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In recent years, metalenonmetal codoping has become a promising approach that can be
used for effective tailoring of the structureeactivity properties of semiconductors in
photocatalysis. In the present study, N-doped K2Nd2Ti3O10 (KNdTON), Ag-doped
K2Nd2Ti3O10 (AgNdTO), as well as N and Ag codoped K2Nd2Ti3O10 (AgNdTON) photo-
catalysts were successfully synthesized by solid-state and ion-exchange methods, using
the pre-prepared K2Nd2Ti3O10 (KNdTO). The parent K2Nd2Ti3O10 catalyst was synthesized
using a facile gel-burning method. The prepared materials are characterized by different
techniques such as powder X-ray diffraction (XRD), thermogravimetric (TG) analysis,
scanning electron microscopyeenergy dispersive X-ray (SEMeEDX) spectroscopy, trans-
mission electron microscopy (TEM), high- resolution-TEM (HReTEM), oxygenenitrogen
ehydrogen (OeNeH) analysis, inductively coupled plasma-optical emission spectroscopy
(ICP-OES), Fourier transform-infrared spectroscopy (FT-IR), and diffuse reflectance UV
evisible spectroscopy (UVevis DRS). The photocatalytic activity of the obtained catalysts
was investigated by studying the degradation of two different pollutants viz., methylene
blue (MB) and methyl violet (MV) under visible light irradiation. The shift in the XRD peaks
and absorption edges confirms the incorporation of guest ions into the lattice of KNdTO.
The photocatalytic degradation of MB and MV is found to be significantly improved via
metal mono-doping and codoping. In particular, AgNdTON showed a remarkable increase
in photodegradation compared to KNdTON, AgNdTO, and KNdTO. Such an improved
photocatalytic activity of AgNdTON is due to the extended visible light absorption and the
lower bandgap energy. Furthermore, AgNdTON demonstrated reasonable photocatalytic
activity for the MV degradation up to five cycles.

© 2019 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Because of technological advances, researchers have
been facing problems such as the depletion of conventional
energy sources and environmental pollution [1]. The
development of alternative energy sources and waste-free
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technologies are approaches to overcome these challenges.
Semiconductor-mediated photocatalysis is one of such
technologies and has gained immense interest owing to its
applications in renewable energy and environmental
remediation. The studies on the different types of semi-
conductor materials to produce clean hydrogen energy and
for the degradation of environmental pollutants by utiliz-
ing solar energy have been continuing since the last two
decades [2e8].

The investigations on layered perovskite-type oxides
with a RuddlesdenePopper (RP) phase structure have been
appealing the researchers because of their ionic conduc-
tivity, superconductivity, catalytic, photocatalytic activity,
structural specifics, and some unique properties, in
particular, the ability to intercalate molecules into their
interlayer space, ion-exchange reactions, and exfoliation to
nanosheets [9e12]. The general formulae of RP phases is
M2 [Ane1BnO3nþ1], with n ¼ 1,2,3, etc. The structure of
M2A2B3O10, one type of RP phase with n ¼ 3, is character-
ized by the pristine perovskite blocks intercalated by rock
salt layers, in which larger cations (Mþ) are located, as
shown in Fig. 1 [13e15].

The interlayer cations can be exchangeable with other
cations. Gopala Krishnan et al. have prepared layered
perovskite-type oxides A2Ln2Ti3O10 (A¼ K or Rb; Ln¼ La or
rare-earth element) and studied the exchange of interlayer
alkali-metal ions with protons as well as other alkali-metal
ions under mild conditions [13]. Richard et al. have syn-
thesized A2Nd2Ti3O10 (A ¼ Na, K) using a solid-state reac-
tion (SSR) method and investigated the thermal stability of
parent and acid exchangedmaterials [14]. The composition,
K2Nd2Ti3O10, is prepared using a flux method, and its
crystal structure is reported [15]. Stearic acid assisted
solegel method is employed to prepare K2Ln2Ti3O10 (Ln ¼
La, Nd, Sm, Gd, and Dy) and their photocatalytic properties
are investigated [16,17]. Layered perovskite-type oxides
A2Ln2Ti3O10 (A ¼ Li, Na, K; Ln ¼ La, Nd) are prepared, and
Fig. 1. Structure of RuddlesdenePopper type layered perovskite
K2Nd2Ti3O10.
their (i) intercalation, (ii) optical properties, and (iii) pho-
tocatalytic properties are investigated [18]. Utkina et al.
demonstrated the instability of K2Nd2Ti3O10 to hydration
and protonation reactions in an aqueous mediumwith and
without a humid atmosphere [19,20].

Codoping with cation and anions is known to create
intermediate electronic bands in the gap region, leading to
substantial reduction in the bandgap energy. Such a
modification of bandgap energy is beneficial in obtaining (i)
Li-ion batteries with better efficiency [21], (ii) solar cells
with higher efficiency [22], (iii) catalysts with enhanced
oxygen evolution reaction in water splitting [23], and (iv)
semiconductors with much improved photocatalytic ac-
tivity [24]. For example, Sun et al. improved the solar water
splitting activity of RuddlesdenePopper type compound
Sr2TiO4 by codoping with La3þ/N3� ions [25]. Vinod et al.
reported the enhancement of the photocatalytic degrada-
tion of RhB of K2La2Ti3O10 with the codoping of Sn2þ/N3�

ions [26]. Jeyalakshmi et al. reported the improvement of
CO2 photo-reduction on Sr3Ti2O7 codoped with N, S, and Fe
[27]. The codoping strategy is used in the present investi-
gation to dope the K2Nd2Ti3O10 lattice with Agþ and N3�

ions. To the best of our knowledge, the photocatalytic ac-
tivity studies of Agþ and N3� codoped K2Nd2Ti3O10 are not
reported. The present work deals with the preparation,
characterization, and photocatalytic activity of parent
K2Nd2Ti3O10 and doping/codoping of Agþ and N3�

K2Nd2Ti3O10 lattice.

2. Experimental section

2.1. Preparation of K2Nd2Ti3O10

Parent K2Nd2Ti3O10 (hereafter abbreviated as KNdTO)
was prepared using an ethylene glycol assisted gel-burning
method. Potassium nitrate (Merck), neodymium nitrate
(Sigma Aldrich; neodymium oxide was dissolved in nitric
acid (Merck) to obtain neodymium nitrate solution), tita-
nium powder (Sigma Aldrich), ammonia (SDFCL), and
hydrogen peroxide (Merck) were used as the starting ma-
terials. In a typical synthetic process, the stoichiometric
amount of titanium powder was dissolved in 1:3mixture of
ammonia and hydrogen peroxide (10 mL of NH3 and 30 mL
of 30% H2O2). To this solution, aqueous potassium nitrate
solution and neodymium nitrate solutions were added
under constant stirring. Subsequently, citric acid (CA) was
added to this solution such that themole ratio of metal ions
to CA is 1:2. Then, the pH of the solution was adjusted to
about ~7 by adding a dilute ammonia solution. The resul-
tant solution was thoroughly stirred for several hours at
room temperature followed by slow evaporation until a
viscous liquid was obtained. At this stage, ethylene glycol
(EG) was added in the molar ratio of metal ions to EG of
1:2.4, and then it was heated at 150 �C for 4e5 h. The
temperature was increased to 180e200 �C at the
commencement of solidification. The obtained porous solid
mass was crushed in an agate mortar and heated at 400 �C
in small amounts in an electric burner to remove the
organic matter. The obtained ash color solid was calcined at
900 �C for 12 h in a muffle furnace at atmospheric pressure
in the air. The color of the resultant solid was dark ash.
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2.2. Preparation of N-doped KNdTO

The solid-state method was used to prepare N-doped
KNdTO. Urea was used as the source of nitrogen. The N-
doped KNdTO was obtained by heating a thoroughly
ground 1:2 weight ratio mixture of KNdTO and urea at
400 �C for 2 h in a muffle furnace in air. The resultant
material was washed with distilled water to remove
unreacted urea and dried at 60 �C. The obtained material
was light brown in color and designated as KNdTON.

2.3. Ag-doped KNdTO and KNdTON

An ion-exchange method was adopted to prepare Ag-
doped KNdTO and KNdTON. Silver nitrate (SDFCL) was
used as received. Typically, KNdTO and KNdTON powders
(1 g each) were added to 0.1 M AgNO3 aqueous solution
separately at room temperature under constant stirring. To
ensure the maximum percentage of ion-exchange, the
stirring was continued overnight, and the obtained prod-
ucts were washed several times with distilled water and
dried in air at 60 �C. The AgNdTO and AgNdTON samples
were light green and dark green in color, respectively.

2.4. Characterization of catalysts

The powder XRD patterns of as-preparedmaterials were
recorded using a Rigaku miniflex X-ray diffractometer with
Cu Ka radiation (1.54 Å). Diffractograms were recorded in
the 2q range of 4�e80� with a scan rate of 10� min�1. The TG
profiles are obtained using a PerkinElmer TGA 4000 in-
strument. The powder samples were heated from 35 to
1000 �C at 10 �C min�1 under flow of N2. The SEMeEDX
measurements were obtained from a HITACHI SU-1500
variable pressure scanning electron microscope (VP-SEM).
The sample powder was deposited on carbon tape placed
on a stub. TEM and HReTEM images were obtained using a
JEOL 2010 instrument operating at 200 kV. Before the TEM
measurements, the samples were dispersed in ethanol for
15 min using the ultrasonic bath and then deposited onto a
polymer-coated copper grid. The weight percentage of
constituent elements in the samples was estimated from
ICP-OES, Agilent 725 series. The OeNeH analysis was car-
ried out using a LECO OeNeH 836 analyzer. FT-IR spectra
were recorded using a Shimadzu spectrometer in the range
4000e250 cm�1. The material was mixed with KBr and
pressed into a thin pellet. UVevis DRS spectra were ac-
quired on a JASCO V650 UV/vis spectrophotometer in the
range 200e800 nm. BaSO4 was used as a reference.

2.5. Photocatalytic degradation experiments

The photocatalytic activity studies of KNdTO, AgNdTO,
KNdTON, and AgNdTON were monitored through the
photodegradation of MB and MV under visible light irra-
diation using a HEBER visible annular type photoreactor. A
300-W tungsten lamp (wavelength range: 380e840 nm)
was used as a light source. A glass tube (~35 cm long and
~2.5 cm diameter) was used for the dye solution. The dis-
tance between the light source and dye solution was about
~7e8 cm. In a typical process, 60mL of aqueous MB (or MV)
solution with an initial concentration of 1 � 10�5 M and
60 mg of catalyst was taken in a cylindrical-shaped glass
reactor at room temperature with continuous air bubbling
to ensure a constant source of dissolved oxygen. The sus-
pension was stirred in the dark for 60 min to establish
adsorptionedesorption equilibrium before irradiation.
During the irradiation process, at regular 30 min intervals,
about 2e3mL of the solutionwas collected and centrifuged
to remove the catalyst particles. The changes in the con-
centration of MB and MV were obtained by recording the
absorbance at 664 and 580 nm, respectively, using a Jasco
V650 UVevis spectrophotometer. The degradation amount
of dyes was calculated from the equation.

D¼
�
C0 � C
C0

�
� 100%

where D is the percentage of degradation, C0 is the con-
centration of dye where the adsorptionedesorption equi-
librium is achieved, and C is the concentration at irradiation
time t.

The photogenerated radical and hole trapping experi-
ments (scavengers test) with different scavengers were
carried out to elucidate the photocatalytic degradation
mechanism of MV under similar conditions over AgNdTON.
Ammonium oxalate (AO), benzoquinone (BQ), and iso-
propanol (IPA) were known to scavenge hþ

VB, O2
��, and

OH�, respectively. These scavengers were introduced into
the 60 mL aqueous MV dye solution in the presence of
AgNdTON catalyst during the photocatalytic reaction and
the dye degradation behavior was observed. An additional
experiment, terephthalic acid (TA) as a probe, was also
carried out to substantiate the formation of OH� radicals
during photocatalysis under visible light irradiation as re-
ported earlier [9,28]. The experimental procedure was as
follows: 0.05 g of the sample is suspended in 50 mL of a
0.02MNaOH solution containing 3Mm of terephthalic acid
(TA). The suspension was stirred in the dark for 60 min
followed by 180 min of visible light (300W tungsten lamp)
irradiation. Then, 3 mL of the suspension was taken out at
60 -min intervals and filtered, and its fluorescence spectra
were recorded using a JASCO FP-8500 spectrofluorometer.
It is well known that the photo-generated OH� radicals
react with TA to form a 2-hydroxyterephthalic acid (TAOH),
which shows a characteristic fluorescence band centered at
426 nm. The increase in the fluorescence intensity is
directly proportional to the concentration of photo-
generated OH� radicals. The measurement was carried out
at the excitation wavelength of 320 nm.
3. Results and discussion

3.1. Characterization studies

The samples were prepared by gel-burning (KNdTO),
solid-state (KNdTON), and ion exchange (AgNdTO and
AgNdTON) methods. All the compositions were character-
ized by the powder XRD method. Pristine KNdTO crystal-
lizes in the tetragonal lattice with I4/mmm space group and
can intercalate water molecules in the interlayer space



Fig. 2. (a) Powder XRD patterns of KNdTO, KNdTON, AgNdTO, and AgNdTON; (b) enlarged view of selected 2q (30e35�) region (c); color of respective samples.
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when added to water [13e15]. Fig. 2a shows the powder
XRD patterns of all the compositions. The powder XRD
profile of KNdTO is consistent with reported data [JCPDF
No. 87e0479] and free from impurities [14]. The powder
XRD profiles of KNdTON, AgNdTO, and AgNdTON are
similar to that of KNdTO, which implies that the doping of
N3� or Agþ or both ions into a layered perovskite structure
did not change the parent lattice. Thus, all the doped
samples also crystallized in the tetragonal lattice.

Using the observed d-lines of all the samples and POWD
software, unit cell parameters were calculated. The unit cell
parameters of all the samples are given in Table 1. The
doping of N3� or Agþ into a perovskite lattice is endorsed by
the observation of shift in the d-lines when plotted in an
expanded scale (Fig. 2b). The observed shift in the 2q value
confirms the substitution of cation and anions into the
KNdTO lattice. The resultant shift in the 2q value can be
Table 1
Unit cell parameters of KNdTO, KNdTON, AgNdTO, and AgNdTON.

Catalyst a ¼ b (Å) c (Å) Volume (Å3)

KNdTO 3.844 29.54 436.5
AgNdTO 3.859 29.46 438.8
KNdTON 3.862 29.56 442.2
AgNdTON 3.869 29.84 443.6
ascribed to the difference in the ionic radii of guest and host
ions [29,30]. As the ionic radius of doped Agþ (0.74 Å) ion is
lower than that of Kþ (0.97 Å), a decrease in the unit cell
parameter and an increase in the 2q values are expected.
However, for AgNdTO, the 2q values are decreased. This can
be explained based on the intercalation property of layered
perovskites. During the ion-exchange process, a few water
molecules along with Agþ might have entered into the in-
terlayers of lattice leading to an increase in the unit cell
parameters and a decrease in 2q values. The presence of
lattice water molecules in doped samples during the ion-
exchange reaction is further supported by thermogravi-
metric (TG) analysis. In the case of KNdTON, as the ionic
radius of N3� is higher than that of O2�, an increase in the
unit cell parameters and a decrease in the 2q values are
observed. The observed change in the unit cell parameters
and shift in 2q values of AgNdTON are due to the codoping
effect (Table 1). The change in the color of the sample due to
ion substitution is also displayed in Fig. 2c.

TG analysis is carried out to estimate the absorbed or
lattice water present in the as-prepared materials during
the preparation process and their thermal stability. The TG
profiles of all the prepared samples are shown in Fig. 3. The
TG profiles of KNdTO and KNdTON are similar to each other.
The weight loss observed up to 200 �C for KNdTO (2%) and
KNdTON (3%) can be ascribed to the adsorbedwater. The TG



Fig. 3. TG profiles of KNdTO, KNdTON, AgNdTO, and AgNdTON.
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profiles of AgNdTO and AgNdTON are comparable. The
continuous weight loss observed up to 600 �C for both
samples indicates the loss of lattice water, which has
entered into interlayers of KNdTO during an ion-exchange
reaction carried out in an aqueous medium. The calcu-
lated weight loss up to 600 �C for AgNdTO and AgNdTON is
~12% and ~17% respectively.

The surface morphology of KNdTO and AgNdTON is
studied by SEM measurements. The SEM images of KNdTO
and AgNdTON are presented in Fig. 4. The SEM image of
parent KNdTO is characterized by irregular-shaped semi-
spherical like objects with considerable agglomeration. The
SEM image of doped product AgNdTON is also similar to
that of parent KNdTO with relatively less agglomeration,
possibly due to the incorporation of guest ion or grinding of
the mixture.

To obtain additional information on particle size and
morphology of KNdTO and AgNdTON, the TEM and
HReTEM images were recorded. The representative TEM
images of the KNdTO and AgNdTON samples are shown in
Fig. 5. From these images, it is evident that the morphology
of the KNdTO nanoparticles is semi-spherical shape,
whereas the AgNdTON sample is composed of spherical-
shaped nanoparticles with uniform size. Furthermore, the
Fig. 4. SEM images of (a) KNd
nanoparticles in the KNdTO sample are more closely
aggregated than those in the AgNdTON sample. The parti-
cle size histograms determined by measuring ~50e70
nanoparticles with the assumption of spherical-like parti-
cles showan average particle diameter of ~15 and 12 nm for
KNdTO and AgNdTON, respectively (Fig. 6). This result
indicated that the codoping of Ag into the KNdTON lattice
results in a slight decrease of particle size.

As shown in Fig. 7a and b, the HReTEM images of
KNdTO and AgNdTON samples clearly show the lattice
fringes. The distance between the adjacent lattice fringes is
measured as ~1.46 and 1.42 nm, respectively, which agree
well with the d-spacing value of the (0 0 2) plane of KNdTO.
The crystalline nature of both the samples is also studied
from SAED (selected area electron diffraction) pattern and
the results are displayed in Fig. 7c and d. As shown in this
figure, the ring patterns indicate the polycrystalline nature
of KNdTO. Furthermore, the diffraction rings are indexed to
(0 0 2), (0 0 4), (1 0 7), and (1 1 0) planes, confirming the
tetragonal structure of KNdTO, which is consistent with the
results of powder XRD.

The doping of cation and anion into KNdTO was further
substantiated by EDX, ICP-OES, OeNeH analysis, FT-IR, and
UVevis DRS techniques. The EDX image of KNdTO shows
the characteristic peaks corresponding to K, Nd, Ti, and O
elements (Fig. 8a). The weight percentages of elements in
all the samples obtained from EDX are given in Table 2. The
calculated atomic ratio of K:Nd:Ti from EDX data of KNdTO
was 1:1:1.5, indicating the molecular formula of KNdTO as
K2Nd2Ti3O10. The presence of extra peaks corresponding to
Ag and N in doped samples supports the doping of Agþ and
N3� into the parent KNdTO lattice (Fig. 8b). The weight
percentage of K, Ag, Nd, and Ti elements present in all the
samples was also estimated from ICP-OES. For this purpose,
0.1 g of each sample was dissolved in the acid mixture
(5 mL of HNO3 þ 3 mL of HF þ 2 mL H2O2) using a micro-
wave digestion technique. After complete dissolution of the
sample, the samples were analyzed using ICP-OES. The
mole ratio of K:Nd:Ti was found to be 1:1:1.5 for the parent
material and the mole ratio of Ag:K:Nd:Ti was found to be
0.5:0.5:1:1.5 for the AgNdTO composition. This result
shows that 50% of Kþ ions are exchanged by Agþ ions. Based
on the mole ratio of the materials, the chemical composi-
tions of AgNdTO can be written as Ag0.5K0.5Nd2Ti3O10. The
TO and (b) AgNdTON.



Fig. 5. TEM images of (a) KNdTO and (b) AgNdTON.

Fig. 6. Particle size histograms of (a) KNdTO and (b) AgNdTON.
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mole ratio of K:Nd:Ti was found to be 1:1:1.5 for KNdTON
whereas the Ag:K:Nd:Ti ratio was observed to be
0.5:0.5:1:1.5 for AgNdTON compositions. To substantiate
the incorporation of N ions into the KNdTO lattice, OeNeH
analysis was carried out. The weight percentage of N in
KNdTON and AgNdTON was found to be ~2.68 and 2.41,
respectively.

The FT-IR spectra of all the compounds were recorded in
the range 4000e250 cm�1 (Fig. 9). The absorption bands
between 350 and 1200 cm�1 in all the samples were due to
the OeTieO stretching vibrational modes [31]. In the case
of KNdTON and AgNdTON, new bands in the region
1250e1630 cm�1 were observed. As shown in the figure,
KNdTON and AgNdTON show three weak bands at ~1260,
1325, and 1645 cm�1. These peaks correspond to the
stretching frequencies of NeO/AgeO species, indicating the
doping of N and Ag ions in the KNdTO lattice [32]. The
broad peak around at 3100e3400 cm�1 corresponds to the
NeH stretching vibration and OeH stretching vibration of
the adsorbed water molecules [33]. The medium peak at
1370e1420 cm�1 corresponds to the asymmetric bending
modes of NeH species [34]. The peak noticed in KNdTON
and AgNdTON around 2150 cm�1 can be assigned to the
N]C]O or eN]C]N stretching bonds [26,35]. The
vibrational modes observed in the 1300e1700 cm�1 region
correspond to surface NeH, nitrite, and hyponitrite species
[32,36,37].

The UVevis DRS spectra of all the compositions were
obtained to estimate the bandgap energy. Fig. 10a shows
the absorbance profiles of KNdTO, AgNdTO, KNdTON, and
AgNdTON. It is observed that the absorption edges of the N,
Ag, and N/Ag codoped samples shifted remarkably to
longer wavelengths compared to that of parent KNdTO. The
color change noticed for doped samples also suggests
variation in absorption edges (Fig. 2c). The bandgap energy
(Eg) of all the compounds was calculated from the
KubelkaeMunk plot ((Khn)1/2 vs hn, where K is the reflec-
tance and hn is the photon energy) (Fig. 10b) [38]. The ab-
sorption edges of KNdTO, AgNdTO, KNdTON, and AgNdTON
observed at ~385, 500, 475, and 485 nm correspond to the
bandgap energies of ~3.01, 2.72, 2.85, and 2.51 eV, respec-
tively. The lower bandgap energy of doped samples
compared to that of parent KNdTO confirms the doping of
Agþ and N3� into its lattice. It is well known that nitrogen
enters into the lattice as N3� and occupies the position of
oxygen [39]. In the present investigation, N3� is believed to
substitute the oxide ion (O2�) in the perovskite lattice
leading to vacancy formation. Formation of a vacancy in the



Fig. 7. HReTEM images (a, b) and SAED patterns (c, d) of KNdTO and AgNdTON.

Fig. 8. EDX images of (a) KNdTO and (b) AgNdTON.

R. Kadari et al. / C. R. Chimie 22 (2019) 667e677 673
lattice may lead to a change in the electronic structure and
hence a change in the bandgap energy. A small decrease in
Eg (about 0.16 eV)was observed for KNdTON supporting the
above hypothesis. The lowering of bandgap energy of
AgNdTO, KNdTON, and AgNdTON can be related to the
mixing of valence orbital of O 2p with Ag 4d, N 2p to form
(Ag 4d þ O 2p), (N 2p þ O 2p), and (N 2p þ O 2p þ Ag 4d)
hybrid orbitals, respectively. It is well known that in cation/
anion doped oxides, the valence orbitals of doped ion
mixed with the O 2p orbitals and lifted the band edge of the
valence band leading to a reduction in the bandgap energy.
Thus, the reduction in the bandgap energy KNdTO can be
ascribed to the widening of the valence band, resulting
from the hybridization of N 2p and O 2p orbitals [28,29,40].



Table 2
Weight percentages of elements in KNdTO, KNdTON, AgNdTO, and
AgNdTON obtained from EDX.

Catalyst Wt %

K Nd Ti O N Ag

KNdTO 11.66 43.04 21.42 23.87 e e

AgNdTO 5.29 39.03 19.42 21.69 e 14.59
KNdTON 11.89 43.87 21.83 19.70 2.68 e

AgNdTON 5.38 39.72 19.76 17.84 2.41 14.85

Fig. 9. FT-IR spectra of KNdTO, KNdTON, AgNdTO, and AgNdTON.
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Likewise, the upward shifting of valence band because of
mixing of Ag 4d and O 2p orbitals led to a decrease in the
bandgap energy of AgNdTO and AgNdTON samples. Similar
results have been reported in cation and anion-doped
semiconductor photocatalysts [26,37,41e43].
3.2. Photocatalytic degradation studies

It is well known that the photocatalytic activity of a
material depends on distinct aspects such as its light
Fig. 10. (a) UVevis DRS and (b) KubelkaeMunk plots
absorption capability, crystal structure, surface structure,
migration of the light-induced electrons and holes, the
extent of crystallinity, surface area, and bandgap energy
[44]. To validate the photocatalytic degradation studies of
the as-prepared perovskites, MB and MV are taken as
model pollutants. MB and MV are used extensively in the
textile industry as dyeing agents. The degradation behavior
of MB andMV in the presence of KNdTO, KNdTON, AgNdTO,
and AgNdTON under visible light illumination is shown in
Fig. 11. The concentration of both dyes decreased with in-
crease in irradiation time. It is reported that the colored
dyes undergo self-degradation (photolysis) to some extent
in the presence of light irradiation [45]. The decrease in the
concentration of dyes may be due to (i) photolysis or (ii)
photodegradation in the presence of catalysts. To validate
the process (ii), an additional experiment is carried out
under identical experimental conditions without catalyst. It
is noticed thatMB andMV decomposed to the extent of 22%
and 10%, respectively. Thus, the observed decrease in the
concentration of dyes is predominantly due to catalysts.
The photocatalytic degradation efficiencies of all the cata-
lysts for MB and MV dyes are given in Table 3. It is observed
that AgNdTON exhibited higher activity in the degradation
of MB and MV compared to that of KNdTO, KNdTON, and
AgNdTO, suggesting that N/Ag codoping had an obvious
influence on the photocatalytic activity of the KNdTO
sample. The decreasing order of the photocatalytic activity
of these catalysts against both pollutants is: AgNdTON >
AgNdTO > KNdTON > KNdTO.

The higher activity of doped and codoped samples
compared to that of the parent compound can be attributed
to change in the bandgap energy. The lower bandgap fa-
cilitates absorption of more photons and hence formation
of a higher number of radicals/holes which facilitate dye
degradation. The possible photocatalytic mechanism is as
follows [46]:

Semiconductor þ hn/e�CB þ hþ
VB i
of KNdTO, KNdTON, AgNdTO, and AgNdTON.



Fig. 11. Photodegradation of (a) MB and (b) MV in the presence and absence of KNdTO, KNdTON, AgNdTO, and AgNdTON under visible-light irradiation.

Table 3
Photocatalytic degradation efficiency of KNdTO, KNdTON, AgNdTO, and
AgNdTON for MB and MV dyes.

Catalyst þ dye Degradation (%) Catalyst þ dye Degradation (%)

MB 22.1 MV 10.2
KNdTO þ MB 41.7 KNdTO þ MV 45.1
AgNdTO þ MB 59.7 AgNdTO þ MV 63.5
KNdTON þ MB 50.8 KNdTON þ MV 53.5
AgNdTON þ MB 77.1 AgNdTON þ MV 80.1

Fig. 12. Photodegradation of MV over AgNdTON in the presence of
scavengers.

Table 4
The photocatalytic MV dye degradation percentage in the presence of
AgNdTON catalyst and scavengers.

Catalyst þ scavenger Degradation (%)

AgNdTON 81.2
AgNdTON þ AO 45.1
AgNdTON þ BQ 37.2
AgNdTON þ IPA 69.9
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O2 þ e�CB/ O��
2 ii

ðH2O # Hþ þ OH�Þ þ hþ
VB/ Hþ þ OH� iii

O��
2 þ Hþ/HO�

2 iv

2HO��
2 /H2O2 þ O2 v

H2O2 þ e�/OH� þ OH� vi

Dye þ OH�/dye� þ H2O vii

Dye� þ hþ
/ dyeþ�

/degradation products

An attempt was made to investigate the role of short-
lived photo-induced species that are generated in the
degradation process. Generally, species like hydroxyl radi-
cals (OH�), superoxide radicals (O2

��), and holes (hþ
VB) are

responsible for degrading the organic pollutants [47e49].
The photodegradation profiles of MV in the presence of
AgNdTON and scavengers are shown in Fig. 12. The pho-
todegradation of MV is considerably suppressed by the
addition of BQ (O2

�� scavenger) and AO (hþ
VB scavenger).

The change in the concentration of MV upon the addition of
IPA is less (Table 4). These results imply that O2

�� and hþ
VB

play a major role in the photodegradation of MV over
AgNdTON under visible-light irradiation as compared to
that of OH�.



Fig. 13. (a) Fluorescence spectra of visible light irradiated AgNdTON suspension in terephthalic acid solution at room temperature. (b) The proposed mechanism
of MV photodegradation over AgNdTON.

Fig. 14. Cyclic runs in the photodegradation of MV in the presence of
AgNdTON.
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The minor role of OH� in the photodegradation of MV is
further supported by a fluorescence technique using ter-
ephthalic acid (TA) as a probe [46]. It is documented that
OH� reacts with TA and forms 2-hydroxyterephthalic acid
(TAOH), which gives a characteristic fluorescence signal at
426 nm at the excitation wavelength of 320 nm. As shown
in Fig. 13a, the small increase in the fluorescence signal at
regular time intervals for the visible light irradiated TA in
the presence of AgNdTO catalyst at 426 nm indicates less
number of OH� radicals generated during the photo-
catalytic reaction. This result endorses the minor role of
Table 5
Efficiency of AgNdTON catalyst over MV dye up to 5 cycles.

Catalyst Degradation (%)

First
cycle

Second
cycle

Third
cycle

Fourth
cycle

Fifth
cycle

AgNdTON 82.2 81.3 80.5 79.7 78.7
OH� in the photodegradation of MV in the presence of
AgNdTON catalyst. Based on these experimental results, a
plausible mechanism for the photocatalytic MV degrada-
tion over AgNdTON catalyst under visible light irradiation
is shown in Fig. 13b.

The chemical stability and reusability of a catalyst are
essential for commercial application of catalysts. In the
present investigation, the stability and reusability of
AgNdTON catalyst are tested with recycling experiments.
The catalyst (AgNdTON) used in the first cycle is separated
at the end of the experiment, dried, and used in the second
cycle with a fresh dye solution. The procedure is repeated
up to five cycles under identical experimental conditions
and the change in the concentration of dye with time is
plotted (Fig. 14). Up to five successive cycles, the percentage
of degradation is almost the same indicating that the
catalyst is chemically stable and can be used at least up to
five cycles. The marginal decrease in the percentage of dye
degradation in the fifth cycle is probably due to the loss of
some catalyst during the recovery process (Table 5).
4. Conclusions

In this work, N-doped, Ag-doped, and N/Ag-codoped
KNdTO are successfully synthesized and applied as photo-
catalysts for the degradation of MB and MV under visible
light irradiation. It is observed that doping and codoping of
ions considerably enhance the photocatalytic activity of
parent KNdTO. The XRD patterns confirm that parent
KNdTO, doped and codoped KNdTO, crystallizes in the
tetragonal lattice. The SEM images validate that the parent
KNdTO and N/Ag-codoped KNdTO catalysts possessed
nanosized semi-spherical and spherical particles, respec-
tively. The AgNdTON catalyst exhibited higher visible light
induced degradation of MB and MV compared to N-doped
KNdTO, Ag-doped KNdTO, and KNdTO. The higher photo-
catalytic activity of AgNdTON is ascribed to its higher
visible light absorption and narrowing of bandgap energy.
The scavenging studies revealed that hþ

VB and O2
�� are the

main active species involved in the MV dye degradation
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reaction. Besides, AgNdTON is chemically stable up to five
recycling experiments. Thus, AgNdTON catalyst can be
exploited further in photocatalytic applications.
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