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Anion doping is one of the efficient ways to tailor the bandgap of photocatalysts for the treatment of
polluted water. The present work describes the improved photocatalytic activity of defect pyrochlore,
KTaTeOg (KTTO), upon nitrogen doping, towards the degradation of methylene blue under visible light
irradiation. The parent KTaTeOg¢ was synthesized by solid-state method. The N-doped KTaTeOs (N-KTTO)
was prepared by nitridation method using NH;. Techniques such as the XRD, N; adsorption-desorption, FE-
SEM/EDX/EDS elemental mapping, TEM-HRTEM, UV-Vis DRS, XPS, Raman, and PL were employed to
characterize the physicochemical properties of photocatalysts. The N-doping in KTTO has resulted in
enlarged surface area, narrowed the bandgap, and reduced the recombination of photogenerated electron-
hole pairs, leading to enhanced photocatalytic activity compared to parent KTTO. The active species
trapping experiments were conducted to elucidate the mechanism of photodegradation. The N-KTTO is
chemically stable and can be used at least up to five cycles.

Introduction

Discharging an enormous quantity of organic dyes from
textile, cosmetic, plastic, paper, printing, paints, and other
dying industries into water has led to serious
environmental concerns, especially to the water ecosystem
[1-4]. Further, the residual organic dyes in water are
responsible for various health hazards to humans and other
living bodies that have also proven to be incurable [5].
Among the organic dyes, methylene blue (a thiazine
(cationic) dye) was identified as a hazardous pollutant due
to its mutagenic and carcinogenic nature [6,7]. It is known
that MB dye causes increased heart rate, tissue narcosis,
jaundice, vomiting, diarrhea, quadriplegia, nausea, and
shock in humans [8-10]. So, there is a strong necessity for
the treatment of effluents containing such dye from
various industrial ~ wastewaters. In this regard,
semiconductor-mediated  photocatalysis is  currently
emanated as an efficient technology for the degradation of
organic pollutants present in the wastewater compared to
traditional physicochemical methods [11,12]. The most
attractive features of this process involve ambient
conditions for reactions, the use of air as a source of
oxygen for oxidation, eco-friendly nature, and an
insignificant generation of secondary pollutants [13-15]. A
large number of semiconductor materials including TiO;
(a benchmark photocatalyst) have been synthesized and
reported to be active for degradation of dyes [16-18].

However, a severe disadvantage of these oxides is their
wide bandgap energies, which is too wide to absorb
visible light [19]. Thus, searching potential photocatalysts
that work under visible light irradiation is a challenge in
the field of photocatalysis.

Quaternary oxides of type ABB'Os (A monovalent
cation, B and B’ are penta & hexavalent cations) with
defect pyrochlore structure have drawn the attention of
researchers because of their technically important
properties in addition to wide range of possible elemental
combinations, highly interesting crystal structures, and
bandgap tailoring feasibility (by cation/anion doping) [20,
21]. lkeda et. al., first reported the photocatalytic water
splitting ability of a series of tungsten-containing oxides
(AMWOg;, A = Rb, Cs; M = Nb, Ta) with defect
pyrochlore structure under UV light irradiation [22,23].
Since then, different defect pyrochlores containing
transition metals such as tantalum, niobium, tungsten, and
titanium as promising photocatalysts have been studied for
the decomposition of organic dyes and splitting of water
for hydrogen production [24-28]. Tellurium containing
defect pyrochlores has attracted much attention for
photocatalysis and especially for dye degradation owing to
their favorable properties, such as non-toxicity, chemical
inertness, and high stability under light irradiation.
Recently, Waehayee et. al., synthesized the KNbTeOg
and ion-exchanged with Ag*, Cu?, and Sn?* for
photodegradation of methylene blue under visible light
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irradiation [29]. A wide range of tellurium-based
photocatalysts including MSngsTeos0s (M = K, Ag, Cugs
and Sno_5), KMO_33T61,6706 (M = A|, CI', FE), Ag*/Sn*z
substituted KTigsTe150s and KSbTeOs have been used in
photocatalytic dye degradation studies [30-33]. Recently,
we have studied the preparation, characterization, and
photocatalytic activity towards the degradation of methyl
violet and hydrogen evolution studies of KTaTeOs and
Ag-doped KTaTeOs in the visible-light and solar light
irradiation, respectively [34]. Further modulation of the
intrinsic properties of KTaTeOs is strongly required to
meet the rapidly increasing demand for practical
applications in photocatalysis field.

In addition, doping with heteroatoms such as
nitrogen/sulfur/fluorine into defect pyrochlore lattice has
been proved to be an efficient method to improve the
photocatalytic performance of defect pyrochlores. The
doping of nitrogen is of special interest, because the ionic
radii of nitrogen and oxygen are comparable, and the
mixing of 2p levels of oxygen and nitrogen decreases the
energy gap of the photocatalysts significantly [35,36]. It
has been reported by Sun et. al.,, that N-doping in
HTaWQO¢ can considerably reduce the bandgap of
HTaWOg by elevating the valence band maximum [37].
Marschall et. al., proposed that the substitutional co-
doping of sulfur/nitrogen into the CsTaWOs lattice causes
a significant shift of the absorption edge in the visible
region because the S 2p/N 2p states contribute to the band-
gap narrowing by mixing with the O 2p states [38]. Based
on these reports, an attempt is made to incorporate
nitrogen into KTaTeOg lattice with the expectation of
improving the light absorption property of KTaTeOs in the
visible region. In this investigation, we present the visible
light driven photocatalytic properties of N-doped
KTaTeOg against MB degradation and a comparison with
parent KTaTeOe.

Experimental
Materials

Analytical grade potassium carbonate (SDFCL, 99.99%),
tantalum pentoxide (Sigma Aldrich, 99.99%), tellurium
dioxide (Sigma Aldrich, 99.99%), and acetone (Sigma
Aldrich, 99.8%) were purchased and used as received
without any further purification. Milli-Q water was used
for all the photocatalytic experiments.

Synthesis of KTaTeOs and N-doped KTaTeOs

The parent KTaTeOg catalyst was synthesized by a
conventional solid-state reaction as reported [34]. Briefly,
K2CQOs, Ta,0s, and TeO, were mixed with K:Ta:Te molar
ratio of 0.5:0.5:1 and thoroughly ground in an agate
mortar for 90 min in the presence of acetone ( = 10 mL).
Acetone, a low boiling point liquid, helps in mixing the
reactants at molecular level and can easily be vaporized.
The resultant finely crushed powder was loaded into an
alumina crucible and successively heated in a muffle
furnace at 300 °C for 5 h, 400 °C for 10 h, and at 600 °C
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for 16 h, with intermediate grinding after each heat
treatment to ensure complete reaction. At the end of the
final heat, the furnace was switched off. A brick red
colored sample was obtained. The as-prepared KTaTeOs
was subjected to the nitridation process to obtain N-doped
KTaTeOs. Parent KTaTeOs (0.5 g) was placed in an
alumina crucible of 5 mL capacity and heated to 500 °C
and kept at this temperature for 1.5 h under a flow of high
purity ammonia gas at the rate of 100 mL min~'. The gas
flow continued until the furnace temperature reached to
50°C. A black colored sample, KTaTeOsxNy, was
obtained. The KTaTeOs and KTaTeOs «xNy were labelled
as KTTO and N-KTTO, respectively.

Characterizations

Powder X-ray diffraction (XRD) patterns were collected
on a Rigaku miniplex diffractometer using Cu-Kal
radiation (A = 1.5406 A) operated at 45 kV, 15 mA, and
25 °C. Fine powder samples were used for the XRD
measurements and the intensity data were collected in the
20 range of 10°—80° at 0.01°/min scanning speed and a
counting time of Is per step. The observed diffraction
patterns were compared with the International Centre for
Diffraction Data (ICDD) database. The structural
refinement of the PXRD data was carried out by the
Rietveld analysis method using Fullprof.2k program. The
morphology of the samples was recorded by field-
emission scanning electron microscopy (FE-SEM) using a
Carl Zeiss model Ultra 55 electron microscope. Energy-
dispersive X-ray spectroscopy (EDX) and mapping were
used to determine the elemental composition and
distribution of the representing elements on an OXFORD
Inca detector interfaced at 5 kV. Transmission electron
microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) were obtained using a
JEOL JEM-2100F instrument equipped with a slow-scan
CCD camera and an accelerating voltage of the electron
beam of 200 kV. The TEM sample preparation was done
by dispersing the powders in ethanol by ultra-sonication
and then loaded onto perforated copper grids. The grids
were air-dried before recording the micrographs. Nitrogen
adsorption-desorption was used to detect the textural
properties of the samples which was carried out on an
ASAP 2020 M apparatus (Micromeritics Instrument
Corporation) at 77K. The samples were degassed at
200 °C for 2h under vacuum to remove adsorbed
impurities before measurement. The Brunauer-Emmett-
Teller (BET) and Barret-Joyner-Halenda (BJH) methods
were applied to calculate the specific surface area and pore
size distribution, respectively. Diffuse reflectance UV-
visible spectra (UV-Vis DRS) of powders were recorded
at room temperature using JASCO V650 UV-Vis spectro-
photometer in the range of 200—800 nm. The data obtained
were converted to Kubelka—-Munk (KM) functions. The
pressed barium sulfate (BaSO4) disc was used as the
standard for these measurements. X-ray photoelectron
spectroscopy (XPS) studies were performed using a K-a
spectrometer (Thermo Scientific) with monochromatic Al-
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Ko radiation (h3 = 1486.7 eV) used as the radiation source
at room temperature under ultra-high vacuum (10~ Pa).
The surface charging effect was calibrated by fixing the C
1s peak at a binding energy of 284.6 eV. The spectra were
deconvoluted by using XPSPEAK software (Ver.4.1) after
applying a Shirley background subtraction and Gaussian
(80%)-Lorentzian (20%) decomposition parameters.
Raman measurements were recorded under ambient
conditions using a LabRam HR spectrometer (HORIBA
Jobin Yvon, France) by keeping a sample in a microscopic
glass slide with a 30 mW internal He-Ne (Helium-Neon)
laser source with an excitation wavelength of 632.8 nm.
Photoluminescence (PL) spectra were measured on a
JASCO FP-8500 spectrofluorometer at room temperature
with an excitation wavelength of 250 nm.

Photocatalytic activity studies

The photocatalytic activity of the prepared samples
for the degradation of methylene blue (MB) was evaluated
under visible light irradiation using a HEBER (Haber
Scientific, model HVARI1234, India) annular type
photo-reactor (Fig. S1, supporting information) equipped
with a 300 W tungsten lamp as the light source (380 nm <
A < 840 nm). In a typical photocatalytic experiment,
50 mL of aqueous MB solution (initial concentration =
1*¥107 M) was stirred with 50 mg of the photocatalyst in a
cylindrical-shaped glass tube reactor. The distance
between the lamp and the tube containing photocatalyst
and dye (methylene blue) is ~7-8 cm. Before light
irradiation, the suspension was kept in the dark under
stirring for 1 h to ensure an adsorption-desorption
equilibrium between photocatalyst surface and MB dye
molecules. At given intervals of 30 min, about 3 mL of the
reaction solution was withdrawn from the photoreactor
and subjected to centrifugation for 10 min to remove solid
catalyst particles. Subsequently, the changes in the
concentration of dye solution were monitored on a JASCO
V650 UV-vis spectrophotometer by measuring the optical
density at the wavelength of 664 nm, the Anax of MB. A
blank test was also carried out without a photocatalyst
under similar conditions, to evaluate the efficiency of the
photocatalyst.

To evaluate the presence of oxidant species during
photocatalysis over the N-doped KTaTeOg system, the
radical trapping experiments were performed. The
benzoquinone (BQ), isopropyl alcohol (IPA), and
ammonium oxalate (AO) were used as scavengers
for superoxide (‘O?") radical, hydroxyl (‘OH) radical,
and hole (h"), respectively. For each scavenging
experiment, a fixed concentration of scavenger i.e., 2mM
was added into the reaction mixture. The method was
similar to the above photocatalytic reaction. The formation
of "OH during photocatalysis under visible light irradiation
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Fig. 1. (a) Powder XRD patterns (b) expanded XRD patterns showing

shift in (311) plane of KTTO and N-KTTO.
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Results and discussion
Powder XRD analysis

The phase identification of the KTTO and N-KTTO was
investigated by the XRD analysis and the diffraction
profiles are shown in Fig. 1. The XRD pattern of KTTO
revealed a single-phase cubic pyrochlore with a space
group Fd3m. The peak positions of KTTO well-matched
with reference card JCPDS card No. 25-0683 [34,39]. The
strong and sharp diffraction peaks with minimum noise
(background) demonstrate high crystallinity of the
samples. The XRD pattern of N-KTTO is similar to that of
KTTO. No impurity phases were detected in the XRD
patterns of both the samples indicating that the samples
are phase-pure and crystallized in defect pyrochlore
structure. It is noticed that when the diffraction pattern is
plotted on an expanded scale, the Bragg plane (311) shows
a clear shift of to the lower 20 values compared to the
parent KTTO [Fig. 1(b)]. This is due to the incorporation
of the N into O sites of the KTaTeOsg lattice and thus
results in the formation of Ta/Te-N bonds. As the ionic
radius of N3~ (1.46 A) is slightly higher than that of O
(1.38 A), the substitution of N3~ in O sites is expected to
enlarge the unit cell [40]. This result can also be
confirmed from the lattice parameter (a) and unit cell
volume (V) of both the samples obtained from the POWD
analysis (Table 1) [41]. It can be seen that the lattice
parameter and unit cell volume of N-KTTO is slightly
higher than that of parent KTTO. Similar behaviour was
reported in other nitrogen-doped defect pyrochlore oxides
[27,42].

In addition, the diffraction peaks of N-KTTO were
broadened and the peak intensity became lower,
suggesting the small crystallite size for N-KTTO
compared to that of parent KTTO. To substantiate this, the
average crystallite size of parent KTTO and N-KTTO
samples was calculated using the Scherrer equation for
(311) peak. The calculated crystallite sizes were found to
be 31.7 and 36.7nm for KTTO and N-KTTO, respectively.

Table 1. BET surface area (SA), pore size, pore volume, lattice
parameter (LP) and lattice volume (LV) of KTTO and N-KTTO.

was further substantiated by the measurement of “sample  BET Poresize Pore P LV Ay
fluorescence intensity of terephthalic acid. The SA (m2g™Y)  (nm) volume &)
fluorescence intensity of the reaction solution was (cm’g™)

measured on a Shimadzu RF-5301PC fluorescence  KTTO 34 141 0.17 1025 1076.89
spectrophotometer (Aexe = 320 NM). N-KTTO 52 12.6 0.31 10.26  1078.81
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Fig. 2. Schematic crystal structure of N-KTTO.

Fig. 2 represents a fragment of the KTaTeOegxNy
structure, which can be described as composed of a three-
dimensional corner-sharing network of (Ta/Te)Os units
forming the basic framework possessing tunnels with
hexagonal cross-section down the c-axis. The K cations
are situated in the interconnected channels coordinating to
the six oxygen atoms of (Ta/Te)Os octahedron [37,42,43].
The nitrogen doping occurs due to the replacement of
oxygen by nitrogen anions in the octahedron, which is
indicated in Fig. 2. Based on the similarity of XRD pattern
of N-KTTO with that of KTTO, the former is crystallized
in cubic lattice with Fd3m.

Further structural characterization was carried out for
N-KTTO by employing the Rietveld refinement program,
FullProf.2k. The Rietveld refinement of the PXRD pattern
of N-KTTO was carried out using the structural
parameters of KTaTeOs in  space group. A pseudo-Voigt
function was chosen to generate the line shape of the
diffraction peaks. The experimental and theoretical
patterns deduced from Rietveld refinement are shown in
Fig. S2 (supporting information). The Ta/Te cations and
O/N ions are present in 16d (0, 0, 0) and 48f (0.326, 0.125,
0.125) Wyckoff positions, respectively. The Wyckoff
position of potassium is 32e (0.347, 0.347, 0.347).
The structural parameters obtained after refinement of
N-KTTO is tabulated in Table S1 (supporting
information). Further, the lattice parameter of N-KTTO is
found to be a = 10.263 A, which is slightly larger than that
of KTTO (a = 10.251 A) [34]. Therefore, these results
confirm the incorporation of nitrogen into the crystal
structure of KTTO.

FE-SEM/EDX/EDS elemental
HRTEM studies

The surface morphology of KTTO and N-KTTO was
obtained using FE-SEM and the results are shown in Fig.
S3 (supporting information). As shown in this figure,
parent KTTO is composed of hexagonal-shaped particles

mapping and TEM-
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with more agglomeration (Fig. S3a), whereas, the N-
KTTO particles have spherical-like morphology (Fig.
S3b). Such spherical shape particles are well aligned to
each other and distributed uniformly without much
aggregation, which may give higher surface area and more
exposed active sites. Furthermore, the EDX analysis was
performed to determine chemical composition. The EDX
spectrum of KTTO (Fig. S3c) shows the presence of K,
Ta, Te, and O elements while the addition of N element
peak was found in the EDX spectrum of N-KTTO (Fig.
S3d), indicating that the nitrogen was doped into the
KTTO lattice and the peak of energy at ~0.75 keV is
attributed to nitrogen. The weight percentages of elements
in KTTO and N-KTTO the samples obtained from EDX
are given in Table S2 (supporting information). It is seen
that the nitrogen content in N-KTTO is found to be 0.71
wt%. The EDS elemental mapping image indicates the
uniform distribution of nitrogen atom throughout the
surface of KTaTeOg thus confirming the incorporation of
the nitrogen atom in KTTO lattice (Fig. S4; supporting
information). Finally, the obtained EDX and elemental
mapping results served as proof that the N-KTTO was free
from impurities and the nitrogen was successfully
incorporated into the KTTO lattice.

0.312n

dmm>\< 4

0.309 nm
Fig. 3. TEM and HRTEM images of KTTO (a, ¢) and N-KTTO (b, d).

The TEM and HRTEM are beneficial for further
understanding the morphology, crystallinity, and phase
purity of the KTTO and N-KTTO catalysts. As shown in
Fig. 3(a), the TEM image of the KTTO shows
agglomerated hexagonal-shaped particles; however, it
could be observed that the N-KTTO was present in the
form of spherical shape particles with uniform nature
(Fig. 3(b)). The TEM results are consistent with the FE-
SEM results discussed above. Moreover, clear lattice
fringes observed in HRTEM images (Fig. 3(c) and
Fig. 3(d)), confirm the good crystallinity of both samples.
The lattice fringes with interplanar spacing corresponding
to (311) plane in N-KTTO (0.312 nm) is found to be
higher than that of KTTO (0.309 nm), which is also
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consistent with the small shift observed in XRD. This
result further confirms the phase purity and the
incorporation of nitrogen into KTTO lattice.

Nitrogen adsorption-desorption

The surface area and pore structures are the crucial factors
affecting the photocatalytic  properties of the
semiconducting oxides [44]. Therefore, the N
adsorption/desorption measurements were performed to
investigate the surface area and pore structures of the
KTTO and N-KTTO catalysts (Fig. S5; supporting
information). It is observed that both samples exhibit the
type-1V isotherm with different hysteresis loops as
classified by the IJUPAC, due to the capillary condensation
steps at relative pressure (P/Po) between 0.45 and 1.0,
which is characteristic of the mesoporous structure of both
samples [45]. The parent KTTO has the H1-type
hysteresis loop, which is assigned to cylindrical pores.
However, for the N-KTTO sample, the hysteresis loop
changed to H3 type, which is generally reported for the
slit-like pores formed by the aggregation of plate-like
particles [46]. The existence of mesoporosity in these
samples is further confirmed by the corresponding BJH
pore size distribution shown in Fig. S5b. Unimodal pore
size distribution was observed with an average pore size of
14.3 and 12.6 nm for KTTO and N-KTTO, respectively.
The textural properties of KTTO and N-KTTO samples
are listed in Table 1. The results show that the surface
area of and pore volume of N-KTTO is higher than that of
parent KTTO. The relatively larger surface area of N-
KTTO would favour the adsorption of MB molecules on
its surface and then benefit the subsequent degradation of
MB molecules.

UV-Vis DRS

The optical absorption properties are pivotal in
determining the photocatalytic activity of semiconducting
oxides [47]. Therefore, to investigate the optical
absorption  characteristics of  the  synthesized
photocatalysts, UV-Vis DRS profiles were recorded and
the obtained results are shown in Fig. 4. It is observed that
the KTTO and N-KTTO samples exhibit three intense
peaks in the UV-region, which can be attributed to the
oxygen-to-metal charge transfer transitions in the lattice
[34,48]. Further, it is seen that both samples show strong
absorption and steep absorption edges in the visible
region. It implies that the samples are actively responsive
to visible light. The absorption edge of parent KTTO was
at about 562 nm, while the absorption edge of N-KTTO
was at 715 nm, an obvious red shift of ~153 nm
concerning KTTO. This result further confirmed the
successful doping of N atoms into the KTaTeOs lattice
thus led to the red-shift of the absorption edge. The
extension of visible light absorption is also demonstrated
by the colour change of the samples from bright yellow to
black (Fig. 4(a) inset). The bandgap values of KTTO and
N-KTTO are found to be 2.47 and 1.74 eV, based on the
Kubelka-Munk function (Fig. 4(b) [49]. Further, the
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schematic band structure of KTTO and N-doped KTTO
was shown in Fig. 4(c). It is observed that the introduction
of the nitrogen dopant leads to the up-shift of the valence
band due to overlapping (mixing) of N 2p and O 2p,
which narrowed the bandgap energy and extended the
light-absorption range of parent KTTO. The obtained
results are consistent with the previous reports on N-
doping in metal oxides and other materials [27,50,51]. The
smaller bandgap and increased absorption of light in the
visible region by N-KTTO favour an increase in the
production of electron-hole pairs and thereby higher
photocatalytic activity.

Absorbance (a.u.)
kubelka-Munk function

900 10 15 20 25 30 35 40 45 50
Photon Energy (eV)

N

T T T T T - T
200 300 400 500 600 700 800
Wavelength (nm)

(© k1o N-KTTO

Te 4d/Ta 54 Te 4d/Ta 5d
A cB A Cl
NH,
=> 1.74eV
24TV | 500 015 hr _
y VB Nzp+o2p / VB
oz

Fig. 4. (a) UV-Vis DRS spectra (inset shows the colour of respective
samples) (b) Kubelka-Munk plot (c) Schematic band structures of KTTO
and N-KTTO.

XPS

Potentlal (a.u.)

To further prove the presence of elements and their
respective oxidation states in KTTO and N-KTTO
catalysts, XPS analysis was also carried out. The binding
energy of all elements present was calibrated using the C
1s peak at 284.6 eV. The survey scans of these catalysts
are shown in Fig. S6 (supporting information). As
depicted by the survey spectra in Figs. S6a and Séb, the
full scan spectra show the well-recognized elements of K,
Ta, Te, and O in KTTO, and K, Ta, Te, O, and N in N-
KTTO. This is in accordance with the EDX results.
Further, it is important to mention that no additional
elements or impurities were observed. Figs. 5(a)-5(e)
presents the XPS spectra of the K 2p, Ta 4d, Te 3d, O 1s,
and N 1s, respectively. For the high-resolution XPS
spectrum of K 2p in Fig. 5(a), two peaks centered at 292.9
and 295.7 eV can be assigned to K 2psz and K 2pss,
respectively, and the binding energy difference between
these two peaks of 2.8 eV corresponding to spin-orbit
coupling, is consistent with the presence of K*' species
[52]. The Ta 4d spectrum shown in Fig. 5(b), the observed
peaks at 231.3 and 242.8 eV correspond to the Ta 4d-
and Ta 4ds;p, core-electron binding energies of Ta®,
respectively. Likewise, Fig. 5(c) displays the spectrum of
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Te 3d, the peaks at 576.5, and 587.1 eV are accredited to
Te 3ds2 and Te 3ds peaks, respectively, which attribute
to the existence of Te in a +6 oxidation state [53]. In
addition, the high-resolution O 1s peak is deconvoluted to
two sub-peaks in Fig. 5(d), signifying two kinds of
oxygen atoms in the samples, of which the low intense
peak at 529.9 eV represents the crystal lattice oxygen (O1)
bonded to the Ta/Te in the form of (Ta/Te)Os linkages,
while the peak at 532.0 eV is assigned to surface
hydroxyls or chemisorbed oxygen on the surface (02)
[54]. The higher amount of surface hydroxyl groups is
beneficial to photocatalytic degradation since these
species could react with photogenerated holes to generate
hydroxyl radicals ("OH), which is believed to be the main
active species in many photocatalytic processes [55,56].
Therefore, the relative amount of O2 in the samples can be
calculated by the 02/01+02 ratio, and the obtained values
are shown in Fig. 5(d). It is seen that the O2 amount is
higher in N-KTTO in comparison to parent KTTO. Hence,
the higher O2 content is expected to accelerate the
separation of photogenerated electron-hole pairs in N-
KTTO and enhance its photocatalytic efficiency. The N 1s
core-level XPS spectra of N-KTTO are shown in Fig. 5(e),
together with the parent KTTO sample as a reference. For
both KTTO and N-KTTO samples, a strong peak
positioned at 403.6 eV was observed which can be
assigned to the Ta 4ps» [57]. After N-doping, an
additional weak peak in the vicinity of Ta 4p centered at
395.5 eV was observed. According to the earlier XPS
investigations on nitrogen-doped defect pyrochlores and
TiO; catalysts, this peak can be attributed to B—N, namely
anionic doping by substitution of lattice oxygen with
nitrogen (substitutional N), resulting in a composition that
can be described as KTaTeOs <Ny [37,58-60]. This result
indicates the formation of (Ta/Te)-N bonds in the O-
(Ta/Te)-O network of the KTaTeOs catalyst. Therefore, it
is believed that the presence of substitutional N species in
the N-KTTO sample makes the main contribution to
visible light absorption and visible light induced
photocatalytic performance, as shown in the next section.

Raman spectra

To further investigate the effect of N-doping on KTTO,
the as-synthesized samples are characterized by Raman
spectra, and the corresponding results are shown in Fig. S7
(supporting information). The obtained Raman spectra of
KTTO and N-KTTO are similar to each other, except
small changes in intensity and positions of the bands. This
result indicates that both KTTO and N-KTTO are
crystallized in the same lattice, which is in good
agreement with our XRD results. As shown in Fig. S7, a
weak and broad band in the region of 250-306 cm* with
maxima at 280 cm™ and a shoulder peak at 460 cm™
correspond to the O-Ta—O bending vibrations [42,61].
The prominent sharp and intense peak near 510 cm™ is
related to the Aig Ssymmetric stretching mode of (Ta/Te)Os
octahedra [33,62]. The broad band in the high
wavenumber region centered at 668 cm™ can be assigned
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to the main Ta/Te-O stretching mode. After the N-doping,
all the characteristic Raman bands shifted to higher
wavenumber, in a range of 5-8 cm™* depending on the
vibrational mode. A similar result was also reported in the
nitrogen-doped TiO, and other related photocatalysts [63,
64]. The Raman results demonstrated the formation of
Ta/Te—O and Ta/Te-N bonds, which further confirmed the
successful doping of N into KTaTeOs lattice.

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T
290 292 294 296 298 220 225 230 235 240 245 250
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Fig. 5. XPS spectra of KTTO and N-KTTO: (a) K 2p (b) Ta 4d (c) Te 3d
(d) O 1sand (e) N 1s.

PL spectroscopy

PL spectroscopy is an important characterizing technique
to understand the recombination rate of the photoinduced
electron-hole pairs in photocatalysts. It is generally well-
known that the lower the intensity of PL peak means to
lower the recombination rate of electron-hole and hence
the higher photocatalytic activity [65]. Figure S8
(supporting information) depicts the room temperature PL
emission spectra of KTTO and N-KTTO samples at an
excitation wavelength of 250 nm. The observed PL
emission peaks are due to the recombination of
photogenerated electrons and holes. As seen in this figure,
both samples are exhibiting main peaks at identical
positions, but with different intensities. The lower PL
emission peak intensity of N-KTTO suggests the
recombination rate of electron-hole pairs is effectively
prevented compared to parent KTTO. This phenomenon

© IAAM - VBRI Press

Adv. Mater. Lett. 2021, 12(4), 21041621

[6 of 10]



Advanced
Materials Letters

|AAM®

Advancement of Materials
to Global Excellence

www.vbripress.comfaml

might be attributed to the formation of intrinsic defects,
such as oxygen vacancies, generated by the nitrogen
doping [10,66]. Therefore, the lower PL emission peak of
N-KTTO confirms its high efficiency in the separation of
the electron-hole pairs, and hence higher photocatalytic
activity is expected.

Photocatalytic activity studies

Based on the UV-Vis DRS results, both KTTO and N-
KTTO have excellent optical absorption properties.
Because of this, the photocatalytic activity of the parent
KTTO and N-doped KTTO catalysts was assessed by
measuring the degradation of the model organic dye, MB,
under the visible light irradiation at room temperature.
Figs. 6(a) and 6(b) show the UV-vis spectral changes of
MB aqueous solution as a function of irradiation time in
the presence of KTTO and N-KTTO samples,
respectively. As seen from the observed UV-vis spectra,
the characteristic absorption peak intensity of MB dye (A =
664 nm) decreases gradually with the increasing
irradiation time for both catalysts. The photocatalytic
degradation behaviour of MB with irradiation time on
KTTO and N-KTTO is shown in Fig. 6(c). A blank
experiment without a catalyst for MB degradation under
similar conditions was also carried out for comparison. It
can be seen that the photocatalytic activity of MB without
catalyst exhibit 22% degradation after 180 min, which
accounts for the photosensitized capability of MB
molecules (self-photolysis). The degradation efficiency of
MB on KTTO was 82% within 180 min under visible light
irradiation. After being doped with nitrogen, the
degradation efficiency reached to 92%, revealing that the
photocatalytic performance was distinctly enhanced.
Previous research studies have manifested that
photocatalytic activity depends on many properties of the
catalyst, including the bandgap energy, the surface
structure, separation of photoinduced electron-hole pairs,
extent of crystallinity, the surface adsorbed hydroxyl/
water species and nature of pollutant [29,67,68]. In the
present work, the observed higher photocatalytic
performance of the N-KTTO sample could be attributed to
the several beneficial effects produced by the doping of N
into the lattice of KTTO. The improved photocatalytic
activity of N-KTTO can be first understood by its lower
bandgap energy, which facilitates an increase in the
absorption efficiency of the visible light. According to the
previous studies, the substitution of oxygen by nitrogen
decreases the bandgap energy of parent oxides by shifting
the valence band upward, which is corroborated with the
UV-Vis DRS results [50,59,69,70]. It is known that
catalysts with lower bandgap energies can harvest more
photons to excite the electron from the valance band to the
conduction band, which could increase the reaction rate by
generating a large number of electron-hole pairs by
absorption of visible light and results in the higher
photocatalytic efficiencies. The lower bandgap energy,
surface-adsorbed oxygen (substantiated from XPS), and
lower recombination rate of electron-hole pairs due to
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oxygen vacancies (supported by PL analysis) are
responsible for higher photocatalytic degradation of MB
by N-KTTO. Moreover, the N-KTTO has a much larger
BET surface area and smaller mesopores, which can
provide abundant active sites to accelerating the
adsorption and diffusion of MB dye molecules and then
the MB degradation reaction can easily proceed at the
surface. The Kinetic data for the degradation of MB in the
presence of KTTO and N-KTTO under the visible light
irradiation is presented in Fig. 6(d). It was found that the
tendency of the curve is well concurrent with an apparent
pseudo-first-order reaction model: In (C/Co) = Kappt, where
Co and C indicate the initial and final concentration of
MB, respectively, t is the reaction time, and kapp signify
the apparent rate constant [71]. The kapp value is measured
from the slope of the linear line. In our experiment, the
value of Kgpp for KTTO and N-KTTO is found to be
0.0099 and 0.0145 min™%, respectively. The results show
that the N-KTTO exhibits higher degradation efficiency of
MB than that of KTTO. All the above results suggest that
the N-KTTO exhibits superior photocatalytic activity than
parent KTTO under visible light irradiation.

To know the role of photogenerated active species in
MB degradation by as-synthesized N-KTTO under visible
light irradiation, trapping experiments were performed by
adding different scavengers like BQ, AO, and IPA for
quenching 0%, h*, and "OH, respectively [65]. The
degradation efficiency of MB in the presence of N-KTTO
and scavengers are shown in Fig. S9a (supporting
information). As shown in this figure, it is evident that the
photocatalytic degradation of MB by N-KTTO was
decreased significantly by the addition of IPA, suggesting
that the "OH radicals could be the major active species in
the degradation reaction. On the other side, it was also
observed that ‘0% and h* have a partial influence on dye
degradation. Besides, the generation of *OH radicals on
the surface of N-KTTO was further probed by
fluorescence technique using terephthalic acid (TA) as a
probe molecule. It has been earlier reported that the non-
fluorescent TA molecule reacts with "OH to give a
fluorescent product i.e., 2-hydroxyterephthalic acid
(TAOH), which emits a unique fluorescence signal at a
425 nm [72,73]. Figure S9b (supporting information)
reports the fluorescence spectra of the 2-TAOH obtained
for N-KTTO with an excitation wavelength of 320 nm. As
expected, the fluorescence intensity at 425 nm gradually
increased with an increase in illumination time, indicating
the generation of numerous ‘OH in N-KTTO, which is
consistent with the radical trapping experiment shown in
Fig. S9a.

It is well established that the chemical stability and
reusability of the photocatalyst is an important parameter
concerning its practical applications [12,74]. Recycling
experiments using N-KTTO were performed under
identical conditions and in sequence for five cycles. At the
end of each cycle, the used catalyst was recovered by
centrifugation, washed several times with ethanol and
distilled water, and used in the next cycle. Figure S9c
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(supporting information) shows a plot of MB degradation
efficiency vs. a number of cycles. From Fig. S9c, it can be
observed that there is no significant decrease in the
photocatalytic activity of N-KTTO. Even after five cycles,
the degradation efficiencies of MB dye was around 86%,
which demonstrated that N-KTTO is an efficient and
stable photocatalyst. In order to prove the stability of the
N-KTTO catalyst, the XRD result of used and fresh
catalysts was compared, as shown in Fig. S9d. As seen, all
of the diffraction peaks of the used catalyst are consistent
with that of fresh catalyst, which proves the high stability
of the N-KTTO during the degradation of MB.
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Fig. 6. (a) and (b) The UV-vis absorption spectra of MB solution as a
function of irradiation time (the inserted photographs illustrate the color
change) (c) Photocatalytic degradation rate of MB and (d) Pseudo-first-
order kinetics fitted curves over KTTO and N-KTTO.

Mechanism of photoactivity of MB over N-KTTO

The possible mechanism for visible light induced
photocatalytic degradation of MB over N-KTTO is
schematically illustrated in Scheme 1. The mechanism can
be explained by the following equations. Under visible
light irradiation, initially, the electrons from the valence
band of N-KTTO are excited to the conduction band
leaving holes in the valence band (Eg. 1). The
photogenerated electrons are reacting with adsorbed
aqueous Oz molecules, to form ‘0% (Eqg. 2). At the same
time, due to the existence of oxygen vacancies, the O, can
be converted into *O> more easily on the surface [75].
Some of the 02 further reacted with H,O molecules that
lead to the formation of H,O, and finally reduced to the
‘OH, an active oxygen species (Egs. 3-5) [76-78].
Likewise, the photogenerated h* species oxidize the
hydroxyl ions to produce hydroxyl radicals (Eq. 6). The
‘OH radicals formed in equations (5) and (6) are the
prompts of photocatalytic reaction, which promotes the
degradation of MB molecules. From the findings of this
work, we believe that the N-doped KTaTeOs is considered
to be an efficient and more active photocatalyst for
decomposing the organic dyes from wastewaters with the
visible light irradiation.
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N-KTTO — N-KTTO,(e)+N—KTTO,(h") (@)

N —-KTTO(e")+0, — O, )
O, + H,0 —» HO, + OH" ©)]
2HO, - H,0, + O, (4)
H,0, +0, - OH + OH + O, (5)
N -KTTO,(h")+ OH~ — OH (6)

OH + MBmoleculess — CO, +H,O )

Conclusion

In conclusion, a phase pure N-doped KTaTeOs
photocatalyst with defect pyrochlore structure has been
successfully synthesized by nitridation of KTaTeOg under
ammonia atmosphere at 500 °C. The characterization
results showed that the structure was retained but the
bandgap energy and photocatalytic properties were
changed significantly by nitrogen doping. XRD results
illustrated a slight shift of the (311) diffraction peak
towards lower 26 which can be due to the doping of the
nitrogen. EDX and EDS mapping results confirmed the
existence of nitrogen atoms in N-doped KTTO. Based on
the weight ratio of elements, the nitrogen content in the N-
KTTO sample was found to be 0.71 wt%. The observation
of Ta/Te-O and Ta/Te-N bands in the XPS and Raman
spectra indicate that some of the oxygen atoms in
KTaTeOs are replaced by nitrogen (substitutable doping)
and resulted in the formation of KTaTOsxNy catalyst.
UV-Vis DRS results showed that the bandgap energy was
considerably decreased from 2.47 to 1.74 eV, due to the
up-shift of the valence band maximum caused by the
hybridization between N 2p and O 2p states upon N-
doping. The recombination of the photogenerated
electron-hole pairs was efficiently reduced in N-KTTO, as
evidenced by the PL results. In addition, it was
demonstrated that N-KTTO exhibited higher surface area
and surface adsorbed oxygen species, which were proved
by N2 adsorption/desorption and XPS results. As a result,
the N-KTTO exhibited higher photocatalytic activity
towards the degradation of MB under visible light
irradiation in comparison to that of KTTO. Active species
trapping studies proved that the photogenerated hydroxyl
radicals played a major role in the photodegradation of
MB. The reusability study has shown that the N-KTTO
can be effectively recycled for five repetitive cycles and
maintain a higher photocatalytic activity (>86%). This
novel work will provide remarkable opportunities for the
development of tellurium-based defect pyrochlore
photocatalysts which can help in solving the
environmental problems.
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Scheme. 1. Schematic diagram of charge separation and photocatalytic
degradation of the MB dye over N-KTTO under visible-light irradiation.
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N-doped KTaTeOs showed the higher photoactivity towards the MB
degradation owing to the higher surface area, narrow bandgap that
leading to enhanced visible light absorption, reduced recombination of
photogenerated electron-hole pairs and generation of larger amounts of
hydroxyl radicals during the photocatalytic reaction, compared to parent
KTTO.
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