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INTRODUCTION

Water consumption across the globe has increased by about
5-10 times during the last few decades due to the phenomenal
industrial growth and an increase in population. It was observed
that 80% of the wastewater from industries and domestic activ-
ities was discharged without proper treatment into the environ-
ment causing heavy damage to (i) aquatic, terrestrial plants
and animals and (ii) ecological balance. Many organic pollutants
(including pharmaceuticals) in water are non-biodegradable
and prevent the penetration of sunlight into waterbodies, inhib-
iting the photosynthesis cycle of aquatic plants [1,2]. Thus,
wastewater treatment is one of the top-rated global issues. The
wastewater generated by industry and human domestic activ-
ities contains harmful chemicals, such as organic dyes, medi-
cines, pesticides and organic byproducts. These substances
are toxic to both aquatic and terrestrial plants and animals,
leading to their extermination. A significant proportion of organic
dyes and pharmaceuticals consist of aromatic rings, which
possess high toxicity and present challenges in terms of decom-
position. Consequently, they are recognized as a significant
contributor to ecological disruption. Additionally, eliminating
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Ion-conducting oxide materials have incredible technological importance, particularly in devices such as sensors, fuel cells and steam |
electrolysis cells. In this work, a new proton exchanged defect pyrochlore, HMn, 13Te, ;05 (HMnTeO), was synthesized by ion-exchange |
method at room temperature by dissolving KMny 33Te; 705 (KMnTeO) in 5 M HCl solution for 48 h. It was thoroughly characterized by
powder-XRD, FESEM-EDX, TEM-HRTEM, FT-IR, Raman, TGA, UV-Vis DRS, PL and XPS techniques. The photocatalytic and DC |
conductivity of HMnTeO were compared with parent KMnTeO material. The protonated form (HMnTeO) exhibits higher photocatalytic |
activity against methylene blue degradation and superior DC conductivity compared to parent KMnTeO. The participation of radical |
species in dye degradation was investigated through scavenger and terephthalic experiments. Based on the results obtained, a probable |
mechanism was also proposed. Removal of Pb** ions from aqueous Pb(NOs), was also accomplished using parent KMnTeO. |
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heavy metal ions from aqueous solutions is essential in water
pollution control [3,4]. The presence of Pb** in industrial effluent
is particularly hazardous to the aquatic ecosystem and can poten-
tially cause health hazards to humans. Thus, it is imperative to
remove Pb** from wastewater for the sake of the environment
and human health. Hence, the process of treating wastewater
is essential for the survival of both plant and animal species.
Although traditional physical, chemical and biological methods
for treating wastewater are now common, however, due to the
high costs, generation of additional contaminants and neces-
sitate complex equipment. Advanced oxidation processes (AOPs)
are effective for treating wastewater with stubborn pollutants
because they utilize highly reactive substances like free radicals
(*OH, O," and peroxide), as well as holes and electrons. Photo-
catalysis, a type of advanced oxidation process (AOP) that uses
inorganic semiconductors, is commonly used for environmental
remediation due to its chemical stability. It entails the use of
very small instruments, which are cost-effective, and results
in the creation of harmless byproducts [4-6].

Pyrochlore, a naturally occurring mineral of composition
(Na,Ca),Nb,O¢(OH,F), is a common oxide text book structure
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with potential applications in various fields. It is abbreviated
as A,B,040’ (ideal pyrochlore). It crystallizes in cubic lattice
with space group Fd3m. An perfect pyrochlore is characterized
by the arrangement of BOg octahedral units that share corners
and zig-zag A,O’ chains. The zig-zag A,O’ chains are penetra-
ting the BOg units, resulting in a 3D framework structure with
vast tunnels.The A cations have a greater size and a coordi-
nation number of 8, whereas the B cations have a smaller size
and a coordination number of 6. The radius ratio limit for A and
B cations in an ideal pyrochlore is between 1.93 and 2.75, how-
ever the exact limitations are not well-documented. The weak
attractive contact between BOg octahedral units and A,O’ chains
results in the formation of deficient compositions, such as A;B,Og
(lacking atom O”) and AB,Os (lacking atoms A and O”), which
are often known as defect pyrochlore or B-pyrochlore. Pyro-
chlore with defects also forms cubic lattices exhibiting the
same space group. The typical combinations of A and B cations
are (A**, B*), (A*, B®) and (A", B®) [7-10]. Therefore, the
pyrochlore structure is flexible and may be modified by repla-
cing different valence cations, allowing for the adjustment of
its properties.

Extensive studies have been conducted on materials within
the defect pyrochlore family of type AB,Og (or ABB’Og), specifi-
cally those containing hexavalent tungsten or hexavalent molyb-
denum at the B site. Nevertheless, there is a limited amount of
research available on hexavalent tellurium (at B site) pyrochlore,
with only a few investigations conducted [11-15]. Recently,
we attempted to prepare defect pyrochlore for the composition
of KMny3Te; 6706 and its photocatalytic activity was examined
by combining it with g-CsN4 [16]. The protonated form of
KMny33Te; 6706 was obtained by stirring it in HCI solution for
48 h and its photocatalytic activity and DC conductivity are
presented. The results obtained are also compared with parent
KMny 33Te 1 670s.

EXPERIMENTAL

Chemicals such as potassium nitrate (KNO;, SDFCL, 99%),
manganese acetate tetrahydrate (Mn(CH;COO),-4H,0O, SDFCL,
99%), telluric acid (Te(OH)s, Sigma Aldrich, 99%), nitric acid
(HNOs, SDFCL, 98%) and acetone (CsHsO, SDFCL, 98%)
were used without any purification. For photocatalytic degra-
dation studies, methylene blue (Fluka, 98.5%); p-benzoquinone
(Sigma Aldrich, 98%), isopropyl alcohol (SDFCL, 98%) and
ammonium oxalate (Ranbaxy, 99%) and terephthalic acid (Finar,
99.9%) were also used. Double distilled water was used for all
experimental work.

Preparation of catalysts

Preparation of KMn,;Te; 05 (KMnTeO): The title
compound was prepared using the standard high temperature
solid-state method. Analytical grade KNOs;, Mn(CH;COO),:
4H,0 and Te(OH), were employed as starting materials. Calcu-
lated quantities of the reactants for 2 g of final product were
weighed and thoroughly crushed in an agate mortar using
acetone. The well-ground mixture was sequentially heated at
300 °C (6 h) and 600 °C (24 h) with one intermittent grinding.
A light black-coloured compound was obtained.

Preparation of HMn, ;3 Te .;0s (HMnTeO): The proton-
exchange product was prepared using an ion-exchange method.
About 0.5 g of solid KMnTeO was added to 100 mL of 5 M
HCI solution and stirred for 48 h at ambient temperature. The
contents were separated, washed with double distilled water
several times and finally dried at 60 °C (product-1). The super-
natant solution was slowly heated to dryness and this solid was
named as product-2. Both product-1 and product-2 were subj-
ected to powder XRD measurements for phase confirmation.

Characterization: The powder X-ray powder diffraction
(XRD) patterns were recorded using a Rigaku Miniflex 600
X-ray diffractometer with Cu-Ko radiation (A = 1.5406 /0\) at
40 kV and 15 mA. They were collected at 20 angles of 10-80°
with 0.02° per step. The structural characterization was then
done by carrying out a Rietveld refinement analysis of the XRD
data using Fullprof suit. Field emission scanning electron micro-
scopy (FESEM) images and energy dispersive X-ray spectrum
(EDX) were performed with a Carl Zeiss model Ultra 55 equipped
with Oxford instruments X-MaxN SDD system operated with
INCA software. Transmission electron microscopy (TEM)-
high-resolution TEM (HRTEM) was carried out on a Jeol JEM-
2100F at an accelerating voltage of 200 kV. Fourier transform
infrared spectra were recorded on a Perkin-Elmer Spectrum
One FT-IR spectrophotometer over the 1200-400 cm™ wave-
length range using KBr pallet. Raman scattering spectra were
obtained using a Wi-Tec alpha 300 AR laser confocal micro-
scopes (T-LCM) with an Ar excitation wavelength of 532 nm.
Thermogravimetric (TGA) analysis was performed with a
Perkin-Elmer STA 6000 with a heating rate of 10 °C/min under
the N, stream with a temperature ranging from 30 to 900 °C. The
UV-Vis diffuse reflectance absorption spectra were performed
over the 200-800 nm wavelength range by a JASCO V650 UV/
Vis spectrophotometer, with BaSOj, as a reference. Photolumine-
scence (PL) emission spectra were recorded using a Shimadzu
RF-5300PC system with laser excitation at 240 nm. The X-ray
photoelectron spectroscopy (XPS) was performed with a Quantum
2000 Scanning ESCA Microprobe using a monochromatic
Al-Ka X-ray source. The C 1s signal was set to 284.8 eV for
charge correction of the obtained XPS spectra.

Ion-exchange experiment for the removal of Pb*: In
brief, 0.5 g of KMnTeO was added to 50 mL of Pb(NOs),
solution (0.011 M) under constant stirring for 24 h. The experi-
ment was conducted at room temperature and a pH of 1.0 and
5.0. Subsequently, the supernatant liquid was separated by centri-
fugation to extract the solid KPbMnTeO from the solution.
Both supernatant liquid and solid were examined for ion analysis.

Photocatalytic studies: The photocatalytic performance
of all the prepared photocatalysts was determined by moni-
toring the degradation of the methylene blue dye with visible
light irradiation. The Heber scientific (HVAR-MP400 model)
annular-type photoreactor was used for the photocatalytic
studies. A blank experiment was carried by irradiating the methy-
lene blue solution without incorporating the photocatalyst. At
first, a certain amount of photocatalyst (50 mg) and methylene
blue solution (2 x 10~ M; 50 mL) were dispersed in a long
glass tube. The mixed solution was then continuously bubbled
with atmospheric air to distribute the catalyst particles through
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the solution uniformly. Before irradiation, the photocatalyst
suspensions containing methylene blue solution were allowed
to reach the adsorption—desorption equilibrium for 60 min in
the dark. Then, the suspension was irradiated with a 300 W
tungsten lamp as visible light source, which was placed inside
the photoreactor setup. All the reaction processes were condu-
cted in the presence of oxygen, supplied by air bubbling. A
sample of 3 mL solution was taken for every 30 min during
the irradiation, which was centrifuged to remove photocatalyst
particles. The concentration of methylene blue was determined
by the change in the optical absorbance at 662 nm (JASCO
V650 UV/Vis spectrophotometer), which corresponded to the
wavelength with maximum optical absorption for methylene
blue. The whole photocatalytic degradation experiment lasted
for 180 min. In addition, the stability of catalyst on photocat-
alytic methylene blue degradation was investigated by carrying
out repeated photocatalytic tests for five cycles. To accomplish
this, a fixed quantity of catalyst (50 mg) was taken in 50 mL
of 2 x 10”°M methylene blue solution and the photocatalytic
degradation studies were performed using the same procedure
described in the above process.

Detection of reactive species: Radical trapping experi-
ments were performed to inspect the role of reactive species
in the photocatalytic degradation of methylene blue with the
HMnTeO. Three different types of scavengers were preferred
for this purpose for example, ammonium oxalate (as scavenger
of h*), isopropyl alcohol (as scavenger of “OH) and p-benzo-
quinone (as scavenger of O,"). Typically, 2 mL of each scavenger
(2 mM) was dispersed in reaction solutions consisting of the
same amount of catalyst and methylene blue solution and the
mixed solution was exposed to visible light for 180 min.

Terephthalic acid can be used as a molecular probe to
monitor the generated hydroxyl radicals during photocatalysis.
The reaction product of terephthalic acid and "OH radicals is
2-hydroxyterephthalic acid (HTA), which emits a fluorescence
at 425 nm. A 50 mg of sample was added to terephthalic acid
solution (50 mL, 0.03 mmol L") in 2 mmol L' NaOH. The
fluorescence emission peak intensity of HTA was recorded on
the photoluminescence spectrometer at an excitation wave-
length of 325 nm [17].

Conductivity studies: A two-probe method was employed
to measure the DC conductivity of KMnTeO and HMnTeO in
the temperature range 320-650 K. The samples were pressed
in the form of pellets 10 mm in diameter coated with silver paint
for electrical contact and sintered at an appropriate temperature.
The current was measured using Keithley electrometer 6485C.
The pellet dimensions and the resistance (calculated from the
current measured and voltage applied) were used to obtain the
conductivity (Gq) value.

RESULTS AND DISCUSSION

Parent KMny3;Te; ;06 (KMnTeO) was prepared by the
standard high-temperature solid-state method. The protonated
form of KMnTeO was obtained using ion-exchange method.
Defect pyrochlores of type AB,Os (or AB,.,B’.Og) are known
to give ion exchanged products by stirring them in a solution
of guestions [15,18,19]. In present investigation, KMnTeO was

stirred in 5 M HCl solution for 48 h and the probable reaction
is:

Stir/48 h

KMn,,,Te, (,O (solid) + HCI (solution) ———

K, H Mn,,Te, O (solid) + KCI (solution)

1-x""x 0.33

XRD studies: The powder XRD pattern of product-2 gave
d-lines at 20 of 28.50°, 40.70°, 50.50°, 58.98° and 66.76° (Fig.
1). These values correspond to KC1 (JCPDS card No. 89-3619).
The XRD patterns of product-1 i.e. K,..H.Mng33Te,Os
(HMnTeO) is similar to that of parent KMnTeO without any
impurity lines (Fig. 2a). Nevertheless, when plotted in an expan-
ded scale, a finite shift in the position of 26 towards a higher
angle is observed (Fig. 2b). This shift is attributed to a change
in the ionic radius of H* (0.037 nm for eight coordination) and
K* (0.133 nm for eight coordination). The similarity of XRD
patterns of KMnTeO and HMnTeO shows that the parent lattice
is unchanged upon ion-exchange. Thus, HMnTeO also crystal-
lized in a cubic lattice and the d-values of HMnTeO are least
square fitted using POWD software to deduce the cell para-
meters. Itis observed that HMnTeO also crystallized in a cubic
lattice with defect pyrochlore structure (space group Fd3m)
and Z = 8 [20]. The lattice parameter (a) was found to be 10.076
A, which is higher than that of parent KMnTeO (a = 10.034
A). As the ionic radius of H* is lower than K*, replacing K* by
H" is expected to shrink the unit cell. However, the observed
increase of lattice parameter indicates that instead of H*, H;O*
species might have entered into the KMnTeO lattice.

Intensity (a.u)

) v L) v ) M ) v ) v ) M L) M
10 20 30 40 50 60 70 80
26 ()

Fig. 1. Powder XRD spectrum of KCI

FESEM-EDS studies: Figs. 3a and 3c show the relevant
FESEM images for parent KMnTeO and HMnTeO samples,
respectively. Both samples exhibit a similar morphology charac-
terized by the aggregates with different sizes and polyhedral
shapes. The aggregation of the particles is attributed to the solid
state reaction at very high temperatures. No specific morphology
change was observed due to the incorporation of H;O" ions.
The EDX results of the samples are shown in Figs. 3b and 3d.
The peaks corresponding to the elements Mn, Te and O were
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Fig. 3. (a,c) FESEM images and (b,d) EDX profiles of KMnTeO and HMnTeO (inset shows the elemental composition in wt.%)
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observed in both samples. Additionally, the EDX spectrum for
the HMnTeO shows no peaks associated with potassium, sugg-
esting the complete exchange of potassium by protonic species.
However, the hydrogen element was not found in the EDX
spectrum of HMnTeO since it is lightweight. The weight and
atomic percentage of elements analyzed by EDX are shown
in Table-1. The analysis of EDX mapping was also applied to
KMnTeO and HMnTeO, which confirmed the presence and
homogenously distributed K, Mn, Te and O elements on the
surface of the samples (Fig. 4). These results suggested that
the prepared samples were devoid of any impurities.

TEM studies: Further insights into the size, morphology
and crystalline properties of KMnTeO and HMnTeO samples
were obtained from TEM and HRTEM analysis. The TEM images
(Fig. 5) of KMnTeO and HMnTeO revealed irregularly shaped
particles with an average particle size of 30-50 nm and some
degree of particle agglomeration (Figs. 5a and c). The HRTEM
results clearly justify the high crystalline nature of both samples
(Figs. 5b and d). The calculated interplanar spacing of adjacent
lattice fringes of parent KMnTeO is 0.581 nm and 0.583 nm,
which matches the (111) plane of the cubic phase of KMnTeO.
It can be seen that the interplanar spacing of HMnTeO (0.586

TABLE-1
THE ELEMENTAL COMPOSITION OF KMnTeO AND HMnTeO
Elemental composition (wt.%) Elemental composition (at.%)
Catalyst
K Mn Te (0] K Mn Te (0] H
KMnTeO 10.32 8.24 62.07 19.37 12.50 7.11 23.04 57.35 -
HMnTeO — 15.20 66.05 18.75 — 14.07 26.33 59.60 —

10 ym Mix
Fig. 4. EDX elemental mapping images of (a) KMnTeO and (b) HMnTeO
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Fig. 5. (a,c) TEM images and (b,d) HRTEM images of KMnTeO and HMnTeO (inset shows the SAED patterns)

nm) surprisingly increased in comparison to parent KMnTeO,
indicating that H" ions have replaced K" ions within the KMnTeO
lattice and potentially leading to lattice distortion. In principle,
the interplanar spacing of HMnTeO should decrease when H*
replaces K* in the KMnTeO lattice because H" has a smaller
ionic radius than K*. However, the interplanar spacing of the
(111) plane of HMnTeO exhibited a higher value than that of
parent KMnTeO. This phenomenon is attributed due to the
substitution of H* into the KMnTeO lattice may be in the form
of H;O" whose size is larger than the ionic radius of K. The
SAED pattern of both samples is also provided in the inset of
HRTEM images. These patterns indicate several small pots
making up diffraction rings, which indicate that a polycrystalline
nature characterizes the synthesized samples.

FTIR and Raman studies: FTIR spectra were recorded
to characterize the surface functional groups in KMnTeO and
HMnTeO samples. The resulting FTIR spectra are shown in
Fig. 6a. For defect pyrochlore oxides, the region of interest in
FTIR absorption spectra is usually in the range of 1000-400

cm™ due to the bond vibration frequencies of cations in the
crystal lattice [21,22]. The FTIR spectrum of parent KMnTeO
exhibited two strong and well-defined absorption bands, which
are located at 455 and 723 cm™. These peaks correspond to
the stretching vibrations of the Mn-O and Te-O in the MnOg/
TeOs octahedral units, respectively. The HMnTeO exhibited
additional bands around at 1630 and 3350 cm™, which can be
attributed to O-H stretching and bending vibration modes of
surface/lattice waters, respectively [15]. The absence of these
bands in the IR spectrum of parent KMnTeO indicates the
absence of water molecules. Moreover, that the FT-IR spectrum
of HMnTeO exhibited a similar spectrum of KMnTeO, but the
peak positions were shifted to a lower wavenumber relative to
KMnTeO. This shift may result from substituting protonic
species into the KMnTeO lattice. It is well-known that AB,Og
type pyrochlore oxides (A, (B’'B”) and O occupy 32e, 16¢ and
48f Wyckoff positions) are likely to give a total of 21 normal
modes (I = 4F,, + 6F1, + 2A5, + 2E, + 3F, + Ay, + E; + 2F),).
Of these 21 modes, Aj,, F», and E, modes are Raman active
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Fig. 6. (a) FT-IR and (b) Raman spectra of KMnTeO and HMnTeO

and F,, modes are IR active [23,24]. The Raman spectra of 102
KMnTeO and HMnTeO are shown in Fig. 6b. The similarity
of these Raman spectra with other AB,Oe-type oxides confirms 100
the formation of KMnTeO in the defect pyrochlore lattice.
The slight variation of positions of Raman bands confirms the 98
substitution of K* by protonic ions. The Raman spectra of 1
KMnTeO (HMnTeO) exhibits peaks at 305 (280), 498 (414), 3 96 -
672 (677), 810 (830) and 970 (1005) cm™. The several Raman =
bands observed is comparable with CsTaWOs and RbNbTaOs § 94 -
[25]. The bands observed at 305 (280) and 498 (414) cm™
correspond to E,, F», (bending) and A;, Raman active modes 92 -
[23]. The weak band observed at 672 (677) cm™ may be due |
to Raman inactive F;, mode [25]. It is observed that both ordered 904 — MnTeO
(A,B,0,) and defect pyrochlore (AB’B”’Os) oxides do not give | — HVnTeO
bands above 700 cm™. The observed bands at 810 (830) and 28 —_— i i i i . i
970 (1005) cm™ may be due to B’-Oand B”-O stretching modes, 100 200 300 400 500 600 700 800

respectively [25].

Thermal studies: Thermogravimetric analysis (TGA) was
carried out to understand the thermal characteristics of synthe-
sized samples and the amount of water entered into HMnTeO.
The TGA profiles of both samples were recorded in the temper-
ature range of 100-900 °C (Fig. 7). The TGA profile of parent
KMnTeO shows less than 0.3% weight loss up to 250 °C, which
may be due to adsorbed water at the surface and between 250
and 600 °C, the weight loss was negligible. The KMnTeO was
found to decompose above 650 °C. The thermogram of HMnTeO,
on the other hand, is slightly different compared to the parent
KMnTeO. The TGA profile of HMnTeO was characterized by
three weight loss regions in the temperature range of 100-600 °C.
It shows a weight loss of = 3% up to 300 °C and another 2%
loss in the 300-650 °C regions. This weight loss observed up
to 600 °C may be due to adsorbed and lattice water molecules,
respectively [26]. Above 650 °C, continuous weight loss is
observed probably due to the volatilization and/or decompo-
sition of HMnTeO.

Temperature (°C)
Fig. 7. Thermogravimetric profiles of KMnTeO and HMnTeO

Optical studies: The optical absorbance of the as-prepared
samples was investigated using UV-Vis DRS in the 200-800
nm and the obtained data are shown in Fig. 8a. It can be seen
that both samples exhibit two absorption peaks that are located
at 260 and 395 nm. These peaks are due to the transition from
the valence band to the conduction band. Both samples have
good absorbance in the visible range, suggesting better photo-
catalytic degradation capacities under visible light irradiation.
The colour of both samples also provided supportive inform-
ation regarding their absorption in the visible region (Fig. 8a).
Notably, the absorbance ability of HMnTeO is slightly higher
than that of parent KMnTeO. The higher absorbance can be
indicative of the higher photocatalytic activity of the sample.
Besides, the bandgap of the material can be obtained from
(cthv)" vs. hv graph by extrapolating the linear portion to the
x-axis (Fig. 8b). However, the larger tailing obtained for these
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Fig. 8. (a) UV-Vis DRS, (b) Kubelka-Munk function and (c) room-temperature photoluminescence (PL) spectra of KMnTeO and HMnTeO

samples in Kubelka-Munk plots makes it inconvenient to
ascertain the exact bandgap values. The separation efficiency
of photogenerated electron-hole pairs can be mentioned among
the factors affecting the photocatalytic performance of
semiconductors [27].

In this work, to investigate the separation efficiency of
photo-generated electron-hole pairs, photoluminescence (PL)
emission spectra were measured at an excitation wavelength
of 240 nm (Fig. 8c). As observed from Fig. 8c, the HMnTeO
exhibited a similar PL spectral behaviour with that of parent
KMnTeO. However, it is apparent that the intensity of PL emis-
sion decreased after the doping of protonic ions. It is widely
accepted that PL intensity is an indication of an electron-hole
recombination rate; a lower PL intensity reveals slow recombi-
nation and, a longer lifetime of electron-hole pairs. Therefore,
the doping of protonic ions lowered recombination and promoted
the separation of photogenerated electron—hole pairs, which
eventually contributed to a higher photocatalytic degradation
performance.

XPS studies: XPS was performed to study the chemical
composition and oxidation state of the KMnTeO and HMnTeO
surface elements. The elemental survey scan of KMnTeO and
HMnTeO exhibited featured peaks (KMnTeO: K, Mn, Te and
O; HMnTeO: Mn, Te and O except H) confirming the presence
of all constituent elements in both samples (Fig. 9). The
absence of hydrogen peaks in HMnTeO is due to the low atomic
mass of hydrogen. The status of surface elements was further
examined by the high-resolution XPS spectra, which were
fitted with PeakFit software and the corresponding K 2p,
Mn 2p, Te 3d and O Is core levels are shown in Fig. 10a-d,
respectively. The K 2p (Fig. 10a) showed two peaks at 292.6
and 296.5 eV for K 2ps, and K 2py», respectively. This confirms
the existence of K* states in KMnTeO [28]. The Mn 2p spectrum
(Fig. 10b) showed two peaks located at 641.7 and 653.4 eV
for Mn 2ps, and Mn 2p,,, respectively, with a binding energy
difference (A) of 11.6 eV, aligning closely with the literature
values. The binding energy values of the Mn 2p core level peaks
and the difference (A) of the Mn element confirm the presence
of Mn* ions [29]. The Te 3d spectra displayed in Fig. 10c contain
two distinct peaks that appeared at 576.7 and 587.2 eV for Te
3ds,; and Te 3ds; states, respectively, indicating that validating
that Te exists in the form of a hexavalent state (Te®) [30]. In
Fig. 10d, the O 1s core-level spectra in the scanning region of
522-537 eV exhibit an asymmetric feature, indicating more

Intensity (a.u.)

— KMNnTeO

K2p

M T M T v T v T T
0 200 400 600 800 1000
Binding energy (eV)

Fig. 9. XPS spectra of KMnTeO and HMnTeO

1200

than one kind of oxygen species in the samples. Therefore,
the asymmetric feature can be resolved into two symmetrical
peaks with binding energy positions at 529.6 and 531.5 eV.
The peak at 530.9 eV can be due to oxygen atoms bonded to
Mn/Te ions of the cubic lattice (Or) and the peak at 532.7 eV
can be attributed to surface adsorbed oxygen (Osn) such as
hydroxyl groups (OH"), respectively [31]. Furthermore, we
calculated the Osy concentration to be 29.14% and 49.95%
for KMnTeO and HMnTeO, respectively. A significant obser-
vation is that the Osy concentration of HMnTeO is higher than
that of parent KMnTeO, which indicates the higher oxygen
adsorption capability of HMnTeO, which improves the hydroxyl
radicals. This is beneficial from a photocatalysis point of view
since it is anticipated that the hydroxyl radicals are responsible
for the dye degradation [17,32]. Therefore, the higher concen-
tration of Ogy species over HMnTeO may envisage an enhanced
photocatalytic activity. Furthermore, the XPS results also demon-
strate that the peaks corresponding to K, Mn and O in HMnTeO
slightly shift toward lower binding energies than parent
KMnTeO. Such shifting in peaks indicates the substitution of
potassium with protonic species.

Photocatalytic studies: Methylene blue dye is well known
for its dyeing and medical applications, thus finding numerous
ways into the natural ecosystems [33]. A widely adopted adsor-
ption method can only displace the target from water to adsor-
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Fig. 10. High-resolution XPS spectra (a) K 2p of KMnTeO, (b) Mn 2p, (c) Te 3d and (d) O 1s of KMnTeO and HMnTeO

bent, not completely abating the dye. In light of which, we
have conducted photocatalytic methylene blue degradation
studies using the as-prepared photocatalysts to decompose the
complex organic structure into simple byproducts. The time-
dependent UV-Vis absorption spectral patterns of methylene
blue solution over KMnTeO and HMnTeO are shown in Fig.
11a and b, respectively. The methylene blue solution shows
two absorption peaks at 615 and 662 nm, which corresponding
to the conjugated mt-system of methylene blue. The maximum
absorbance intensity of the methylene blue solution occurred
near 662 nm (An.); the quite rapid reduction in the intensity
of Amar peak with an increase in irradiation time provided proof
that methylene blue dye degradation occurred under visible
light irradiation over HMnTeO. The C/C, vs. irradiation time
plot obtained for photocatalysis evaluation with KMnTeO,
HMnTeO and without the usage of photocatalyst (control) is
shown in Fig. 11c. As can be observed from Fig. 11c, the photo-
catalytic degradation of methylene blue dye in the absence of
a catalyst was minimal (10%), while that in the presence of
photocatalyst has enhanced to more than 93.7% (KMnTeO)

and 98.3% (HMnTeO) in 180 min. This suggests that even
minimal amounts of photocatalyst (50 mg) can effectively
mitigate the methylene blue dye within a short irradiation time.
The higher photocatalytic activity of HMnTeO than that of parent
KMnTeO is attributed to the higher visible light absorption,
effective separation of photogenerated electron-hole pairs and
higher surface adsorbed oxygen species concentration. Further,
the chemical kinetics of photocatalytic degradation was studied
by plotting In(Cy/C,) vs. irradiation time, which suggested a
pseudo-first-order kinetics (Fig. 11d) as per the Langmuir-

Hinshelwood model:
C
In| == [=kt

where k is a pseudo-first-order rate constant (min™), t is the
irradiation time (min), C, is the concentration at time “t” and
C, is the initial concentration [34]. The apparent rate constants
(kapp) of values were 1.67 x 107 and 2.07 x 10 min™ for
parent KMnTeO and HMnTeO, respectively. It is obvious that
the photocatalytic degradation rate constant of methylene blue
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HMnTeO

over HMnTeO is 1.24 times higher than the parent KMnTeO
under visible light irradiation.

Radical trapping experiments were carried out to identify
which reactive species are more actively driving the methylene
blue degradation over HMnTeO. The scavengers employed in
this experiment are benzoquinone (BQ, as scavenger of O,
radical, 2 mM), isopropanol (IPA, as scavenger of *OH radicals,
2 mM) and ammonium oxalate (AO, as scavenger of h*, 2 mM).
The observed scavengers effect on the photocatalytic degrad-
ation of methylene blue is shown in Fig. 12a, which clearly
indicated that the photocatalytic degradation efficiency is
immensely affected by the addition of IPA, attaining a degra-
dation efficiency of 29.3% as compared to without scavengers
(98.3%). Moreover, with the addition of BQ, the degradation
of methylene blue is retarded to a moderate extent. However,
no significant change in the degradation of methylene blue is
observed upon the addition of AO. These observations validate
that the primary species involved in the photocatalytic degra-
dation of methylene blue are *OH and O, radicals, with the
*OH radicals serving as the dominant oxidizing agent. More-

over, the sole contribution of “OH radicals was further confirmed
by the terephthalic acid probe molecule using PL analysis (Fig.
12b). It could be seen that the PL emission intensity was very
weak and almost negligible under dark conditions and then
the PL intensity (HTA; due to the formation of “OH) gradually
increased with increasing irradiation time, as evidenced by
the PL signal observed at 425 nm. Additionally, the compa-
rative PL spectra of HTA over both samples after irradiation
of 90 min are shown in Fig. 13. It is evident that HMnTeO has
alarger rate of *OH radical generation on its surface than parent
KMnTeO, which results in enhanced photocatalytic activity.
Stability and reusability studies: It is indispensable to
evaluate the stability and reusability of the prepared catalyst
since it could significantly reduce the overall expenditure for
the wastewater treatment processes and avert secondary poll-
ution. Therefore, the reusability of the HMnTeO sample was
explored for five successive cycles; the results are given in
Fig. 12c. After the completion of every cycle, the photocatalyst
was centrifuged, filtered and washed repeatedly with deionized
water and then dried at 80 °C overnight before being reintroduced
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for the next experimental cycle. As shown in Fig. 12c, the photo-
catalytic degradation efficiency of methylene blue dye was
slightly decreased after five consecutive cycles, so it can be
considered as cost-effective photocatalyst. Fig. 12d shows the
XRD patterns of the HMnTeO before and after photocatalytic
degradation of methylene blue dye. It can be seen that there
are no observable structural differences in the sample before
and after the degradation, demonstrating that the phase and
structure of HMnTeO are stable during the photocatalytic
HMnTeO activity, thus confirming its high stability and sustainability.
——— KMnTeO Mechanism: The following equations can summarize a
as a possible mechanistic rationale for HMnTeO-assisted
photocatalytic degradation of methylene blue dye under visible
light. In line with the UV-Vis DRS results, the HMnTeO sample
: ' ' exhibits a strong visible light absorption. As visible light falls
350 400 450 500 550 on HMnTeO, electron-hole pairs are generated on the HMnTeO
Wavelength (nm) surface. This causes the excitation of electrons from the valence

Fig. 13. A comparison of *OH trapping PL spectra of KMnTeO and HMnTeO band (VB) to the conduction band (CB), leading to the gener-
for an irradiation of 90 min

PL intensity (a.u.)
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ation of electron and hole in the VB and CB, respectively. The
photogenerated electrons in the CB react with oxygen (O.) mole-
cules, which boost the production of O,* radicals. Furthermore,
photogenerated holes that have strong oxidability can react
with the adsorbed water/hydroxyl groups and produce highly
oxidative "OH radicals. Later, the formed hydroxyl and super-
oxide radicals react with absorbed methylene blue on the
HMnTeO surface, which leads to the degradation process of
methylene blue. However, the drastic decrease in photocatalytic
degradation rate in the presence of an *OH scavenger (IPA)
further confirmed that hydroxyl radicals primarily mediated
the methylene blue degradation over HMnTeO.

HMnTeO + hv — e (CB) + h* (VB) 2)
e (CB) + 0, > 0™ A3)
h*(VB) + H,O (ads) — ‘OH + H* )

Reactive species ("OH and O,"") + MB — CO, + H,O (5)

Removal of Pb** using ion-exchange over KMnTeO:
Defect pyrochlore oxides of type AB,Os are known to exchange
specific metal ions in aqueous solutions [35,36]. An attempt
was made to remove the Pb** ions from Pb(NO3), solution by
ion-exchange process with parent KMnTeO. The precipitate
(KPbMnTeO) obtained when KMnTeO was added to 0.011M
Pb(NO:3), solution was subjected to XRD and EDX analyses.
The powder X-ray diffraction (XRD) pattern of KPbMnTeO
is similar to that of the parent compound KMnTeO, demons-
trating that the resultant KPbMnTeO has maintained the same
structure even after the exchange of K* with Pb** ions (Fig.
14a). The morphology of KPbMnTeO was similar to that of
parent KMnTeO as shown in Fig. 14b. The EDX analysis of
KPbMnTeO confirmed that K* ions are replaced by Pb** ions,
as depicted in Fig. 14c. Furthermore, the results show that about
21.72% of K* ions were replaced by Pb** ions. The XPS analysis
was also used to confirm the exchange of Pb** ions on the surface
of KMnTeO. The survey scan spectrum (Fig. 14d) shows the
evident peaks that are marked with their corresponding energy
levels. It identifies the presence of K, Mn, Te, O and Pb elements,
which is consistent with the chemical composition of KPbMnTeO.
Fig. 14e shows the high-resolution XPS spectra for the Pb 4f,
the curve-fitting shows two peaks at 135.8 and 140.6 eV corres-
ponding to elemental Pb 4f;, and Pb 4f;, states, respectively,
which belongs to the characteristics of Pb** ions in KPbMnTeO
[37]. Therefore, Pb**, a heavy metal ion, can be eliminated from
aqueous solutions using the parent KMnTeO.

Conductivity studies: As mentioned in the introduction,
the “A” ions located in the tunnels are free to move and respon-
sible for ionic conduction. The magnitude of the conductivity
depends on the ionic size of the cation “A”. It is reported that
hydrated defect pyrochlore type oxides of composition A(BB")Os:
xH,O are known to exhibit ionic conductivity in the range 6.3
x 10°-5.2%x 10°S cm™ at 573 K [7,38]. Replacement of K*
with H;O" ion may exhibit relatively high conductivity due to
the small size and high mobility of the proton species [39-41].
The DC conductivity of KMnTeO and HMnTeO samples was
also investigated. It is observed that at any temperature the
DC conductivity of HMnTeO is higher than that of KMnTeO.

Both samples exhibit an increase in DC conductivity with temp-
erature in the range 336-636 K because of the thermal activation
of conducting species (Fig. 15). The relationship between con-
ductivity and temperature can be explained by the Arrhenius
equation:

6, T=0c,exp E,
de 0 k T (6)

B

where E, is the activation energy for conduction, Gy is pre-
exponential factor and kg is the Boltzmann constant. Both E,
and o are considered temperature-independent. The experi-
mental data was fitted to the above equation and the obtained
E.is displayed in Table-2 along with the conductivity values
at 636 K. These values are comparable with those obtained
for similar compositions [19,42]. It was reported that BB’Og
network and polarizability of B-O-B’ linkages favour the move-
ment of the ions through the tunnels, leading to better ionic
conductivity [8,43].

TABLE-2
DC CONDUCTIVITY (AT 636 K) AND
ACTIVATION ENERGIES OF KMnTeO AND HMnTeO

Parameter KMnTeO HMnTeO
DC conductivity (S cm’") 3.16 x 10™ 3.6x 10
E, (eV) 0.2698 0.3031
Conclusion

In summary, we have successfully synthesized KMn s;Te-
16706 (KMnTeO) and its proton-exchanged analogue (HMnTeO)
by solid-state and facile ion-exchange methods, respectively.
The proposed synthesis methods yield samples with defect
pyrochlore structures possessed with excellent phase purity.
Their structure, morphology, optical and photocatalytic prop-
erties were characterized in detail. The XRD analysis showed
that the KMnTeO and HMnTeO were crystallized in a cubic
lattice with the F'd 3m space group. The SEM images of KMnTeO
and HMnTeO show that the resulting particles have a poly-
hedral shape. The UV-Vis DRS results demonstrated that both
samples observed a pronounced absorption in the visible region
and the photoluminescence (PL) spectra confirmed that the
recombination rate of photogenerated electron-hole pairs can
be inhibited greatly in the presence of HMnTeO, increasing
photon efficiency. The photocatalytic degradation of methylene
blue dye was chosen as the probe reaction and both samples
exhibit good photocatalytic activity under visible light irradi-
ation. HMnTeO shows the highest photocatalytic activity than
that of parent KMnTeO under investigation. The relatively
higher photocatalytic activity of HMnTeO was attributed to
the increase in the visible light absorption range and reduced
charge recombination of the photogenerated electron-hole
pairs. The photocatalytic activity was also found to correlate
with the concentration of “OH radicals and found to be higher
for HMnTeO, which is supported by the terephthalic acid probe
experiment. The active species trapping experiments demons-
trated that the *OH radicals are the main active species in the
HMnTeO and superoxide radicals also play a key role in the
photocatalytic degradation of methylene blue dye. The HMnTeO
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retains excellent photocatalytic activity even after five cycles
of use, demonstrating its promising cycling ability. In addition,
the parent KMnTeO can used be to remove of heavy metal ion,
Pb*, from aqueous solutions. The DC conductivity was also
investigated as a function of temperature, which shows the conduc-
tivity of HMnTeO is higher than that of parent KMnTeO.
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