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ABSTRACT 

In this study, copper niobate was synthesized using the solid-state reaction route, aiming to achieve phase-
pure, highly crystalline samples suitable for detailed structural and electrical investigations. Microscopic 
studies using SEM and TEM revealed distinct morphological features associated with grain growth, surface 
texture, and microstructural stability. Complementary spectroscopic techniques, including Raman and FTIR, 
were used to elucidate the local bonding environment and vibrational modes related to NbO₆ and CuO₆ 
octahedra. These spectroscopic signatures further validated successful synthesis and structural stability. 
Thermal behavior and phase transitions were assessed using TGA/DTA, confirming the thermal robustness 
of the prepared materials. Overall, the research provides a systematic understanding of the synthesis, phase 
formation, structural characteristics, dielectric response, and electrical/magnetic behavior of copper 
niobate. The findings contribute valuable insights toward optimizing copper niobate materials for advanced 
applications in sensors, microwave devices, photocatalysts, and next-generation energy storage technologies 
such as high-rate lithium-ion batteries.  
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INTRODUCTION 

Studies on the structural and characterization 
aspects of copper niobate columbite materials 
focus on understanding their crystal structure, 
phase formation, and physical-chemical properties 
for potential applications in electronic, catalytic, 
and dielectric devices. Copper niobate, typically 
represented as CuNb₂O₆, crystallizes in an 
orthorhombic columbite structure, which is often 
synthesized through solid-state reaction or sol-gel 
techniques. Structural analysis using X-ray 
diffraction (XRD) helps determine lattice 
parameters, crystallite size, and phase purity, while 
scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) reveal 
surface morphology and microstructural features. 
Spectroscopic techniques such as Fourier-
transform infrared (FTIR) and Raman 
spectroscopy provide information on bonding and 
vibrational modes, whereas thermal analysis 
(TGA/DTA) evaluates stability and phase 
transitions. Additionally, dielectric and electrical 
characterization highlight its ferroelectric and 

semiconducting properties, making it suitable for 
applications in sensors, capacitors, and 
photocatalysis. These studies collectively aim to 
optimize the synthesis process, enhance functional 
properties, and explore its potential in advanced 
material applications. 

Due to their unique properties, such as 
photocatalytic activities and microwave dielectric 
properties, metal niobate compounds MNb2O6 
(where M = Ca, Mg, or transition metal elements) 
crystallizing in columbite-type structures have 
garnered a lot of attention.  The exceptional 
luminescence capabilities of CaNb2O6 and 
MgNb2O6 are a result of electronic transitions 
between the O 2p band and the Nb 4d band in the 
crystal structure. These transitions explain why 
these materials stand out among the others.  The 
UV light induced intense blue luminescence in 
CaNb2O6 and MgNb2O6 is a direct result of the 
excitation. 

A low-cost, nontoxic material with a high surface 
area and chemical stability would round out the 
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perfect photocatalyst. Other desirable properties 
are excellent optical absorption ability and wide 
surface area.  Here, the photocatalyst's surface area 
and optical absorption—which are highly 
correlated with its size, shape, and crystal 
structure—are among the most crucial parameters 
for effective photocatalysis. Moreover, these 
columbites may serve as lasers and laser host 
materials simultaneously.  It also acts as a host 
crystal when activator ions are doped into it. 
Semiconductor oxide materials are perfect 
photocatalysts for light-induced photochemical 
processes due to their distinctive electronic 
structure, which includes a full valence band (VB) 
separated by a correct band gap and an empty 
conduction band (CB). 

 There have been several investigations into the 
possible chemical approaches for the preparation 
of CaNb2O6 and MgNb2O6, including the solid-
state reaction, solid-gel, flux growth, and others.  
Therefore, columbite materials have been 
produced using a solid-state reaction process that 
involves high temperature heating in order to get 
single-phase samples with excellent crystallinity. 
Several forms of MNb2O6 oxides, such as Tri 
rutile, PbSb2O6, columbite, brannerite, and tri-¡ 
PbO2, are categorized according to their structure, 
content, and strength. Twenty-five) A family of 
metal oxide semiconductors with a 1:2 ordering of 
the B site cation and the ability to display unusual 
properties owing to their semiconductor nature has 
been discovered; these materials are known as 
MNb2O6. 

 While most columbites may form solid solutions 
by exchanging M2+ ions, ZnNb2O6 requires 
temperatures of 1400 °C or more to melt, while it 
is possible for it to undergo a phase change at such 
high temperatures first. 3) Take ZnNb2O6, where 
0≤x≤0.05, CoNb2O6, where 0≤ x ≤ 0.01, and 
MgNb2O6, where 0≤x≤0.03.  In addition, solid 
solutions of Zn1-xMgxNb2O6 and Ni1-xZnxNb2O6 
were studied.  It is feasible to modify both the 
electronic band structures and make the 
semiconductor responsive to visible light without 
compromising its redox capacity by creating solid 
solutions employing two distinct structures with 
the aid of optical band gap engineering. 30) 
Although both MgNb2O6 and CaNb2O6 columbite 

contain the same group element, the coordination 
of Mg and Ca is somewhat different. Only 6 
oxygens are coordinated to Mg and 8 to Ca within 
about 0.28 nm, respectively.  The 86 pm ionic 
radiuses for magnesium and the 114 pm ionic 
radiuses for calcium account for the dissimilar 
coordination energies.  

LITERATURE REVIEW 

Zhang, Henan et.al. (2021). Anode possibilities 
for lithium-ion capacitors (LICs) include binary 
metal niobium oxides because they may provide a 
greater specific capacity than niobium pentoxide 
(Nb2O5).  Nevertheless, they are unable to attain 
large power and energy densities due to their 
reduced electronic conductivity.  In this work, a 
novel 1D nanowire/2D nanosheet CuNb2O6/rGO 
structure is created by electrospinning one-
dimensional (1D) CuNb2O6 nanowires and 
immobilizing them on two-dimensional (2D) 
reduced graphene oxide (rGO) nanosheets.  As an 
anode for LICs, the 1D/2D CuNb2O6/rGO 
electrode displays an impressive specific capacity 
of 312.2 Mah g⁻¹ at 100 mA g⁻¹.  During the first 
lithium insertion phase, the CuNb2O6 anode is 
thought to decompose into Li3NbO4 and Cu, 
according to the suggested Li⁺ storage mechanism.  
Additionally, the intercalation-type Li3NbO4 will 
host Li⁺, while the dormant Cu phase will facilitate 
electron transport via a conductive network.  
Moreover, the combined 
CuNb2O6/rGO//activated carbon 
(CuNb2O6/rGO//AC) device has the potential to 
reach an impressive 92.1 Wh kg⁻¹, making it a 
viable alternative electrode material for high 
power and energy LICs. 

Peña, J.P. et.al. (2020). The novel series of 
compounds NiNb2−xVxO6 (0 = x ≤ 2) with the 
peculiar columbite-type structure is shown here 
along with its full set of structural properties.  This 
crystalline structure was stabilized in the 
vanadium samples by synthesis under high 
pressure and high temperature conditions.  The 
first Raman spectrum of the NiV2O6-Pbcn 
polymorph has been reported here, and the list of 
modes previously seen for NiNb2O6 is extended.  
We also show and analyse the development of the 
vibrational Raman spectra generated by the series 
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when niobium is replaced with vanadium.  This 
development is explained by considering how the 
nickel-oxygen bonds around the 
niobium/vanadium atoms have changed in relation 
to their local structural context.  Although 
vanadium is in a more deformed octahedral 
environment than niobium, its presence 
encourages an enhancement in the symmetry of 
the oxygen atom arrangement around the nickel-
ones.  It is not feasible to have a uniform 
distribution of vanadium in the solid solution 
NiNb2−xVxO6 due to these seemingly minor 
discrepancies. 

Lei, Shuijin et.al. (2014). The intriguing 
characteristics and uses of columbite niobate 
ceramics have motivated significant research 
towards their controlled synthesis.  Producing 
niobate series nanostructures in particular remains 
an extremely difficult task.  This study reports the 
effective preparation of FeNb2O6, CoNb2O6, and 
NiNb2O6 nanoparticles by means of a simple 
hydrothermal process followed by heat treatment.  
All of the goods exhibit the classic orthorhombic 
columbite structure, as seen in the X-ray powder 
diffraction patterns.  The measured nanoparticle 
sizes range from 50 to 100 nm, according to the 
electron microscopy investigations.  According to 
the magnetic property data, the magnetically 
ordered state is difficult to view for FeNb2O6 
samples down to 1.8 K, however CoNb2O6 and 
NiNb2O6 samples may be observed with magnetic 
transition temperatures of TN = 3 K and TN = 6 K, 
respectively.  Both the CoNb2O6 and NiNb2O6 
samples exhibit a mild ferromagnetic moment at 
temperatures below 5 K.  On top of that, since the 
ferromagnetic chains' spin flips at 1.8 K, the 
NiNb2O6 sample displays a metamagnetic 
transition. 

Khatun, Anjuman et.al. (2024). Orthorhombic 
niobate compounds, such as TbNbTiO6 and 
DyNbTiO6, and their solid solutions are the 
subject of the current investigation, which includes 
their synthesis and characterisation.  To create 
these solid solutions, a high-temperature solid-
state reaction was used, with a stoichiometric 
atomic ratio maintained, to replace Tb³⁺ with Dy³⁺.  
The research has also determined the spectrum of 
solid solutions.  All of the synthetic compounds 

showed an orthorhombic system inside the Pbcn 
space group in their X-ray diffraction (XRD) 
investigations.  Furthermore, surface morphology 
evaluations were conducted using scanning 
electron microscopy (SEM), and band gap 
examinations were carried out using UV-visible 
diffused reflectance spectroscopy (DRS).  In 
addition, computational elucidation was achieved 
for electronic parameters including band structure 
and density of states.  The materials' photocatalytic 
capabilities were also investigated in the research. 

Nzeh, Nnaemeka et.al. (2023). Results from 
physical and chemical analyses of columbite 
samples collected at Rayfield-Jos, Plateau state, 
Nigeria, constitute the bulk of this research.  
Particle size, microstructural, physical, and 
chemical studies were performed on the produced 
samples.  We also measured water absorption, pH, 
moisture content, and density/specific gravity.  
Chemical examinations revealed acceptable 
amounts of lead and titanium penta-oxides with 
varying degrees of gangue minerals and 
contaminants, some of which were radioactive.  
Research shows that the columbite deposit might 
be a good place to find low-grade Nb and Ta, and 
it could help find efficient ways to benefit from the 
deposit to get the metals out of it.  Consequently, 
the study will provide a foundation of knowledge 
about option selection and develop practical, 
appropriate extraction process routes and 
procedures to effectively extract refractory metals 
and other valuable metals from the research site.  
In addition to its use in hydrometallurgy and 
thermal treatments, this will help improve mineral 
upgrading and beneficiation pathways. 

ELECTROCHEMICAL 
CHARACTERIZATION 

The following electrochemical measurements 
were performed using a PGSTAT204 
potentiostat/galvanostat with a FRA32M from 
Metrohm (Utrecht, The Netherlands): linear sweep 
voltammetry (LSV), electrochemical impedance 
spectroscopy (EIS), cyclic voltammetry (CV), and 
chronopotentiometry. A conventional three-
electrode cell was used, with a platinum wire 
serving as the counter electrode, a CuNb2O6 
sample deposited on Ni foam serving as the 
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working electrode, and a 1 M KOH electrolyte 
solution as the electrolyte.  Before anything 
further, the Ni foam was washed in a hydrochloric 
acid solution and allowed to dry.  In order to make 
the catalytic ink, 500 μL of isopropyl alcohol, 5 mg 
of CuNb2O6, and 50 μL of Nafion TM solution 
were mixed.  Eleven percent water, fifty percent 
propanol, and five weight percent perfluoro-3,6-
dioxa-4-methyl-7-octenesulfonic acid-
tetrafluoroethylene made up the Nafion solution.  
After that, the Ni foam substrates were coated with 
the catalytic ink dropwise, and then left to dry at 
room temperature for 24 hours.  Following the 
following Nerst Equation (1) with the electrolyte 
at pH = 13.6, the potential was transferred from 
Ag/AgCl (KCl concentration = 3 mol/L) to the 
reversible hydrogen electrode (RHE): 

ERHE = EAg/AgCl + 0.059 pH + 0.1976 V 
……………………. (1) 

The overpotential values (η) were calculated using 
Equation (2), as follows: 

η = ERHE − 1.23 V………………………… (2) 

A voltage sweep voltammetry (LSV) was carried 
out at a rate of 5 mV s−1.  Different scan speeds 
within a potential range of 5 mV·s−1 to 200 
mV·s−1 were used to get the cyclic 
voltammograms.  The chromatopotentiometry 
experiments were carried out over a 15-hour 
period with a constant current density of 10 
mA·cm−2.  Using DC potentials of 0.5, 0.55, 0.6, 
0.65, and 0.7 V vs. RHE, electrochemical 
impedance spectroscopy (EIS) was performed 
throughout a frequency range of 0.1 Hz to 10 kHz.  
By applying the following equation to the specific 
capacitance value (CS = 0.040 mF cm−2), the 
electrochemical active surface area (ECSA) may 
be obtained: 

ECSA = CDL/CS ………………………… (3) 

SYNTHESIS METHOD 

The CuNb2O6 samples were made by combining 
commercially available copper oxide (CuO) and 
niobium pentoxide (Nb2O5) in a solid-state 
reaction. The raw materials were milled for 5 and 
10 hours, and the resulting powders had a molar 

ratio of 1:1. The commercially available copper 
oxide (CuO) and niobium pentoxide (Nb2O5) had 
an average particle diameter of 9.20 μm and 
94.55%, respectively, with an average particle 
diameter of 1.88 μm.  The scanning electron 
micrograph (SEM) of the Nb2O5 sample has a 
plate-like structure, as shown in Figure 1(a) and 
(b) while the copper oxide sample shows 
aggregates of ellipsoidal and rice-shaped very tiny 
particles. 

 

Figure 1. SEM images of the precursor 
powders: (a) Nb2O5; (b) CuO. 

ELECTRICAL PROPERTIES AND 
IMPEDANCE SPECTROSCOPY OF PURE 
AND COPPER-OXIDEADDED POTASSIUM 
SODIUM NIOBATE CERAMICS 

At now, the majority of commercial piezoelectric 
applications are made using lead-based 
piezoelectric ceramics, namely lead zirconate 
titanate (PZT).  But new rules and regulations that 
limit or outright prohibit lead-based products have 
emerged in response to growing public concern for 
the environment and human health.  Consequently, 
unless a lead-free material with equivalent 
characteristics is developed, lead-based 
piezoceramics are likely to have their usage curbed 
in the not-too-distant future.  Since it has desirable 
electrical characteristics, potassium sodium 
niobate [(K0.5Na0.5) NbO3] (KNN) is one of 
many lead-free piezoelectric materials that are 
now under investigation as a substitute for PZT.  
Some have suggested adding a sintering aid or 
adjusting the stoichiometry as ways to circumvent 
the acknowledged difficulty of densifying KNN 
using traditional pressure-less sintering processes. 

The densification of KNN was enhanced by 
adding copper oxide (CuO) as a sintering aid.  We 
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successfully generated dense ceramics in bulk 
form using a typical sintering process and 
evaluated CuO additions up to 1.5 mol%.  The 
creation of a liquid phase at the grain boundaries 
was said to aid densification when CuO additions 
exceeded 0.7 mol%.  Based on the structure-
property linkages, the structural and electrical 
characteristics, including polarization-electric 
field (P-E) hysteresis and strain-electric field (x-E) 
behaviours, were studied thoroughly for 0.5 and 
1.5 mol% addition.  As an acceptor dopant, Cu2+ 
ions replace Nb5+ in the perovskite structure; this 
results in point defects, which in turn cause a 
change in the electrical characteristics toward hard 
piezoelectric behaviour and a pinching of the 
hysteresis loop, as described in the same papers. 
The addition of CuO was discovered to enhance 
the piezoelectric characteristics of KNN, 
specifically raising the mechanical quality factor 
Qm. 

Since the creation of a secondary grain boundary 
phase may alter the electrical characteristics of the 
grains' interfacial contact, its effects need more 
research.  Because of their potential impact on the 
piezoceramics' bulk conductivity which is 
projected to be quite resistive point flaws also 
merit a more thorough investigation.  Therefore, 
impedance spectroscopy will be used to examine 
the impact of the interfacial grain boundary phase 
and, more specifically, point defects, in addition to 
the features previously examined. 

 A potent tool for characterizing ceramic materials' 
electrical characteristics is impedance 
spectroscopy.  Z' is the actual component of the 
impedance, while Z'' is the imaginary part.  
Resistance (R) and capacitance (C) are the real and 
imaginary components, correspondingly.  
Therefore, impedance is expressed as 

……………. (1) 

where ω where ac field angular frequency 
and√−1. In a perfect world, a resistive and a 
capacitive component linked in parallel would 
provide the equivalent circuit for a polycrystalline 
bulk material.  An extra RC unit linked in series 
with the first one would provide the analogous 

circuit for a bulk polycrystalline material with 
grain boundary interfacial layers.  Both of these 
RC components stand in for the grain border and 
the grain itself.  When plotting Z'' vs Z', impedance 
data produces a semicircle.  This illustration, 
known as the Nyquist diagram, allows one to 
ascertain the resistance of the grain and the grain 
boundary. 

KNN ceramics with and without CuO added were 
studied using impedance spectroscopy.  In 
particular, impedance spectroscopy was used for 
the first time to examine the effects of CuO 
addition as a B-site acceptor dopant and as a liquid 
phase sintering aid.  Densification by liquid phase 
sintering was guaranteed by adding CuO at a level 
of 1 mol%. 

STRUCTURAL FEATURES 

Figure 2 displays the XRD patterns of KNN pellets 
that were either pure or had CuO added to them.  
The crystallization of both samples was shown to 
occur in an orthorhombic perovskite phase devoid 
of any discernible secondary phases.  No 
substantial change was seen between the peaks of 
pure and CuO added KNN, as predicted, due to the 
1 mol% limitation of the CuO addition. 

 

Fig. 2. Indexed X-ray diffraction (XRD) 
pattern of samples with and without 1 mol% 
CuO added (a) and (b), respectively.  There 

were just a few of weak XRD peaks detected, 
such as at 43.5°.  Because of their small 

number and low intensity, XRD was unable to 
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identify the exact phase (e.g., K4CuNb8O23, 
etc.) to which these peaks belonged.  In order 
to determine the make-up of this secondary 
phase, more research was carried out using 

EDX-SEM investigations, which include 
energy dispersive X-ray spectroscopy. 

Surfaces that were ground, polished, or thermally 
etched were used to study the microstructures of 
the materials using scanning electron microscopy 
(SEM).  The microstructures of the pure KNN 
pellet sintered at 1100°C for 4 hours and the pellets 
sintered at 1090°C for 4 hours with 1.0 mol% CuO 
added are shown in Figures 3 (a) and 4.3 (b), 
respectively.  It was discovered that the 
microstructure underwent certain alterations upon 
CuO addition.  Figure 3(b) shows that the addition 
of 1 mol% CuO resulted in grain development and 
the creation of an interfacial phase at the grain 
boundary.  Images captured at greater 
magnifications (Figs. 3 (c) and 3 (d)) make these 
effects more apparent.  Figure 3 (d) shows the 
secondary phase, which was further investigated 
using energy dispersive X-ray (EDX) 
spectroscopy examination by scanning electron 
microscopy.  We used EDX-SEM to collect point 
analyses from the grain's bulk as well as the 
secondary phase at the grain border.  Figure 3 (e) 
shows the findings for the bulk of the grain, 
whereas Figure 3 (f) shows the results for the grain 
border phase.  As can be seen from these images, 
the grain boundary phase is where the majority of 
the copper is found, along with oxygen, niobium, 
and potassium. 

The improved densification behaviour of KNN 
ceramics is thought to be primarily caused by 
liquid phase sintering.  According to previous 
reports, electrical characteristics (such as Pr, Qm, 
etc.) improve with increasing KNN density; this 
claim will be explored in the section that follows. 

 

Fig. 3 (a) 

 

Fig. 3 (b) 

 

Fig. 3 (c) 
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Fig. 3 (d) 

 

Fig 3 (e) 

 

Fig. 3 (f) 

Fig. 3. A and c) SEM images of pure 
K0.5Na0.5NbO3 (KNN), and (b) and (d) SEM 
images of KNN with CuO added.  Grain and 

grain boundary energy dispersive X-ray 
spectroscopy. 

CONCLUSION 

The results of this work show that high-energy 
milling (HEM) and sintering at 900 °C for 3 hours 
may successfully produce CuNb2O6 particles with 
a high degree of purity.  Research into the samples' 
morphology revealed that increasing the 
precursors' milling duration to 10 hours resulted in 
smaller particles with porous architectures, which 
in turn increased the surface area.  The most 
effective electrocatalyst for this system, according 
to OER studies and previous publications, was 
CuNb2O6-10 h.  The electrocatalysts also 
demonstrated better long-term stability for 15 
hours at a current density of 10 mA cm−2.  With 
CuNb2O6-5 h, the optical band gap was 2.06 eV, 
while with CuNb2O6-10 h, it was 1.92 eV.  To 
produce single-phase copper niobates for the OER 
process, it is best to use a solid-state reaction at 
high temperatures using milled CuO and Nb2O5 
powders. 
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