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(x=0, 0.5, and 1) were obtained in one step by heating the mixtures of two (1 and
3, or 2 and 3) or three oxalate complexes (1 and 2 and 3) at 1200°C for 10 h with a
heating/cooling rate of 10°C min~". The (micro)structure, morphology, and opti-
cal properties of the as-prepared materials were characterized by powder X-ray
diffraction (PXRD), field-emission scanning electron microscopy (FE-SEM) and
ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS). Impedance
spectroscopy was used to investigate the electrical and dielectric properties,
providing valuable insights into the charge transport dynamics. The CoNb,O¢
exhibits the greatest conductivity in the series (2.64 x 107! Q! cm™ at 120°C),
two orders of magnitude greater than those of NiNb,Og and Co sNig sNb,Og.
The ternary oxide Cog sNigpsNb,Og has a minimum in conductivity and dielec-
tric loss, but it shows a maximum in dielectric permittivity. Estimated band gap
energies of CoNb,Og4, NiNb,Og, and Cog sNij sNb,Og within the visible light
excitations prompt us to investigate their photocatalytic activities in the degra-
dation of the methylene blue (MB) dye under visible light irradiation without
and with hydrogen peroxide (H,O,). It is evident that the Co;_,Ni,Nb,O4/H,0,
systems exhibit higher photocatalytic activity: the degradation efficiency of
MB was found to be between 26% and 38%. In addition, the cyclic stability
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1 | INTRODUCTION

The properties of mixed metal oxides, an important class
of advanced materials, can be strongly influenced by crys-
tallinity, particle size, phases present, and morphology.
These can be partially adjusted by altering the synthe-
sis methods.!”” A conventional way for producing oxide
materials is based on the solid-state reactions using oxide,
carbonate, or nitrate precursors. This method requires a
heat treatment at relatively high temperatures, as well
as long-term and repetitive grinding processes. It often
yields low-purity products with a multiphase composi-
tion comprising leftover reactants. A complete control over
the particle size and shape is also a prerequisite for the
photocatalytic applications of oxide materials, where a
high surface area, which enhances substrate adsorption
and increases the number of active sites, is considered
essential. However, the high-temperature treatments are
generally used for the synthesis of highly crystalline mate-
rials, which frequently result in increased particle size,
and consequently, in decreased surface area. Therefore,
achieving both high crystallinity and high surface area in
a one-step synthesis remains difficult.® !

Due to these limitations, the use of heterometallic sys-
tems as single-source precursors has provided alternative
synthetic route to mixed metal oxides obtained by recon-
structing the molecular bonding topology and removing
the supporting organic groups via thermal decomposition.
It has been observed that using a well-defined precur-
sor can result in a crystalline oxide materials under
conditions that are much milder than those utilized in
traditional solid-state synthesis. The advantage of a solid
phase transition is the retention of the elemental composi-
tion defined by the molecular precursor while losing only
volatile decomposition products, allowing for the supe-
rior stoichiometric control of the intermetallic ratio in
the oxide products. The final products are the homoge-
neous due to the mixing of the metals at the molecular
level. In addition, the presence of bridging or chelating lig-
ands in the precursors prevents metal separation during
oxide formation.®'> The decomposition of metal-organic
species requires the release of gaseous organic decompo-
sition products (and possibly solvent molecules), which
might influence the particle size and porosity of the result-
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ing oxide. A larger organic content in the starting materials
allows for greater porosity and smaller particle sizes in the
decomposition products, owing to increased gas release
during thermolysis.

The single-source precursor method is an essential soft
chemistry approach for the preparation of oxides in the
form of nanosized particles and thin films."*'° A proper
selection of ligands is required for successful molecu-
lar precursor-to-material conversion. The nature of the
ligand used provides the precursor with a clean, low-
temperature thermolysis that results in a phase-pure target
material. Importantly, the low cost of the ligand makes
heterometallic precursors highly attractive to industrial
applications.””" The oxalate dianion, C,0,?, is a suitable
ligand for the synthesis of molecular precursors for oxides
because it decomposes easily on gaseous CO, and CO at
moderate temperatures. This ligand also has the benefit
of being widely available and inexpensive.'® Several stud-
ies have shown that heterometallic oxalate complexes may
be employed as suitable precursors for the preparation of
mixed-metal oxides.'8*°

Metal-organic complexes may not always have the
appropriate stoichiometry to be used as molecular precur-
sors for the thermal degradation to produce the desired
single-phase oxide materials in a single step. Furthermore,
the preparation of the coordination compound with two
or more different metals in a suitable ratio and properly
coordinated ligand is a challenging task. Therefore, by
mixing two or more adequate precursors in the proper
ratio prior to thermal treatment, an oxide containing
two or more metals might be formed. For example, the
binary oxide BiVO, can be formed by direct pyrolysis of
BiV(O)(Hsal)(sal)(salen*)-CH,Cl, [sal = O,CC¢H,-2-0O;
Hsal = O0,CC¢H4-2-OH; salen* = ethylenebis(3-
methoxysalicylimine)], while the heat treatment of
mixtures of BiV(O)(Hsal)(sal)(salen*)-CH,Cl, and
BiCu(Hsal);(salen) or BiNi(Hsal);(salen)-CH,Cl, [salen
= ethylenebis(salicylimine)] results in isolation of the
ternary oxide Bi,V,M;_,Os5_5 (M = Cu, Ni).*!

The columbite niobate-based oxides are a class of
materials with compelling optical, dielectric, magnetic
and catalytic properties. The MNb,Os (M = Co and Ni)
niobates exhibit quasi-one-dimensional magnetic prop-
erties. The magnetic ordering is generally observed at
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relatively low temperatures (usually below 10 K), and all
ordered phases are antiferromagnetic.>~*’ These oxides
typically have a high dielectric constant and low dielectric
losses at microwave frequencies making them suitable
as dielectric resonators and filters for use in mobile and
satellite communications. In addition, the CoNb,Oq
and NiNb,Og4 have attracted much attention as anode
materials for lithium-ion batteries due to their excellent
fast-charging capability.’**° Furthermore, the photo-
luminescence of NiNb,Og nanoparticles showed a blue
emission at 440 nm due to the distorted edge-shared NbOg
groups,41 and its estimated band gap was 2.2 eV, so it could
be tested as a solid photocatalyst for a water splitting.>>*?

The synthesis of niobate-based oxides usually requires
high temperatures above 1100°C or a complex chemi-
cal process. Therefore, there are different methods for
the production of MNb,Og (M = Co and Ni) materials.
The most widely used method is traditional solid-state
reaction, in which stoichiometric amounts of Nb,Os5 and
metal elements or oxides are heated to high tempera-
tures to synthesize polycrystalline powders.> %4042 The
NiNb,O4 nanoparticles were also synthesized by a sol-
gel combustion method using citric acid as fuel and
nitrates as oxidants at a relatively low temperature com-
pared to the solid-state reaction method.*! In addition,
CoNb,0O¢ and NiNb,Og4 ceramics were successfully syn-
thesized by a coprecipitation technique or by a few-step
hydrothermal process followed by heat treatment.’?4344
Furthermore, the CoNb,O¢ with rutile structure was pre-
pared by hydrothermal synthesis using polyvinyl alcohol
as an additive.” In general, the precursor route has
advantages and disadvantages compared to the sol-gel
method, which is based on a low-temperature process
using a solution of a metal alkoxide that forms a gel
after hydrolysis and condensation at room temperature
(RT). This liquid-phase method is a cost-effective and envi-
ronmentally friendly for producing nanocomposites, as it
allows good control of microstructure, particle size, dis-
persion, structure, and chemical composition by carefully
monitoring the preparation parameters. To obtain pure
and crystalline materials, these processes usually require
further steps such as washing, calcination, and posthe-
ating. The main disadvantage compared to the precursor
route for obtaining oxide materials is therefore the lim-
ited efficiency and the long duration of the synthesis
process.” #4947 The use of a heterometallic compound as
a molecular precursor is usually only one of the func-
tionalities investigated for the precursor compound. The
metal oxide is obtained in a one step and without repeated
heating and grinding processes, but generally at higher
temperatures.

In this work, we have investigated the feasibility
of combining the molecular precursor route and

solid-state reaction to synthesize the oxide materials
CoNb,04, NiNb,O4, and CogsNigsNb,Og. The syn-
thesis process involves mixing the oxalate precursors
[M(bpy);],[NbO(C,0,);]Cl-nH,0 (where M = Co**
orfand Ni** and »® = 11, 12)* and
(NH,);[NbO(C,0,);]-3H,0% in appropriate ratios.
By optimizing the annealing temperature, heating/cooling
rates and holding times, the single-phase oxide material
was obtained. The phase formation, structural arrange-
ment and morphological versatility of these multimetallic
oxides were characterized by powder X-ray diffraction
(PXRD) and field-emission scanning electron microscopy
(FE-SEM). Furthermore, the optical and detailed electrical
properties of the resulting oxide phases were investigated
by ultraviolet-visible diffuse reflectance spectroscopy
(UV-Vis DRS) and impedance spectroscopy. Additionally,
the photocatalytic activity in the degradation of the
methylene blue (MB) dye pollutant under visible light
irradiation was assessed.

Due to the attractive properties and promising appli-
cations of CoNb,0O¢ and NiNb,Og, it is intriguing and
demanding to investigate unique synthetic approach to
produce these oxides. The properties of ternary columbite
Co(5NiysNb,Og have also not yet been investigated or
reported. Furthermore, we have investigated the impact of
modified molecular precursor route on the structure, as
well as the electrical and photocatalytic characteristics of
the Co;_,Ni,Nb,O4 (x =0, 0.5, and 1).

2 | EXPERIMENTAL SECTION

2.1 | Materials

All used chemicals were purchased from commercial
sources and used without further purification. The
[M(bpy)s]o[NbO(C,04);]Cl-nH,0 [M = Co** (1) and
Ni>* (2); n = 11, 12] and (NH,);[NbO(C,0,);]-3H,0
(3) were prepared according to previously described
procedures.?>*8

2.2 | Thermal synthesis of Co,_,Ni,Nb,O,
(x=0,0.5,and 1)

Crystals of [Co(bpy);],[NbO(C,0,4);]Cl-nH,0
(1) and  (NHy);5[NbO(C,04);]-3H,0  (3), of
[Ni(bpy)s[,[NbO(C;,04)3]Cl:nH,0  (2) and  (NHy)s
[NbO(C,04)3]-3H,0 (3), and those of [Co(bpy)sl,
[NDO(C,04)3]Cl-nH,0 (1),  [Ni(bpy)s]2[NbO(C,04)s]
Cl-nH20 (2), and (NH4)3[NbO(C204)3]3H20 (3) were
mixed in the proper ratios (1:3, 1:3, and 1:1:6, respectively)
prior to thermal decomposition. Finely ground crystalline
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powders were heated in a furnace (Nabertherm, Model
LHT 02/16) in a Pt crucible from room temperature (RT)2
to a temperature range of 600-1300°C in air, at a rate of 5
and 10°C min~! and then cooled to RT in the same way.
At specific temperatures, selected samples were held for
several hours (6, 10, 18, or 24). After thermal treatment,
the resulting oxides were characterized by PXRD at RT.

2.3 | Powder X-ray diffraction
measurements

The PXRD data were collected in a reflection mode with
monochromatic Cu K, radiation with 1 = 1.54056 A across
the 20 range of 5° to 120° using a Malvern Panalytical
Empyrean diffractometer with a step size of 0.013° 26.
Phase analysis and refinements of the crystal structures
were performed using the Rietveld algorithm*® within the
software HighScore Plus™ using the pseudo-Voigt profile
functions and a polynomial background model with four
coefficients. The phase-fitting method (i.e., simultane-
ously with the Rietveld refinements) was used to calculate
the crystallite size, D; in the samples measured at RT, based
on the differences in profile widths compared to a standard
sample using the following formula:

180 A
(%) et O

where W; and W4 are the refinable profile parameters W
of sample i and standard, comprised in the function that
describes a variation of profile full width at half-maximum
(FWHM) with Bragg angle’":

FWHM (0) = (Utan?0 + Vtand + W)~ (2)

where U, V, and W are the profile parameters.
The variance of the crystallite size is described by:

A2
o> D)= ————— [W)+> W) ©)
4w — Wstd)
with Ap representing the constant 180 X A/7. The mean
error of the crystallite size is equal to the square root of the
variance.

2.4 | Field-emission scanning electron
microscopy

The morphology of the samples was analyzed using a filed-
emission scanning electron microscopes from Thermo
Fisher Scientific, model Axia™ ChemiSEM™ and JEOL,
model JSM-7000F operating at 10 keV. Energy-dispersive

X-ray (EDX) analyzer integrated within the Thermo Fisher
Scientific Axia™ ChemiSEM™ was used for elemental
analysis.

The particle size distribution analysis for the samples
prepared at 1200°C with a heating time 10 h was carried out
using the Malvern Mastersizer 2000 laser light-scattering
particle size analyzer.

2.5 | UV-Vis spectroscopy measurements
The UV-Vis DRS was performed on a Shimadzu UV-
Vis-near-infrared (NIR) spectrometer (model UV-3600)
equipped with an integrating sphere. Barium sulfate was
used as a reference. The diffuse reflectance spectra were
transformed using the Kubelka—-Munk function and the
optical bandgaps were estimated from Tauc’s plots.”? Emis-
sion and excitation spectra were measured in the powder
samples on an Agilent Cary Eclipse fluorescence spectrom-
eter.

2.6 | Photocatalytic experiments

The photocatalytic activity of NiNb,O4, CoNb,Og4, and
Cop sNij sNb, O samples characterized by PXRD and SEM
was investigated by the degradation of aqueous solutions
of MB under visible irradiation at 25°C. For each reaction,
3.0 mg of the powder sample was dispersed in 6.0 mL of a
5 ppm aqueous MB dye solution. Prior to irradiation, the
suspension was stirred in a photoreactor (Luzchem LZC-
4V) for 1 h in the dark with a magnetic stirrer to keep the
mixture completely suspended (pH = 7) and to ensure the
establishment of adsorption/desorption equilibrium. In
the experiments with H,O, assistance, 225 uL of 30% H,0,
was added to the reaction solution (pH = 5.4) and stirred
for a further 30 min to ensure adsorption/desorption equi-
librium was established. Aliquots with a volume of 3 mL
were then taken to measure the first point of absorbance.
Then the 14 Vis lamps (Hg lamp, 8 W, 400-700 nm) were
turned on to start the photodegradation in the photore-
actor. After irradiation, aliquots with a volume of 3 mL
were taken at regular intervals and centrifuged at 9000 rpm
for 10 min. The photocatalytic degradation reactions were
monitored by measuring the concentration of a degraded
supernatant liquid as a function of irradiation time using
a UV-Vis spectrophotometer (Varian Cary 60). The con-
centrations of MB were determined by measuring the
absorbance at 663 nm. Before the experiments, blank tests
were carried out without photocatalysts. The information
extracted from the MB dye degradation curves allowed the
determination of the reaction type and the calculation of
the kinetic constant of the degradation reaction.
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The degradation rate r of the MB dye solution can be
expressed as follows™:

r=—d(C)/dt = kyy, (C)" 4)

where C is the concentration of the MB pollutant
molecules, k,,, is the apparent-rate constant and n is the
order of the reaction. The absorbance at 663 nm was used to
calculate the amount of MB dye solution that was degraded
over time. The percentage of degradation was calculated
using the following formula™:

Degradation (%) = [(Cy — C;)/Cy] X 100 (5)

where Cj, and C, are the initial concentration and the con-
centration after exposure to Vis light at time ¢, respectively.
The k,,, was calculated using the slope of the graph of
InC,/C; versus the irradiation time.

To investigate the reusability of the investigated oxides,
the recovered Cog sNij sNb,Og was used after separation
by centrifugation from the reaction mixture, with fresh MB
solution. After each cycle, the sample was collected and
washed several times with water and ethanol to remove
the organic components adsorbed on the surface of the
photocatalyst. It was then dried overnight at RT for the
next cycle. After the reaction, the catalyst from each
cycle was thoroughly rinsed several times with ethanol
and dried. The recovered catalyst was reused each time
for the degradation of MB dye under identical reaction
conditions. The degradation activity of the catalyst was
tested within four cycles and measured at the end of each
cycle.

Trapping experiments were performed to identify the
main reactive species involved in the degradation of MB
with CogsNigpsNb,Og. For this experiment, 1 mM of dif-
ferent scavengers such as benzoquinone (BQ), isopropyl
alcohol (IPA) and Na,-EDTA in aqueous dye solutions
were used during the irradiation experiments to trap the
superoxide radical anions, hydroxyl radicals and holes,
respectively. All reaction conditions were the same as in
the photocatalytic activity tests, except for the addition
of the trapping agent, which was done before adding the
catalysts to the solution.

2.7 | Impedance spectroscopy
measurements

The investigation of the electrical and dielectric prop-
erties of the prepared samples was carried out using
solid-state impedance spectroscopy. Polycrystalline sam-
ples were pressed into 0.2 mm thick cylindrical pellets

using a hydraulic press with a uniform load of 2 x 10° kg.
Gold electrodes, serving as contacts, with a diameter of
3.8 mm were sputtered onto both sides of the disks using
the Sputter Coater SC7620 (Quorum Technologies). The
complex impedance was measured using an impedance
analyzer (Novocontrol Alpha-AN-Dielectric Spectrometer,
Novocontrol Technologies GmbH & Co. KG) across a broad
range of frequencies (0.02 Hz-0.3 MHz) at temperatures
ranging from 30°C to 240°C (step 30°C) with tempera-
ture control maintained within an accuracy of +0.2°C.
The experimental data were analyzed by electrical equiva-
lent circuit (EEC) modeling using the complex nonlinear
least-squares (CNLLSQ) fitting procedure and WinFIT
software.>* The typical complex impedance plot manifests
as one or more semicircles with the center positioned
below the real axis. A resistor (R) and a constant-phase
element (CPE) were connected in parallel to form an
EEC that represents an individual depressed semicircle
The CPE is an empirical impedance function of the type
Zcppr = A(jw)™%, where A and « are the constants. The val-
ues derived from the fitting procedure, namely, resistance
(R), and electrode dimensions (¢ is sample thickness and A
is electrode area) were used to calculate the direct current
(DC) conductivity, opc = t/(R X A).

3 | RESULTS AND DISCUSSION

3.1 | Phase analysis and microstructural
characteristics of Co,_,Ni,Nb,0, (x =0, 0.5,
and 1)

Due to the intriguing properties and potential applica-
tions of columbite niobate-based oxides with the gen-
eral formula ANb,Oy (A = divalent alkaline-earth or
transition metal cation), much work has been put
into their controlled synthesis.*>** The AO,; and NbOg
octahedra, which have common edges and form sep-
arate zigzag chains along the c-axis, are formed by
six oxygen atoms around the A and Nb atoms, which
are arranged at 4c and 8d positions, respectively, in
the columbite-like structure having an orthorhombic
symmetry.

By optimizing the temperature range for annealing and
carefully controlling the heating and cooling rates, it is
possible to systematically observe the effects of the synthe-
sis conditions on the changes in phase compositions and
crystallite sizes of the final products (Figure 1 and Table 1).

Clearly, the higher the annealing temperature, the
higher the orthorhombic, columbite-like NiNb,O4 phase
fraction. However, only by examining the holding times
and cooling rates (see Table 1) one can reach an additional
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FIGURE 1 Selected cascade PXRD evolution patterns at RT of samples prepared at synthesis conditions listed in Table 1. The

experimental data for orthorhombic NiNb,O¢ and CoNb,Oy4 phases are corroborated by the simulated PXRD patterns (bottom) collected at

ambient conditions.

level of detail and depth that leads to an understanding of
the formation of the microstructurally tuned, phase-pure
sample.

Heating of NiNb-1 polycrystals at 700°C for 24 h with
a cooling rate of 5°C-min~!, resulted in the formation
of 51.5 wt.% of orthorhombic NiNb,Og (a = 14.0334(6)
A, b = 5.6829(2) A, ¢ = 5.0243(2) A, V = 400.69(3) A3,
Ry, = 11.9%) along with a significant amount of impu-
rity phases, that is, NiO, NiyNb,Og, and TT/T-Nb,Os (see
Figure 1). Namely, at low temperatures, between 500°C
and 700°C the TT-Nb,Os5 and T-Nb,O5 show some simi-
larities, but the crucial point is that the PXRD pattern of
the TT-Nb,Os phase contains broad peaks and a peak cor-
responding to a split reflection that is not present in the
T-Nb,Os phase.>>*

The structure refinement and line broadening anal-
ysis revealed that controlled annealing at 1200°C for
10 h and cooling within 10°C-min~"! yields a phase-pure
NiNb-12 sample, that is, NiNb,Og (a = 14.0328(1) A,
b = 5.68144(5) A, ¢ = 5.02236(4) A, V = 400.416(6) A3,
s.g. Pbcn, Ry, = 12.8%) with a crystallite size of 87.1(1)
nm (Figure 2). Heating at 1300°C, on the other hand,
leads to the formation of a pure NiNb,O4 phase in NiNb-
13 sample, but with a nearly threefold bigger crystallite
size. The isostructural oxides, CoNb,O¢ (a = 14.147(1) A,
b = 5.7092(4) A, ¢ = 5.04103) A, V = 407.14(5) A3, s.g.
Pbcn, Ry, = 10.5%) and CogsNijsNb,Og (a = 14.0864(8)
A, b=5.6942(3) A, c = 5.0316(2) A, V = 403.59(3) A3, s.g.
Pbcn, Ryp = 10.4%; see Figure 2) with crystallites around
50 nm in size, were synthesized using a similar method (at

1200°C for 10 h and cooling within 10°C-min~'), which,
to the best of our knowledge, is the first time it has
been done for CogsNiysNb,Og. In particular, the initial
structural models for NiO, NiNb,Og, NiyNb,0y, and TT-
Nb,Os phase were based on those of Rooksby et al.,”’
Wichmann and Mueller-Buschbaum,®’ Ehrenberg et al.,%!
and Gomes and Mohallem,>% respectively. Table 1 shows
how temperature, holding time, and cooling rate affect
the phase composition and microstructural characteris-
tics of the columbite phase. In general, the crystallization
temperature and initial cooling rate both have an effect
on crystal characteristics. Crystallization with controlled
cooling produces better crystal characteristics than crys-
tallization with spontaneous cooling, as demonstrated in
our work. Without a doubt, the link of cooling rates with
yield, purity, and particle size distribution is of enormous
importance for nanoscience, nanotechnology, and notably
for the entire commercial crystallization process.’* ! It is
particularly crucial to manage the early phase of crystal-
lization efficiently, since this will result in crystals of higher
purity.®” An increase in temperature favors the produc-
tion of the columbite phase, but an increase in cooling rate
reduces the crystals of the columbite phase—at 1200°C and
a cooling rate of 10°C min~!, the pure columbite phase has
crystallites less than 100 nm in size. This defies the widely
held belief that increasing temperature causes an increase
in the size of crystallites in a sample. Such a phenomena is
discussed in the literature in conjunction with the lowering
of the surface energy of ultrafine powders—with increas-
ing heating/cooling, the average particle size tends to drop,
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FIGURE 2 Observed (solid red line) and calculated (solid blue line) PXRD profiles obtained from the Rietveld refinement against the
PXRD data of CoNiNb-1 (bottom), CoNb-1 (middle) and NiNb-12 (top) samples at RT. The difference profiles are depicted by the lower solid
black line. The green tick marks show the reflection positions of NiNb,O¢ phase, while purple tick marks depict the Brag reflections of
NiNb,O4 and Co, sNij sNb,O¢ phases. The fitted background contribution is shown by the lower solid green line. The inset (bottom) shows
the spiral within the crystal structure of Co, sNi, sNb,Og. The Co, sNij sNb,Og unit cell is depicted by dashed black lines along a-axis.
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TABLE 1
refinement against powder PXRD data at RT.

Annealing Holding Heating/cooling
Sample temperature (°C) time (h) rate (°C min1)
NiNb-1 700 24 5
NiNb-2 1000 6 5
NiNb-3 1000 18 5
NiNb-4 1100 18 5
NiNb-5 1100 24 5
NiNb-6 1100 10 10
NiNb-7 1200 3 3
NiNb-8 1200 3 Quenching
NiNb-9 1200 10 3
NiNb-10 1200 1 5
NiNb-11 1200 10 5
NiNb-12 1200 10 10
NiNb-13 1300 6 5
CoNb-1 1200 10 10
CoNiNb-1 1200 10 10

jour urnal | ser

American Ceramic Society

The notation of samples, synthesis conditions, and the results of quantitative phase analysis as obtained from Rietveld

Crystallite R,,,

Phase fraction (Wt.%) size (nm) (%)
NiNb, 0, 51.1 52.7(1) 11.9
Ni,Nb,0q 214
TT/T-Nb,Os 19.1
NiO 4.3
NiNb,Oq 80.8 135.4(1) 16.2
Ni,Nb,O, 19.2
NiNb,Oq 83.3 172.3(1) 14.7
Ni,Nb,O, 19.1
NiNb, 0, 93.7 189.3(1) 16.6
Ni,Nb,0q 6.3
NiNb,Oq 94.4 193.5(1) 15.8
Ni,Nb,0, 5.6
NiNb,O, 94.2 198.9(1) 16.5
Ni,Nb,O, 5.8
NiNb,Oq 89.9 144.5(1) 10.9
Ni,Nb,0, 9.5
NiO 0.6
NiNb, 0, 95.5 196.3(1) 133
Ni,Nb,0q 45
NiNb,Oq 95.5 195.2(1) 11.8
Ni,Nb,0, 45
NiNb,Oq 84.7 144.5(1) 15.5
Ni,Nb, O, 13.9
NiO

1.4
NiNb,Oq 95.1 195.5(1) 16.2
Ni,Nb,O, 49
NiNb, 0, 100 87.1(1) 12.8
NiNb,Oq 100 230.2(1) 16.6
CoNDb, 05 100 50.4(1) 10.5
€0y sNig sNb,O4 100 52.4(1) 10.4

The standard deviations are presented within parenthesis. The crystallite sizes are calculated only for the main phase present in each sample.

7172 a5 can be

but the degree of agglomeration increases
observed from SEM micrographs.

The selected final Rietveld refinements shown in
Figure 2 include parameters arising from the background
function, instrumental parameters (sample displacement,
scaling factor, preferred orientation), lattice parameters,
and peak shape parameters, all calculated using the pre-
dicted atomic geometries. The atomic coordinates as well
as temperature factors were refined exclusively for the
main isostructural phases, namely, NiNb,Os, CoNb,Og,
and CogsNipsNb,Og, all having an orthorhombic sym-
metry. The Rietveld refinement of CoNi-1 PXRD pattern

revealed that the initial crystal structure quite nicely fits
the one of the CoNb,Oq4 and facilitates comparison with
the previously published experimental result of Weitzel,”?
which was also used as a starting structural model for the
refinement of CoNiNb-1, that is, CogsNijysNb,Og phase
(see Figure 2, bottom).

In particular, the equivalences for the isotropic dis-
placement parameters B, and the x, y, and z parameters
were selected across the data sets for atoms sharing the
same site symmetries (i.e., atoms Co and Ni at 4c sites).
The sum of the site occupancies of Co and Ni atoms was
set to unity. The By, for metal atoms were permitted to be
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TABLE 2
CoNiNb-1 against PXRD data collected at RT.

Unit cell metrics

(A) and v (A3) s.g.
Sample Phase Pbcn Atom
NiNb-12 NiNb,Oq a =14.0328(1) Nil
b = 5.68144(5) Nb1
¢ =5.02236(4) 01
V' =400.416(6) 02
03
CoNb-1 CoNb, O a = 14.147(1) Col
b = 5.7092(4) Nbl
¢ = 5.0410(3) 01
V = 407.14(5) 02
03
CoNiNb-1  CoysNiysNb,Og @ =14.0864(8) Col
b =5.6942(3) Nil
¢ =5.0316(2) Nb1
V = 403.59(3) 01
02
03

The standard deviations are presented within parenthesis.

refined without any restrictions, while the oxygen temper-
ature factors were set at a tolerable value with negligible
impact on the reliability factors. Resulting parameters and
reliability factors from Rietveld refinements of NiNb-12,
CoNb-1, and CoNiNb-1 are listed in Table 2.

The mixing of the molecular oxalate precur-
sors [M(bpy);],[NbO(C,0,4);]Cl-nH,0 (where
M = Co** or/and Ni**; n = 11, 12)*® and

(NH,);[NbO(C,04);]-3H,0% under mild conditions (a
mechanochemical mill is not even necessary) leads by heat
treatment in one step to the desired metal composition
in the oxide phases—binary and ternary columbite-like
materials CoNb,Og, NiNb,Og, and Co 5Nijy sNb,O4 were
successfully synthesized.

3.2 | Surface morphology

The surface morphology of the prepared oxides was
examined by SEM imaging. Due to the high prepa-
ration temperature (1200°C), the NiNb,Og, CoNb,Og,
and CogsNipsNb,Og exhibit a relatively large, densely
arranged particle size of about 2-5 um (see Figures 3 and 4).
Higher magnifications SEM images reveal that particles
are composed of nanometer thick stacked layers of crystals.
Despite differing metal compositions, the oxides exhibit
similar morphologies. The qualitative elemental composi-

Summary of the resulting structural parameters and reliability factors from Rietveld refinements of NiNb-12, CoNb-1, and

x y z Wyck. pos. s.o.f. B, (A%)
0 0.3446(3) 025 4e 1 0.93(3)
03415(4) 0319405 0.2516(1) 8d 1 0.46(2)
0.0930(3) 0.1152(2)  0.079(1) 8d 1 0.87
0.4182(3) 0.1161(5)  0.0794(6) 8d 1 0.76
0.2403(4) 0.1104(6) 0.4116(3)  8d 1 0.43

0 03180(2) 0.5 4c 1 0.433)
03381(3) 0.3240(3) 0.2520(5) 8d 1 0.86(2)
0.0955(5) 0.1037(6) 0.0671(4) 8d 1 0.87
0.4242(6) O0.1151(3) 0.1121(4)  8d 1 0.76
02469(8) 0.1236(4) 0.4302(5) 8d 1 0.43

0 03189(5) 0.5 4c 05  0.46(2)
0 03189(5) 025 4c 05  0.46(2)
0.3388(5) 0.3246(2) 0.2523(4) 8d 1 0.89(4)
0.0959(4) 0.1030(5) 0.0669(7) 8d 1 0.87
0.4246(3) 0.11572) 0.1126(2)  8d 1 0.76
0.2466(9) 0.1237(6) 0.4307(6) 8d 1 0.43

tion was determined by EDX analysis (Table S1) to verify
the purity of the produced materials and the distribution
of certain elements in the sample. The oxides contain only
the elements O, Nb, and Ni/Co or both, with no other
metals detected. In addition, EDX elemental mapping was
performed to understand the elemental distribution in
the produced oxides. The insets in Figures 3 and 4 indi-
cate that elements Ni, Co, Nb, and O are homogeneously
distributed, demonstrating that this modified molecular
precursor-to-material synthesis method is very effective for
obtaining uniform highly crystalline ternary metal oxides.

The particle size distribution patterns of the prepared
niobate oxide particles used for photocatalytic experi-
ments are shown in Figures S1 and S2. The distribution
curves show that a large fraction of the particles for all
these oxides are in the range below 0.5 pum, which is
slightly smaller than the particles observed with SEM
imaging. This is related to the grinding and the ultra-
sonic conditions to which these oxides are subjected before
the catalytic experiments, causing a partial splitting of
the physical agglomerates observed in the SEM. Accord-
ing to the particle size data d(0.1), d(0.5), and d(0.9)
given in Table S2, the number-based average size is very
similar for NiNb,O4 (NiNb-12), CoNb,O4 (CoNb-1), and
Co(5Niy5Nb,O (CoNiNb-1). This is to be expected as
all oxides were prepared by decomposition of oxalate
precursor complexes using the same thermal treatment
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FIGURE 3

Low and high magnification scanning electron microscopy (SEM) images of the solid solution Co, sNi, sNb,O4 prepared by

molecular precursor-to-material route at 1200°C. Insets show corresponding EDX element mapping with the distribution of elements Co, Ni,

Nb, and O in the solid solution oxide.

FIGURE 4 The SEM images of the single-phase CoNb,Og and NiNb,Og prepared by molecular precursor-to-material route at 1200°C.
Insets show corresponding EDX element mapping with the distribution of elements Co or Ni, Nb, and O oxides.

procedures. The volume-based average size (Table S3)
shows that the CogsNijs;Nb,Og (CoNiNb-1) has only a
slightly smaller average volume than NiNb,O4 (NiNb-12)
and CoNb,Og4 (CoNb-1), which together with other factors
(such as crystal grain size, band gap, etc.) may reflect its
better catalytic performance.

3.3 | Electrical characterization

Conductivity isotherms for CoNb,Og, chosen as represen-
tative of all studied samples, at different temperatures are
shown in Figure 5A. The resulting conductivity spectra

reveal distinct features, including high-frequency disper-
sion and a low-frequency plateau. The high-frequency dis-
persion is ascribed to alternating current (AC) conductiv-
ity, whereas the low-frequency independent plateau relates
to the DC conductivity of the material. The dispersive
behavior is clearly visible at lower frequencies and tem-
peratures, and as the temperature rises, it shifts to higher
frequencies. Figure 5B shows conductivity isotherms at
240°C for each sample, illustrating differences in the DC
conductivity values between them.

The DC conductivity of all samples shows a thermally
activated Arrhenius-like behavior marked by a distinc-
tive linear correlation between log(opcT) and 1000/T,
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(A) Conductivity spectra for CoNb,Oq; (B) Conductivity spectra for all samples measured at 240°C; (C) Arrhenius plots of

direct current (DC) conductivity [log(opcT) vs. 1000/T] and (D) DC conductivity at 120°C (full line) and activation energy for DC conductivity
(dashed line) for individual samples. The lines are drawn as guides for the eye.

showcasing characteristic activation energy. In the inves-
tigated temperature range, above RT, the conduction is
ascribed to the correlated barrier hopping (CBH) con-
duction mechanism. This process involves charge carriers
leaping between sites across potential barriers that sep-
arate them, and it has been documented in columbite-
like systems,”*”7 as well as in diverse perovskites and
spinel oxides.”®®" The temperature dependence of the
DC conductivity is usually expressed by the following
relation:

—E
opcT = o exp < k};;?) (6)

where op is the DC conductivity, 0¥, is the pre-exponent,
kg is the Boltzmann constant, and T'is the temperature (K).
The resulting Arrhenius equation is linearly fitted to the
plot log(opcT) versus 1000/T, as illustrated in Figure 5C,
where the slope of the fit provides the activation energy,
Epc. The determined values of Epc and DC conductivity
given in Table 3 align well with the values reported in the
literature for similar systems.”*7677:8!

Figure 5D shows the changes in the values of the DC
conductivity and the activation energy that occur when
Ni?* is exchanged for Co?*. Notably, CoNb,O¢ has the
greatest opc value, while NiNb,Og and Cog sNij 5Nb,Og
have similar conductivities. The observed trend in conduc-
tivity is intriguing in a number of ways. First off, processing
samples at higher sintering temperatures (1200°C) may
cause oxygen loss, which might result in the creation of
oxygen vacancies released electrons. Since the three sam-
ples were subjected to the same heat-treatment conditions,
the concentration of charge carriers, that resulted from this
thermal process, should have been somewhat consistent
throughout the samples, having a negligible influence on
the observed trend. Second, grain size becomes an impor-
tant factor to take into account. Changes in grain size can
impact electrical conductivity and dielectric properties by
changing the density and features of grain boundaries.
In our case, owing to the high preparation temperature
(1200°C), all of the samples exhibit a densely arranged par-
ticle size of about 2-5 pm (see Figures 3 and 4) with similar
morphologies. This does not appear to have a major impact
on the electrical/dielectric properties.
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TABLE 3 The values of DC conductivities, op¢, activation energies, Epc, and selected dielectric properties of studied samples.
Sample Phase 2gpc/(Q 7 cm™) Epc/eV  Pt,/s LI LI ‘g'(w) “tand
NiNb-12 NiNb,O¢ 3.96 x 1071 0.68 4.6 x1072 2.7%x1072 1.6 x1073 5.7 0.008
CoNb-1 CoNb, 04 2.64 x1071 0.42 9% 1073 6x 1073 1.9 x 1074 9.1 0.033
CoNiNb-1 Co, 5Nig sNb,Oq 224 x1078 0.69 23x107! 1.2x 107! 1.8 x 1073 1.1 0.007

2at 120°C;

bat 240°C;

€at 10 kHz.

Therefore, the key element affecting the DC conductiv-
ity trend in the current research is linked to the unique
electronic configuration of the different transition metal
ions (Co?* and Ni?*) and their consequential impact on
the conduction mechanism.”>’”%2 The Co,sNijsNb,04
exhibits a distinctive behavior, where the combination of
Co?* and Ni?* ions in a 1:1 ratio introduces a complex
interplay of their respective effects on the conductivity. The
interactions between mixed metal centers disrupt the lat-
tice, confining active electrons and resulting in a decrease
in conductivity.®* Surprisingly, the DC conductivity for this
sample does not display a monotonic shift with composi-
tion modifications, nor does it lie between the values seen
for samples containing solely Co*™ or Ni’*. In contrast,
the DC conductivity for the mixed sample shows a mini-
mum value, followed by a maximum in energy activation
(see Figure 5D and Table 3). In contrast to the CoNb,Og
sample, which has the highest DC conductivity and lowest
energy activation of 0.42 eV, the observed value is simi-
lar to the NiNb,Og4 sample, but both samples exhibit two
orders of magnitude lower DC. This can be attributed to
the higher numbers of unpaired electrons for Co** in the
outer electron shell. The sample Co 5Nij sNb,O4 exhibits
minimal conductivity, indicating that structural features
hinder electrical transport in this mixed system, even with
an increase in charge carriers. This highlights the intri-
cate relationship in the system under study between the
material composition, structural features, and electrical
properties.

For sample CogsNijsNb,Og, the imaginary compo-
nent of the modulus revealed a temperature-dependent
peak, M" ..y, indicating the electrical relaxation nature
(Figure 6A). The asymmetry of the peak suggests a nonuni-
form relaxation process and possible contributions from
more than one relaxation process whose maxima overlap
due to similar relaxation times. The frequency domain pre-
ceding the peak maximum M’’ defines the regime where
charge carriers exhibit long-range mobility. In contrast, as
frequencies surpass the peak maximum, carriers experi-
ence confinement within potential wells, restricting their
mobility to shorter distances. Peaks in the M’ curves,
in particular, display an asymmetric and broader profile,
deviating from the idealized Debye curve. Similar behavior

is observed in other samples investigated in this study. Like
M'"', Z'" exhibits a temperature-dependent peak at a partic-
ular frequency. A single maximum in the lower frequency
region indicates that the process at a lower frequency, char-
acterized by higher resistance, overshadows the process
at a higher frequency. Furthermore, the normalized plot
Z" [Z" nax Versus f/fz»max (inset in Figure 6B) provides the
FWHM of ~1.9 decades, surpassing the 1.14 decades for
Debye-type FWHM. This discrepancy indicates a deviation
from ideal Debye-type relaxations, suggesting a non-Debye
type of relaxation.”*”%* Moreover, the M’ curve exhibits
an even greater FWHM value (~3.3 decades). For CoNb,Og
and NiNb,Og, these values are slightly lower, being 1.8 (Z")
and 2.9 (M"") for CoNb,0Oq, and 1.6 (Z”) and 2.7 (M"’) for
NiNb,Og, respectively. Figure 6C depicts normalized M”
and Z” curves for the Co, sNijy sNb,O4 sample, serving as
representatives of all the samples in this study. The super-
imposed nature of M"”/M" ... and Z"/Z" ... curves reveals
two distinct relaxation processes. The Z'' curve displays
a single maximum that nearly aligns with the first of the
two maxima in the M"’ curve, marked f~, it is assigned
to the same relaxation process, that is, grain bound-
ary. The second peak, marked fys,~, is related to grain
contribution.

By identifying the frequency corresponding to the peak
maximum in M” and Z” curves, the relaxation times, 7,
and t,;~, at a specific temperature can be calculated using
the equation 7 = 1/(27v). The calculated relaxation times,
as shown in Table 3, follow the opposite trend compared to
the DC conductivity trend, with the fastest relaxation times
observed for the sample with the greatest DC conductiv-
ity value, supporting the relationship between electrical
properties and relaxation times. To elucidate the dis-
tinct contributions to overall conductivity, the results of
impedance measurements are presented in the complex
impedance plane through the Nyquist plots, as depicted
in Figure 6D. The shape of each complex impedance spec-
trum is directly influenced by various processes and effects,
including the existence of grain boundaries. In this study,
we applied an EEC modeling approach to Nyquist plots
using the CNLLSQ fitting procedure.

At first glance, only a single semicircle is apparent in
the complex impedance plots, owing to high resistance
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FIGURE 6 (A) The frequency variation of imaginary part M” of complex modulus spectra at different measured temperatures for
sample Co, sNij sNb,Og; (B) The plot of Z”/Z" ., versus frequency, where inset is the normalized plot Z”/Z" ., versus f,»/f7nmay; (C)
Frequency dependence of normalized M” and Z” curves, and (D) Complex impedance plot at 210 and 240°C for sample Co, sNi, sNb,O, with
corresponding equivalent circuit used for fitting the data is shown in the inset.

and the predominance of one specific process or effect, see
Figure 6D. However, based on the previous analysis of fre-
quency maxima derived from the imaginary components
of the modulus and impedance (see Figure 6A-C), it was
deduced that the second process exists at higher frequen-
cies, though barely visible due to lower resolution. Subse-
quently, the experimental data are fitted onto two R-CPE
circuits connected in series. The high-frequency semicircle
is ascribed to grain contribution, whereas the predominant
low-frequency semicircle represents the response from
grain boundaries. The obtained capacitance values for both
relaxation processes fall within the range of 107! F and
are associated with significant grain fractions and grain
boundaries.®>% On the other hand, the resistance values
of the grain boundary consistently exceed the grain resis-
tance values (by a factor of 10) across all samples, and the
corresponding semicircles are more depressed, which is
consistent with the results of relaxation studies, emphasiz-
ing their dominant role in electrical contributions in these
columbite systems. The Nyquist plots reveal a reduction in
the size of the semicircles as the measurement tempera-
ture rises, as illustrated by the dark-yellow data points at

210°C and the red data points at 240°C (see Figure 6D).
This suggests that the resistance introduced by both the
grain and grain boundary to charge transport diminishes
with increasing measurement temperatures.

The real component of complex permittivity, €'(w),
also known as the dielectric permittivity, is depicted in
Figure 7A, showcasing its frequency-dependent behav-
ior at various temperatures for CoNb,Og4, which serves
as a representative sample. The ¢ spectra exhibit two
characteristic regions: dispersion, which occurs at lower
frequencies, and a constant value, ¢, achieved at higher
frequencies. This constant value of ¢, results from the fast
polarization processes occurring in the samples under the
applied field.

Figure 7A further shows that as the temperature rises,
the frequency range dominated by charge carrier contri-
bution expands, as charges acquire sufficient energy to
overcome barriers and be released.”*” To further eluci-
date the impact of frequency and temperature on dielectric
permittivity, the values of ¢” at the three selected frequen-
cies across the measured temperature range are illustrated
in Figure 7B. It can be seen that as the frequency rises,
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FIGURE 7 (A)Frequency and temperature dependence of dielectric permittivity for CoNb,Og; (B) Temperature dependence of

dielectric permittivity for CONb, Oy, at various frequencies and (C) Frequency dependence of loss factor, tand, for all samples at 30°C. The

inset in (C) shows the compositional dependence of tané for all samples at 30°C and 10 kHz.

¢’ values become almost temperature-independent. Inter-
estingly, the literature sources reported different dielectric
permittivity values for CoNb, O (20.5,* 22.0,%° 22.877) and
NiNb, Oy (22.6”7), which are greater than the experimen-
tal values found in this study, as shown in Table 3. The
difference between the experimental values of ¢’ in this
study and the literature data can be attributed to the fact
that permittivity data are directly influenced by sample
thickness.®>” The samples in this study were very thin
(~0.2 mm).

All samples had a low dielectric loss (Figure 7C), with
NiNb,O¢ and Cog;sNipsNb,Og having almost identical
values. It is worth noting that the composition depen-
dence of tand closely aligns with the trend observed in
DC conductivity (see Figure 5D). The CoNb,O¢ has the
greatest value due to its higher conductivity,” whereas
Coy5NiysNb,Og has the lowest tand value. These results
indicate a remarkable influence of the cations present in
these systems on both ¢” and tané values, consistent with
previous research.”’

Although the electrical/dielectric experiments in this
study were conducted in atmosphere of pure nitrogen
(noilluminated conditions), they provide valuable insights
into the intrinsic charge transfer dynamics of the mate-
rial. By examining the conductivity, dielectric properties
and relaxation processes using impedance spectroscopy,
we gain a clearer understanding of how charge carriers
behave within the material under the influence of struc-
tural features. Observations such as the CBH mechanism
and the role of grain boundaries in charge transport are
important to understand how the material might func-
tion in a photocatalytic setting, where efficient charge
separation and transport are critical. While this study
does not cover electrochemical studies under light expo-
sure, future work in this area that we plan, could provide
significant insights for a more comprehensive understand-

ing. In particular, how the electrical/dielectric proper-
ties of the material in illuminated environments, impact
its performance in applications such as photocatalysis
and solar-driven energy conversion. We plan to continue
these investigations in future research to fully explore
the potential of Co;_,Ni,Nb,O4 under realistic operating
conditions.

As mentioned above, the NiNb,O¢ has already shown
promise as an anode material in lithium-ion batteries
as it exhibits high performance and stability, making
this family of oxides very suitable for next-generation
energy storage devices.*®*° The high dielectric permittiv-
ity and low dielectric loss of these materials, particularly
of Coq;sNijsNb,Og, suggest that they could be useful as
dielectric materials in resonators and capacitors.> The
dependence of conductivity on temperature and frequency,
together with the non-Debye-type relaxation processes,
opens up potential applications in temperature and pos-
sibly humidity sensors. These materials could be used for
the development of sensitive devices that detect changes
in environmental conditions, as their electrical properties
can be tuned and adapted to specific sensing applications.
We therefore plan to continue this study in this direction.

3.4 | UV-Vis spectroscopy measurements
and photocatalytic degradation of MB dye

The experimental optical DRS spectra of CoNb,Og,
NiNb,O4, and CogsNipsNb,Os were measured in the
range of 300-1200 nm. As shown in Figure 8 all oxides
exhibit absorption bands in the visible part of the spec-
trum. The bands at 446 and 824 nm in the spectrum of
NiNb,O4 oxide are related to spin-allowed transitions in
NiOg octahedron: 3T;4(P) « 3A,, and *T;, < 3A,,, respec-
tively. Two spin-forbidden transitions, to 'Tj, and 'E,
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FIGURE 8 The optical properties of CoNb,Og, NiNb,O,, and Co, sNi, sNb,Oq4: (A) Kubelka-Munk diffuse reflectance absorption

spectra ranging from 350 to 1050 nm; (B) Tauc’s plots corresponding to indirect transitions; (C) Excitation (1., = 421 nm) and emission

(Aex = 402 nm) spectra of the NiNb,O,4 samples prepared at 1200°C.

levels, are also observed as bands around 500 and 740 nm.
These bands are also present in the Cog sNip sNb,Og, along
with bands typical of cobalt(II) in octahedral environment,
namely, the spin allowed transitions *T;4(P) « *T;, and
4A2g « 4Tlg, appearing as bands at ~524 and 582 nm,
respectively. The spectrum of CoNb,O4 shows only bands
related to cobalt(II) in octahedral environment.”?

Tauc’s plots from diffuse reflectance measurements
were calculated to estimate the band gap energy of pre-
pared oxides. The DFT calculations revealed that NiNb,O¢
and CoNb,0O¢ had an indirect band gap allowed at pho-
ton energies of 2.8 and 1.8 eV, respectively.”>** The results
presented here are in fair agreement with calculated val-
ues and earlier experimental studies,”°° indicating a band
gap of 1.84 eV for CoNb,O4 2.22 eV for NiNb,Og and
1.89 eV for CogsNijpsNb,Og. For NiNb,Og4 oxide fluo-
rescence measurements at RT (Figure 8C) reveal a blue
emission centered at 421 nm upon 402 nm excitation,
which is consistent with earlier literature reports on the
photoluminescence properties of NiNb, Q.

The main source of textile wastewater pollution are
dyes, which are not biodegradable due to their extreme
chemical stability. They have harmful effects on both the
aquatic life and human health. Additionally, they affect
the color of the water and reduce the light transmission
of the water. Therefore, the most important thing is to
find a simple and efficient way for treating the wastewater.
The photocatalytic process is a very efficient, cost-effective,
and environmentally friendly treatment compared to exist-
ing technologies. Hence, many binary and ternary oxide
semiconductors have been investigated with regard to dye
degradation.”’~*° In contrast, photocatalytic materials that

can utilize visible light are more attractive than those that
function under UV light, which accounts for less than 5%
of the total energy emitted by the sunlight. The photocata-
lysts in the visible light area (420 nm < 4 < 800 nm) may
be formed by oxides with a band gap of 2 eV, as shown by
previous research.!?0-102

The  photocatalytic ~ properties of  columbite
Co;_4NiyNb,04 (x = 0, 0.5, and 1) were investigated
by studying the degradation of aqueous solutions of
MB dye under visible light. Despite suitable band gap
energies the irradiation process revealed a rather poor
photocatalytic efficiency of the studied oxide materials in
the degradation of organic dye (see Figures S3 and S4).
The absorption peak of the MB dye in the spectra remains
constant as the irradiation period increases.

For the samples annealed at higher temperatures the
average particle size of an oxide inevitably grows. In gen-
eral, an increase in the average particle size reduces the
specific surface area, which in turn reduces the den-
sity of active sites on the surface and also increases the
recombination rate of electrons and holes on the sur-
face of the catalysts. Both factors have a negative effect
on photocatalytic degradation, which could explain partly
poor photocatalytic performance of the studied oxides.
On the other hand, the energy band gap decreases with
increasing particle size. The reduction in the band gap
leads to optical absorption in the visible part of the spec-
trum, which enhances photocatalytic degradation under
sunlight.'®

The literature on the photocatalytic properties of
columbite Co;_,Ni,Nb,O4 (x = 0, 0.5, and 1) is very
scarce and refers mainly to the NiNb,Og4. It was found
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that NiNb,O¢ with different varying amounts of graphene
oxide (RGO; 5, 10, and 15 wt.%) prepared hydrothermally
by ultrasonic synthesis were exposed to visible light for
the degradation of doxycycline (DOX) and tetracycline
hydrochloride (TC) in water. The binary nanocompos-
ites increased activity compared to NiNb,Og4 (64.3% and
59.8%), with the highest activity achieved for the 10 wt.%
RGO sample (NiNb,O4/10 wt.% RGO) which degraded
89.2% and 94.1% DOX and TC, respectively, in 80 min.”®
The potential of NiNb,O¢ as a water splitting photocata-
lyst was also investigated. It was found that H, evolution
from water with pure NiNb,Og under visible light had a
very low rate, although this could be improved by surface
modification to suppress electron-hole recombination.*’
Recently, the construction of three-dimensional (3D)/two-
dimensional (2D) heterojunctions has been considered as
a viable strategy to overcome the fast recombination of
charge carriers. To this end, a 3D NiNb,O4—2D E-gC3N4
(graphitic carbon nitride) type-II heterojunction was pre-
pared as a dual catalyst for photoreduction of Cr®* to Cr3*
and the photo-oxidation of MB, malachite green (MG),
and crystal violet (CV) under visible light. The band gap
and photocatalytic activity were also investigated for pure
NiNb,O4. Among the prepared catalysts, the NG-20 com-
posite (80% of NiNb,O¢ and 20% of E-gC3;N,) exhibits
excellent photocatalytic activity in removing 97% of Cr%* in
120 min and degrading 97.4%, 96.1%, and 98% of MB, MG,
and CV, respectively in 20 min under direct sunlight.!%*

In order to improve the photocatalytic activity of Co,
Ni niobate oxides by generating more highly reactive
hydroxyl radicals and avoiding the hole-electron recom-
bination, H,0,-assisted degradation was used.'”>"'"’ In
general, H,O, accepts electrons from the conduction band
and immediately converts to OH* radicals, which favors
the concentration of holes for the oxidation process. It is
known that the generated holes are mainly involved in the
recombination process, but not in the formation of the OH*
radicals, since the reaction time for the formation of the
OH' radicals (~10~3 s) is much longer than the recombina-
tion time at the surface (~107'2 s). These strongly oxidizing
radicals react with the organic dyes, and lead to a destruc-
tive oxidation process in the dyes.'’° In addition, the H,0,
is a better electron acceptor than 0,.'%7

The optical absorption spectra of the MB dye solutions
with the electron-capturing agent H,0, after different
irradiation time intervals in the presence of CoNb,Oq,
NiNb,Og4, and CogsNijsNb,Og are shown in Figure 9.
The absorption peaks of MB dye gradually decrease with
increasing irradiation time, suggesting a decrease in dye
concentration in the solution due to the degradation. The
degrading impact of H,O, on MB was evaluated without
catalysts. Figure 9 shows the optical absorption spectra of
the MB dye in the presence of the assisting agent H,0,

at different irradiation time intervals. After 270 and 330
min of irradiation, the MB pollutant degraded by 48%
and 52%, respectively. The characteristic absorption peak
of the MB model pollutant in the presence of H,0, and
the photocatalysts CoNb,Og¢, and NiNb,O4 was degraded
by 78% and 87%, respectively, after 330 min of irradiation
(Figure 9). In the presence of H,0, and the photocatalyst
Co,5Niy 5Nb,O4 the characteristic absorption peak of the
MB dye was reduced for 90% within a time interval of 270
min. The degradation efficiency of MB dye pollutant in
the presence of H,0, was calculated based on the curves
of C/C, versus irradiation time, as shown in Figure 10A.
It is evident that the degradation efficiency of MB in the
presence of H,0, and the photocatalysts was about 26% for
CoNb,0g, 35% for NiNb,Og¢, and 38% for Co sNig sNb,Og,
which exhibit the best photocatalytic activity in the series.

In order to understand the reaction kinetics of dye degra-
dation, curves of In(C/Cy) versus time were generated
for all three samples. The plot of the reaction kinetics
points to the Langmuir-Hinshelwood model, indicating
that the reaction is pseudo-first-order (Figure 10B). The
concentration of MB decreases gradually, and it is evi-
dent that the reduction follows an essentially linear trend
(Table S4). The k,p,,, values of the products increased from
4.09 X 1073 min~! to 7.81 x 1073 min~!, in the order
Cog.sNip sNb,Og > NiNb, O > CoNb,Og, whereas k,,, was
2.12x 1073 min~! in the blank experiment (Figure 10A and
Table S4).

These experiments show that the presence of H,0,
plays a crucial role in the photocatalytic mineralization
of MB under Vis irradiation, especially for the photo-
catalyst Coq 5NijsNb,O4. Remarkably, it turned out that
the electron capturing agent was important to control the
surface recombination process in the investigated oxides,
enhancing the photocatalytic degradation activity. Since
the photocatalytic activity of the prepared and tested oxides
Co;_,Ni,Nb,O4 (x = 0, 0.5, and 1) in the decomposition of
MB dyes under Vis irradiation has not been investigated
so far, it is not possible to compare the maximum degrada-
tion efficiency obtained for the same oxides prepared by a
different method.

To investigate the reusability and stability of the inves-
tigated oxides as photocatalysts, repeated degradation
experiments were performed under the same photocat-
alytic conditions, with the oxide showing the highest
degradation efficiency. Figure 11 shows the reusability
of four runs in the presence of CogysNijsNb,Og as a
photocatalyst for MB degradation. After the catalyst was
reused four times, it maintained its photocatalytic behav-
ior, but the MB degradation efficiency was slightly lower
after two cycles. In addition, the structural stability of
the sample used as photocatalyst for the degradation of
MB in four cycles was demonstrated by PXRD patterns.

85U80|7 SUOWIWIOD A1) 3cedl|dde au Aq peusenob afe saolie O ‘@SN JO s3I 104 Akeid18ulUQ A8]1M UO (SUORIPUOD-PUR-SLUBIA0D A8 1M AeIq 1 BU1 [UO//:SANY) SUORIPUOD pue SWie | 8U 88S *[G202/90/92] Uo ARiqiauluo 48] e 11eoiD aueiy0D A G8¥0Z 8 (/TTTT 0T/I0P/W0D A8 | IM AeIq Ul U0'SOURIe0;/SdNnY WOy pepeo|umod . ‘SZ0Z ‘9T6ZTSST



LOZANCIC ET AL.

17 of 24 Journa

< American Ceramic Society

0.4

104 ¥ MB, Vis, blank . 104 MB, Vis, blank
MB, Vis )
o om o] | —gmn MB, Vis
. 90 min
2 os 150 min
2 ——210 min . s
083, o D 0 min
l , 45 min —— 45 min
0 oz Yy 4 —_— 1 a
8 1 90 min 3 —— 90 min
c 0.6 —— 150 min = - i
S “ = - e = e = P o - 150 min
5 Wavelength (am) 210 min = T —— 210 min
2 5id 270 min 2 8
< ——— 330 min < 7
0.2 1 0.2 4
0.0 0.0 4
T T ¥ T T T L T
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)
(A) (B)
104 ™ MB, Vis, blank o MB, Vis
o [ s /
o S0 min
% 06 150 min :
08¢ e rouin —— 0 min
S 04 —— 330 min B
* —— 45 min
8 o —— 90 min
< 06 o —— 150 min
'g Wit o —— 210 min
173 —— 270 min
0
<

0.2 H

0.0

T
500

T
600

T
700

Wavelength (nm)
(C)

FIGURE 9 Time-dependent UV-Visabsorption spectra of the decomposition of MB dye solutions under visible irradiation in the
presence of H,0, and (A) CoNb,Og, (B) NiNb,Og, and (C) Co, 5sNi, sNb,O¢. The corresponding blank experiments are shown in insets.

No structural changes of the sample occurred during the
degradation of the organic dye, which can be clearly
seen in Figure S5, indicating its stability. The results
show that the synthesized materials are suitable for prac-
tical application due to their reusability and structural
stability.

Under Vis irradiation, the valence band electrons of
the composite photocatalyst are excited into the conduc-
tion band, leaving the holes in the valance band. Of
the resulting electron-hole pairs, some are involved in
recombination and the rest move on the surface to partic-

ipate in the chemical reaction with the electron acceptor
and donor.!%>"1%7 The photogenerated electrons react with
dissolved O, to form superoxide radical anions (O, 7):

02 +ecg — O;' (7)
In addition, H,0, accepts electrons from the conduction
band and immediately converts to OH" radicals, which

favors the concentration of holes for the oxidation process:

H,0, +e;, — OH"+OH" (8)
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the presence of the photocatalyst Co, sNij sNb,Og.

It is possible that the O,°~ radicals convert to hydroper-
oxy (OH,") and OH" radicals.

H202 + 02'_ — OH° + OH™ + 02 (9)
0,"” +H* - OH,

Meanwhile, the photogenerated holes react with H,O or
HO™ and form OH" radicals.

H,0 + h{, - OH" + H* (10)
OH™ + h;, — OH" an

It should also be considered that the direct photolysis
of H,0, and the formation of free radicals occurs after
the absorption of visible light, which can be assumed to
be the predominant rate-increasing mechanism in this

process'?’:

H,0, + hv — 20H" 12)

These generated radicals are the main active species for
the degradation of the MB dye molecules by destructive
oxidation process. In this way, the dual catalysts, the oxide
and H,0, can affect the degradation of MB dye.'*>"197 The
photodegradation mechanism of MB dye on the surface
of the oxides Co;_,Ni,Nb,Og¢ in the presence of H,0, is
schematically shown in Figure 12.

To confirm the proposed reaction mechanism, trap-
ping experiments were performed to identify the main
reactive species involved in the degradation of MB with
Co;_,Ni,Nb,0O¢ (x = 0, 0.5, and 1) as photocatalysts. Pho-
todegradation was carried out in the presence of IPA, BQ
and Na,-EDTA in aqueous dye solutions during irradiation
experiments, which act as quenchers for hydroxyl radi-
cals (OH"), superoxide radical anions (O,°~), and holes
(h*), respectively.!®®110 All reaction conditions were the
same as for the photocatalytic activity tests, with the
exception of the addition of the scavenger, which was
done before the catalysts were added to the solution. As
can be seen in Figure 13, the addition of IPA signifi-
cantly decreased the degradation of MB in the presence
of Cog sNij sNb,Og, indicating that the main active species
in hydrogen-peroxide-assisted photocatalytic degradation
of MB are OH" radicals. This is due to the fact that the
hydroxyl radicals generated in the reaction mixture are
immediately trapped by IPA and thus are not available for
the degradation of MB.

The niobium-based columbite-type oxides found in the
literature, whose photocatalytic properties for the degrada-
tion of organic dyes have been studied (Table S5),!04 111114
are mainly active in the UV range, in contrast to the
Co;_,Ni,Nb,O4 oxides (x = 0, 0.5, and 1). This confirms
that a larger average particle size reduces the energy band
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gap and thus shifts the degradation of organic dye to the
visible range.'”> On the other hand, the larger average
particle weakens the photocatalytic activity of the oxides,
which must therefore be driven by H,0,. Recently, a 3D
NiNb,0¢/2D E-gC;N, type-1I heterojunction was investi-
gated as a dual catalyst for the photoreduction of Cr%* to
Cr3* and the photo-oxidation of MB, MG, and CV under
visible light. The band gap and photocatalytic activity were
also investigated for pure NiNb,Og prepared by solid-state
reaction. The photocatalytic activity was 66%, 81%, and 73%
for the degradation of MB, MG, and CV, respectively, in 20
min under direct sunlight.'%*

The schematic representation of the photodegradation mechanism of MBdye on the surface of Co,_,Ni Nb, O, in the

Finally, it should be emphasized that the correlation
between the electrical properties of a material and its pho-
tocatalytic activity is complex, but can be understood in
terms of key parameters. Properties such as electrical con-
ductivity and dielectric permittivity influence charge car-
rier dynamics, in particular the separation and transport of
electrons and holes, which are essential for photocatalytic
reactions.

The kinetic constant (k) reflects the photodegrada-
tion rate, which is often associated with the efficiency
of charge separation in the photocatalyst. A higher k
value indicates faster degradation, which is associated
with better charge transport properties, such as higher
DC conductivity and lower activation energy for charge
transfer.'® The k,p, values of the products increased
from 4.09 x 1073 min~! to 7.81 x 1073 min~!, in the
following order CogsNipsNb,Og > NiNb,Og > CoNb
50s.

Although the dielectric permittivity does not directly
affect the photocatalytic process, it plays a significant role
in reducing charge carrier recombination and enhancing
photocatalytic efficiency.''® The dielectric permittivity (")
indicates the ability of a material to store electrical energy
in the presence of an electric field. A higher dielectric per-
mittivity indicates that the material is more capable of
polarizing in response to an external field, which improves
its ability to separate and retain charge carriers. When
the material is exposed to visible light, electrons from the
valence band are excited to the conduction band, leaving
holes behind. Efficient separation of these photogener-
ated electron-hole pairs is critical, as they are responsible
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for driving the photocatalytic reactions. In addition, a
high dielectric constant typically reduces the Coulom-
bic attraction between the photo-generated electrons and
holes, facilitating their separation and thus preventing
recombination that would otherwise reduce photocatalytic
efficiency.'® Comparing the properties of the prepared
samples (Table 3), it can be seen that Co sNij sNb,Og has
an optimal balance between conductivity and dielectric
permittivity, resulting in the best photocatalytic perfor-
mance (38%). It has a high dielectric permittivity which
improves the separation and mobility of charge carriers
and reduces recombination, leading to greater efficiency
in the degradation of dyes under visible light. In contrast,
NiNb,O¢ with a slightly higher conductivity and lower per-
mittivity, with dielectric loss in the same range (~1073)
achieves a lower degradation of 35%. At the same time,
CoNb,0q has the highest DC conductivity [2.64 x 107!
(Q cm)~!], but has a higher dielectric loss (~10~2) and
higher permittivity, which leads to a further decrease in
photocatalytic performance (26% degradation). In addi-
tion, a material with a higher dielectric constant can
influence its surface charge distribution, which improves
the adsorption of polar molecules such as the MB dye
on the catalyst surface.!'® Adsorption is a crucial step in
the photocatalytic process as it brings the dye molecules
into proximity with the photogenerated reactive species.
The more efficiently the dye molecules are adsorbed, the
more likely it is that they will be degraded by the reac-
tive species formed during the photocatalytic reaction.
This means that the higher the dielectric permittivity, the
more efficient this process is, leading to higher degradation
rates.

In general, the performance of photocatalytic systems
is highly dependent on various operating parameters that
control the photocatalytic degradation of the organic com-
pounds. Some of these factors are the type of photocatalyst,
morphology, crystallite size, preparation method, surface
area, band gap, porosity, catalyst concentration, pH of the
medium, addition of electron acceptors and donors, ini-
tial pollutant concentration, irradiation time, and light

SOUI'Ce.47’103‘H7

4 | CONCLUSIONS

In summary, we report here an unexplored approach for
producing mixed metal oxides: grinding the mixture of
different molecular oxalate precursors prior to thermal
treatment. Our results for the preparation of columbite-
type oxides, CoNb,Og4, NiNb, O, and Coq ;Niy ;Nb,Og, are
proof of concept that binary and ternary oxides can be
prepared using two or three different precursors in the
appropriate ratio to ensure the desired metal composi-

tion. However, to obtain the pure phase composition, a
number of parameters, including holding times, annealing
temperatures, and heating and cooling rates, must be opti-
mized. The experiments showed that controlled annealing
at 1200°C for 10 h with a constant rate of 10°C min~"
for heating and cooling resulted in single phases with a
nanocrystallite size. Moreover, to our knowledge, this is
the first time an orthorhombic Co, sNi, sNb,O4 phase has
been prepared and characterized, and just using this mod-
ified molecular precursor route. The results confirm that
the Co;_,Ni,Nb,O¢ (x=0, 0.5, and 1) semiconductor nano-
materials could exhibit good photocatalytic activity for the
removal of organic compounds from wastewater in the
presence of H,0, under sunlight, as the estimated optical
band gaps are 1.84-2.22 eV. The electron capturing agent
plays a crucial role in controlling the recombination pro-
cess at the surface, leading to a significant improvement
in photocatalytic degradation activities (degradation effi-
ciency was 26-38%). Radical trapping experiments indicate
that OH" radicals play an important role during the MB
degradation.

The study investigates the DC conductivity and shows
a thermally activated Arrhenius-like behavior with a
CBH conduction mechanism, with activation energies
ranging from 0.42 to 0.69 eV. The interplay of Co**
and Ni?* ions significantly influenced the conductivity
trend, which did not alter monotonically with com-
position modifications. The CoNb,Os has the greatest
conductivity [2.64 x 107! (Q cm)~! at 120°C], while
NiNb,Og and CogsNigsNb,Og have two orders of mag-
nitude lower values. In addition, the complex modulus
formalism and impedance analysis, provided insights into
non-Debye-type relaxations, emphasizing the contribu-
tions of grains and grain boundaries to charge transport,
highlighting the predominant role of grain boundaries
in these complex systems. This comprehensive under-
standing improves insight into the intricate relationship
between the material composition, structural features,
electrical and photocatalytic properties in these oxide
systems.
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