxygen vacancies are represented by peaks at 530.60 eV, and 
chemisorbed oxygen dissociated oxygen or water is depicted by peaks at 533.05 eV, according to Ye et al. (2022). The ratio of the peak 
oxygen vacancy area to the oxygen connected to lattice sites can be used to determine the relative number of oxygen vacancies, OV/OL 
which is given in the Table 5. Widely acknowledged, the charge transporters in oxide semiconductors are typically associated with the 
presence of oxygen vacancies, as depicted below: 

OO =
1
2
O2(g) + V∗∗

O + 2e− (6) 

The O 1s peak, which is centred at a binding energy of approximately 529.03 eV, provides confirmation of the existence of oxygen 
in the system with a -2-oxidation state. 

It can be clearly understood from Fig. 9 that the oxygen vacancy area is less in sample NBO (7.3%), which increases in sample K- 
NBO (13.5 %). For Ba and La doped samples i.e. Ba-NBO and La-NBO the oxygen vacancy area is increased i.e 18.2% for sample Ba- 
NBO and 23.3% for sample La-NBO. This may be due to creation of a larger number of oxygen vacancies for the charge compensation of 

Fig. 8. (a) High resolution scan of Nb-3d in sample NBO (b) High resolution scan of Nb-3d in sample K-NBO (c) High resolution scan of Nb-3d in 
sample Ba-NBO (d) High resolution scan of Nb-3d in sample La-NBO. 
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off valent doping of ions at the Na site. 

4. Energy level diagram and possible degradation mechanism 

Due to the presence of NbO6 octahedral chains, which potentially enhance the likelihood of charge carrier delocalization during the 
catalytic reaction, one can infer that perovskite catalysts based on NaNbO3 demonstrate noteworthy photocatalytic activity in dye 
degradation when exposed to sunlight. The reaction encompasses four primary steps, outlined below:  

(1) Absorption of light by catalyst that produces an electron-hole pair  
(2) Separation of excited charges (e− - h+)  
(3) Transfer of electron and holes to the surface of catalyst  
(4) Surface desorption and diffusion of pollutants from catalyst 

The positions of the valence band and conduction band edges of the catalyst were computed, and their alignment concerning the 
potential of OH•/H2O, O2/O2

•-, and HOMO-LUMO levels of methylene blue dye were analyzed. This analysis aimed to gain insights into 
the photocatalytic activity of the catalyst, involving the separation of photogenerated electrons and holes. Valence band spectra were 

Fig. 9. XPS profile of O-1s peaks for samples (a) NBO, (b) K-NBO, (c) Ba-NBO and (d) La-NBO.  

Table 5 
Parameters related to OV, OL, and their respective ratios in the XPS profiles for the K-NBO, Ba-NBO, and La-NBO 
samples.  

Sample Name OV OL OV/OL 

NBO 0.073 0.519 0.141 
K-NBO 0.135 0.732 0.184 
Ba-NBO 0.182 0.675 0.270 
La-NBO 0.233 0.648 0.360  
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acquired for each sample to determine electronic transitions. Specifically, the valence band edge (VBE) positions were identified at 
2.10 eV, 2.32 eV, 2.45 eV, and 2.28 eV for samples NBO, K-NBO, Ba-NBO, and La-NBO, respectively, with reference to binding energy 
(eV) (refer to supplementary information, SI-3). Considering the XPS instrument’s work function of 4.5 eV, the valence band positions 
were referenced to NHE, assuming 4.5 eV in vacuum is 0 eV w.r.t. NHE [46]. Based on the optical band gap energy (Eg), the conduction 
band edge (CBE) was calculated, resulting in values of − 1.11 eV, − 0.80 eV, − 0.69 eV, and − 1.00 eV for samples NBO, K-NBO, Ba-NBO, 
and La-NBO, respectively (CBE = VBE - Eg) [11]. During the light illumination, photon-matter interaction occurred, generating 
electron and hole pairs in the valence and conduction bands, respectively. Utilizing the calculated values, a band diagram was con-
structed concerning the HOMO and LUMO levels of MB dye. The HOMO and LUMO levels of MB dye, set at − 0.88 eV and 1.55 eV, 
respectively, were employed to create the band diagram [47]. Redox potential values for O2/O2

•- (− 0.33 eV vs. NHE), O2/H2O2 (0.685 
eV vs. NHE), OH/OH• (1.99 eV vs. NHE), and OH/H2O (2.70 eV vs. NHE) were extracted from the literature [48]. The calculated values 
of CBE and VBE edges are summarized in Table 6. 

The photogenerated electrons in the semiconductor conduction band (samples NBO, K-NBO, Ba-NBO, and La-NBO a) are capable of 
reducing dissolved O2 to produce the O2

•- radical since the conduction band (− 1.11 eV, − 0.80 eV, − 0.69 eV, and − 1.00 eV) has a higher 
energy level than the redox potential of E (O2/O2•-) (eq. (3)). Consequently, superoxide ions play a role in the degradation mechanism. 
Additionally, the more negative conduction band edge potential compared to the standard redox potential of E (O2/H2O2) suggests that 
oxygen absorbed on the surface of samples can react with electrons, forming H2O2, which further decomposes into OH radicals (eqs. 
(13) and (14)). The valence band potential of samples (NBO, K-NBO, and Ba-NBO) is more positive than the standard redox potential of 
(OH/OH− ), indicating that holes in the valence band can oxidize OH− to OH•. Through this mechanism, holes can either directly attack 
the dye for mineralization or absorb water to form hydroxyl radicals (eqs. (11) and (16)). Consequently, holes emerge as the major 
active species driving the degradation mechanism. 

It is essential for the conduction band edge position of the NaNbO3 semiconductor to be lower than the lowest unoccupied mo-
lecular orbital of the MB dye to facilitate successful electron transfer during photo-assisted oxidation [49]. Additionally, having the 
valence band position below the HOMO level of the MB dye promotes the transfer of holes (h+) from the photocatalyst to the adsorbed 
dye molecule, leading to efficient dye degradation [50]. 

In the case of samples NBO and K-NBO, photocatalytic degradation occurs through the excitation of electrons from the valence band 
to the conduction band. These generated electrons are exclusively involved in the production of O2

•-, which reacts with dye molecules, 
leading to the formation of degraded products. In this context, electrons from the LUMO level of the dye cannot transfer to the 
conduction band of the catalyst due to a higher potential. For samples K-NBO and Ba-NBO, a photosensitized mechanism (sensiti-
zation-mediated photocatalytic degradation) or a photo-assisted mechanism takes place. This occurs when sub-band light is utilized, 
causing the dye molecule to become excited, leading to the injection of carriers (usually electrons) followed by interfacial charge 
transfer. Such a mechanism is only effective when the semiconductor conduction band edge is below the dye molecule’s LUMO level. 
Based on the positions of the valence band and conduction band obtained from XPS and the HOMO-LUMO levels of MB dye, an energy 
level diagram illustrating the possible degradation has been depicted and is presented in Figs. 10 and 11 for samples NBO, K-NBO, Ba- 
NBO, and La-NBO. 

4.1. Scavenger test 

For the confirmation of active species involved in the reaction, scavenger test has been carried out for Ba-NBO sample (showing 
maximum efficiency) using EDTA, p-benzoquinone (BQ) and Isopropyl alcohol (IPA) which are trapping agents of holes (h+), O2

− • and 
•OH respectively [32]. Fig. 12 shows the degradation of MB dye without scavenger and with EDTA, BQ and IPA. It can be seen that in 
absence of any scavenger, no effect is observed on photocatalytic degradation of Ba-NBO. It is found that in presence of p-benzo-
quinone and Isopropyl alcohol, photocatalytic performance reduces to 72% and 66% respectively. Further, with the addition of EDTA 
to the solution, an abrupt decrease in the degradation efficiency to 25% is observed. It is therefore inferred from these observations that 
holes are the major active species and O2

− • and •OH radicals have a little contribution in photodegradation process (see Fig. 13). 

5. Discussion 

It is to mention that the defect chemistry plays an important role not only to influence the structural and electrical behaviour but 
also the photocatalytic properties. In recent years, NBO has shown its ability to degrade hazardous dyes such as rhodamine B and MB 
dye from polluted water. The effect of substitution of K1+, Ba2+ and La3+ at Na1+ site in NBO lattice has also been studied on pho-
tocatalytic properties of these materials. It has been observed that off-valent dopants contribute to the creation of additional charge 
defects, ensuring an overall charge imbalance in the samples, as outlined below [16].: 

Table 6 
Valence band and conduction band positions calculated for samples NBO, K-NBO, Ba-NBO and La-NBO  

Sample Name Band Gap (eV) Valence band (eV) Conduction band (eV) 

NBO 3.21 2.10 − 1.11 
K-NBO 3.12 2.32 − 0.80 
Ba-NBO 3.14 2.45 − 0.69 
La-NBO 3.28 2.28 − 1.00  
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Fig. 10. Diagrammatic depiction of possible photocatalytic breakdown process for samples K-NBO and Ba-NBO.  

Fig. 11. Diagrammatic depiction of possible photocatalytic breakdown process for samples NBO and La-NBO.  

Fig. 12. Photocatalytic degradation of MB dye for Ba-NBO sample with scavenger and without scavenger.  
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BaNa → (BaNa)• + (VNa
1+)′ …                                                                                                                                                       (7)  

LaNa → (LaNa)•• + 2(VNa
1+)′ …                                                                                                                                                     (8) 

It is understood that while K1+ is replaced by Na1+, there is no possiblity of creation of defects due to isovalent substituitions, but 
due to offvalent substituitions like Ba2+ and La3+, the evident formation of defects, as described by equations (7) and (8) is crucial to 
maintaining overall charge neutrality in the material. Usually, such defects like (VNa)′ due to Ba2+, and 2 (VNa)′ due to La3+ occur at 
regular lattice sites which may be in the bulk and at the surfaces as well i.e. at the grainboundaries as shown in the Fig. 13. 

In addition to this, as it is also known that at higher temperatures during heating, oxygen evaporates in general from oxides, 
resulting in creation of positively charged oxygen vacancies associated with electrons as as per equation (9) below.  

OO = 1/2O2+VO
••+2e’                                                                                                                                                                (9) 

While cooling, these doubly ionized oxygen vacancies (VO
••) are transformed into singly ionized oxygen vacancies (VO) • as below:  

VO
•• +e− → VO

• (10) 

Usually, these oxygen vacancies occur at the grain boundaries or surfaces. In this process, positive charge defects and electrons are 
generated. As per the Table 3, for NBO sample the degradation efficiency is 33% (pure NBO), which is increased significantly to 92% 
for K-NBO, 96% for Ba-NBO and 95% for La-NBO respectively for K, Ba and La doped NBO samples. For Ba-NBO and La-NBO, the 
extrinsic defects are created according to equations (7) and (8) whereas for K-NBO, no such defects are created, even degradation 
efficiency is high enough for this samples (K-NBO). This led to an understanding that defects created by off-valent doping do not 
contribute to photocatalytic activity directly but caused by oxygen vacancies due to charge imbalance inside the materials and hence, 
increased dye degradation efficiency may be majorly caused by oxygen vacancies as evidenced by XPS which capture photogenerated 
electron-hole pair resulting in less recombination. Moreover, the abundance of O2

- species throughout the lattice establishes O-2p holes 
in the outer orbit of O. These vacancies may generate additional defect sites which contribute to electronic transitions, eventually 
leading to a delay in recombination during photochemical reactions [51]. 

Further, when light interacts with matter (powders of pure and modified NBO), the holes are generated in valence band and 
electrons are generated in conduction band as below [52]:  

Doped NaNbO3 + hν → doped NaNbO3 (h+ VB + e− CB)                                                                                                              (11) 

When the powders of these samples are dispersed in industrial waste water containing MB dye and light is incident on it. The OH•

and O2
− •- radicals are formed at the surface of catalyst as per the following reactions:  

H2O (ads) + (h+ VB) → OH• (ads) + H+ (ads)                                                                                                                             (12)  

O2 + (e− CB) → O2
− • (ads)                                                                                                                                                        (13)  

O2 (ads) + 2H+ +2e- → H2O2                                                                                                                                                  (14)  

H2O2 + e− → 2 OH• (15)  

MB dye + OH• → CO2 + H2O                                                                                                                                                 (16) 

Thus, generated electrons and holes may directly react with MB dye to produce degraded product as below: 

Fig. 13. Occurrence of defects like (VNa)′ and (VO)•• in the bulk as well at the surfaces.  
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Dye + h+ (VB) → Oxidation products (CO2 + H2O)                                                                                                                    (17)  

Dye + e− (CB) → Reduction products (CO2 + H2O)                                                                                                                    (18) 

It is further pointed out that impedance spectroscopy of these samples at room temperature has revealed that resistance for sample 
NBO is highest 215.60 MΩ and Ba-NBO is lowest 2.10 MΩ (See supplimentary information, Figure.SI-4) which witnesses that reco-
mination for NBO is more and less for Ba-NBO, resulting in lower photocatalytic activity for NBO and maximum photocatalytic 
degradation for Ba-NBO. Moreover, in the cases of K-NBO, Ba-NBO, and La-NBO samples, the enhanced photocatalytic efficiency can 
be attributed to the generation of an additional electronic state of Nb4+ (as indicated by XPS), situated between the valence and 
conduction bands. This newly created state serves as an active centre for electron capture, effectively impeding the recombination of 
electron-hole pairs [11]. 

Charge separation and recombination rate of electron-hole pair plays a crucial role in photocatalytic reaction which has been 
studied using photoluminescence spectroscopy (PL). It can be seen from Fig. 14 that NBO sample have maximum intensity and doped 
NBO samples show a decrease in intensity. According to Yang et al. (2019), intensity of PL spectra is related to the recombination of 
electron-hole pair [45]. Lower value of PL intensity signifies the faster charge separation whereas, a higher PL intensity corresponds to 
the lower charge separation i.e. faster recombination of photogenerated electron-hole pair. The least intensity of Ba-NBO sample 
indicates the faster charge separation, resulting in maximum efficiency for MB dye degradation whereas NBO shows minimum effi-
ciency which may be due to faster electron-hole recombination. 

6. Conclusion 

The XRD patterns for all compositions reveal the formation of a single phase. Raman modes of NaNbO3 demonstrate a shift towards 
higher wave numbers in K, Ba, and La-doped NBO samples. XPS spectra confirm the presence of additional Nb4+ ions alongside Na1+, 
K1+, Nb5+, and O2− ionic states. Ba and La-doped NBO samples exhibit notable MB dye degradation efficiencies of 96% and 95%, 
respectively, under UV light illumination. This enhanced efficiency may be attributed to the presence of oxygen vacancies (VO

••) and 
holes (h+) acting as an electron-capturing entity on the photocatalytic material’s surface. Furthermore, the potential contribution of 
Nb4+ ionic states, confirmed from XPS spectra, near the conduction band edge cannot be ignored as a factor for high photocatalytic 
response. These findings collectively contribute to a comprehensive understanding of the photocatalytic properties of the doped 
NaNbO3 materials. 
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