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and Benilde Faria Oliveira Costa f

This study investigates the structural, electrical, and dielectric properties of GdCrO3 (GCO) compounds. X-

ray diffraction analysis confirmed the formation of the perovskite phase of GCO, crystallizing with the Pbnm

space group. Scanning electronmicroscopy (SEM) was employed to examine themorphology and chemical

composition of the powder, ensuring compound homogeneity, while transmission electron microscopy

(TEM) provided insights into the internal structure and finer morphology of the GCO sample. Electrical

measurements revealed that GCO exhibits semiconductor behavior, with a notable increase in

conductivity as temperature rises, attributed to enhanced charge carrier mobility and hopping

conduction mechanisms. Dielectric analysis demonstrated significant frequency-dependent behavior,

characterized by various polarization effects and relaxation phenomena. GCO is a promising material for

energy storage due to its giant permittivity and low energy loss. The activation energies derived from the

electrical and dielectric measurements indicate higher resistance within the grains compared to the grain

boundaries, suggesting complex conduction processes. Additionally, the dielectric loss spectra revealed

substantial losses, likely due to defect states such as oxygen vacancies and mixed valence states,

indicating a highly disordered material. These comprehensive insights into the structural and functional

properties of GCO highlight its potential applications in electronic and electrical devices where

controlled conductivity and dielectric properties are crucial.
1 Introduction

In recent years, perovskite oxides have been widely studied due
to their increasing importance in both research and
technology.1–4 Among these, rare-earth chromites (ACrO3, where
A represents elements such as La, Gd, and Nd) have attracted
considerable interest. This is due to their diverse physical
properties, including multiferroicity,5 photocatalysis,6 magne-
tization reversal7 exchange bias,8 and the coupling of electric
and magnetic dipoles at low temperatures.9 Therefore, rare-
earth perovskite chromites have found extensive use in
various technological applications. These include catalysts,10

volatile memories,11 oxygen ion conductors,12 solid oxide fuel
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cells,13 sensors,14 magnetic refrigerators,15 and interconnectors
in multiferroic devices.16 Their effectiveness is particularly
inuenced by the R-site-dependent canted ferroelectric and
antiferromagnetic properties. GdCrO3 (GCO), a rare-earth
perovskite chromite, has been extensively studied due to its
exceptional optical, dielectric, electrical, magnetic and magne-
tocaloric properties. These characteristics have positioned GCO
as a versatile candidate in various applications including pho-
tocatalytic reduction,17 photocatalytic hydrogen evolution,18

magnetic refrigeration19 supercapacitors,20 and spintronics.21

The magnetic properties of GCO stem from interactions
involving Cr3+–Cr3+, Gd3+–Gd3+, and Cr3+–Gd3+ pairs, which
exhibit temperature-dependent behavior.22

GCO exhibits a distorted perovskite structure at room
temperature with space group Pbnm.23 In its orthorhombic crystal
lattice, gadolinium ions occupy the corners of the unit cell, while
chromium ions are situated at the central positions. In the
orthorhombic phase of rare-earth chromite's, there is notable
magnetic and electric dipolar coupling at low temperatures,
which is critical for advancing magnetic and ferroelectric device
technologies.24 Interestingly, below a certain temperature, nearly
all ACrO3 compounds are expected to exhibit the magnetoelectric
effect due to their lack of inversion symmetry. This effect results
RSC Adv., 2024, 14, 36161–36172 | 36161
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in a net magnetization induced by an applied electric eld and,
conversely, an electric polarization induced by an external
magnetic eld.25 The potential for ferroelectric ordering in poly-
crystalline rare-earth orthochromites with perovskite or distorted
perovskite structures was rst explored by Subba et al.26 From
resistivity-temperature and polarization measurements, indica-
tions of ferroelectric ordering have arisen in DyCrO3, YbCrO3,
HoCrO3, and LuCrO3.27 This behavior is attributed to distortions
in the oxygen polyhedra surrounding Cr3+ ions. Additionally,
these materials exhibit p-type extrinsic semiconducting behavior
due to the presence of impurities such as Cr4+ or Cr6+ in their
lattice.28 Notably, bulk GCO exhibits multiple ferroelectric
ordering transitions, with the rst observed at 360 K and another
at 425 K, above which the spontaneous polarization diminishes.29

However, detailed dielectric properties below room temperature
in the bulk regime remain unreported. Orthochromites are
recognized for their high conductivity, robust chemical stability,
and dense structure.30 Recent studies have extensively explored
the electrical, dielectric, and optical properties of several ortho-
chromite compounds, such as PrCrO3,31,32 SmCrO3,33 GdCrO3,34

and RFexCr1−xO3.35 These investigations have highlighted the
emergence of notably high, sometimes colossal, permittivity,
oen attributed to effects related to grain boundaries.36

Below, we present a detailed investigation of the structural,
electrical, and dielectric properties of GCO nanoparticle
prepared by the sol–gel method.

2 Detailed experimentation
2.1 Sample preparation

Gadolinium and chromium nitrates (from Aldrich) were used to
prepare GdCrO3 (GCO) nanoparticles by the sol–gel method.37–39

Sufficient amounts of each nitrate with the desired stoichio-
metric proportions were mixed and dissolved in distilled water.
Citrate acid (C6H8O7) was subsequently introduced as
a chelating agent into the mixture with the molar ratio (metal
Fig. 1 X-ray diffraction patterns of GCO orthochromite perovskite oxide

36162 | RSC Adv., 2024, 14, 36161–36172
ions): (citric acid)= 1 : 2. The solution was brought to 80 °C with
magnetic stirring until the water evaporated. The gel formed at
180 °C is heated to 350 °C to obtain a dark powder. In order to
eliminate all organic entities, the powder obtained was heated
to 700 °C for 12 hours. Subsequently the product was nely
ground, compressed into pellets of approximately 8 mm in
diameter and 1 mm in thickness and heated at 800 °C for 4
hours to obtain the desired material.
2.2 Characterization

X-ray diffraction (XRD) was performed using a PANalytical
diffractometer with Cu Ka1 radiation (l = 1.5406 Å) over a 2q
range of 20° to 80°. The resulting XRD patterns were analyzed to
determine the lattice parameters of the samples using the
FullProf program and the Rietveld renement method.40 The
morphology and chemical composition of the powder were
examined using a TESCAN VEGA3 SBH scanning electron
microscope (SEM) to evaluate the homogeneity of the GdCrO3

compound. The TEM images were acquired using a high-
resolution transmission electron microscope (HR-TEM) FEI
Tecnai G2, operating at an accelerating voltage of 200 kV.
Electrical measurements were conducted on a pellet with
dimensions of 1 mm in thickness and 8 mm in diameter.
Complex impedance measurements were carried out using
a ‘Solartron 1260’ impedance analyzer over a frequency range of
10 Hz to 106 Hz at temperatures ranging from 153 K to 373 K
with a conguration involving capacitance in parallel with
resistance (Cp–Rp conguration).41–43
3 Results and discussions
3.1 XRD structural analysis

Fig. 1 shows the X-ray diffraction patterns of the GCO sample
measured at room temperature. The patterns indicate a dis-
torted perovskite structure with the Pbnm space group (JCPDS
at room temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Lattice parameters of GCO orthochromite perovskite oxide
derived from Rietveld refinement

GCO

Space group Pbnm
a (Å) 5.3141
b (Å) 5.5264
c (Å) 7.6035
v (Å3) 223.2928
c2 1.034

Fig. 2 Orthorhombic unit cell of GCO perovskite material modeled
with Vesta Software.
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View Article Online
COD. 34-0406).44 The sharp peaks in the XRD patterns suggest
that the samples are well-crystallized.45 No impurity peaks were
detected, conrming the high purity of the prepared samples.46
Fig. 3 (a) SEM image and (b) the average grains size histograms of GdC

© 2024 The Author(s). Published by the Royal Society of Chemistry
The lattice parameters of the GCO sample, determined through
Rietveld renement, are listed in Table 1. The reliability of the
renement model was assessed using discrepancy R-factors and
goodness of t, which demonstrated results within acceptable
limits. The orthorhombic unit cell of the GCO perovskite
material was created using Vesta soware,47–49 as shown in the
inset of Fig. 2. This gure clearly illustrates the CrO6

octahedra50–52 and GdO8 dodecahedra that make up the ortho-
rhombic perovskite structure of the GCO compound.
3.2 Morphology analysis

The surface morphology of the GdCrO3 (GCO) sample was
analyzed using SEM, revealing a granular structure with inter-
connected particles, characteristic of polycrystalline perovskite
materials (Fig. 3a). The particle size distribution was quantied
using ImageJ soware to process the SEM images, and the data
were tted to a Lorentzian distribution, as shown in the histo-
gram (Fig. 3b), yielding an average particle size of 449 nm. This
analysis indicates a relatively uniform particle size distribution,
which is crucial for achieving consistent dielectric and electrical
properties. Additionally, the observed morphology suggests the
presence of a porous structure, which could inuence the
material's overall performance in electronic applications by
affecting properties such as charge transport and dielectric
behavior.

The internal structure and ner morphology of the GdCrO3

(GCO) sample were investigated using TEM as shown in Fig. 4.
The images reveal individual nanoparticles that appear larger
than those observed in SEM, likely due to agglomeration effects.
The nanoparticles exhibit irregular shapes, with some overlap,
typical of materials synthesized by the Sol–gel method. While
individual boundaries are discernible, the observed clustering
suggests that inter-particle interactions during synthesis lead to
aggregation. The TEM analysis indicates a relatively uniform
internal composition and few crystalline defects, consistent
rO3.

RSC Adv., 2024, 14, 36161–36172 | 36163
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Fig. 4 TEM image of GdCrO3.

Table 2 Atomic (%) and Weight (%) of GdCrO3

Elements Series Atomic (%) Weight (%)

Gadolinium L-series 20.19 58.69
Oxygen K-series 61.58 19.75
Chromium K-series 18.23 21.56
Total 100.00 100.00
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with the expected perovskite structure. This agglomeration and
nanoscale size may signicantly inuence the material's
dielectric and electrical properties.

The EDX analysis of the GdCrO3 (GCO) sample reveals the
elemental composition of the material, conrming the presence
of gadolinium (Gd), oxygen (O), and chromium (Cr) (Fig. 5).
Table 2 summarizes the atomic and weight percentages of the
elements present in the GdCrO3 (GCO) sample, as determined
by EDX analysis. The atomic percentages are 20.19% for Gd,
61.58% for O, and 18.23% for Cr, indicating a stoichiometric
ratio that aligns well with the expected perovskite structure. In
terms of weight percentages, gadolinium contributes 58.69%,
Fig. 5 EDX spectrum of GdCrO3.

36164 | RSC Adv., 2024, 14, 36161–36172
while chromium and oxygen contribute 21.56% and 19.75%,
respectively.
3.3 Electrical conductivity analysis

Fig. 6 illustrates the frequency-dependent conductivity of GCO
chromite at various temperatures from 153 K to 373 K. The
analysis identies two main regimes: at low frequencies, the
conductivity remains constant, forming a plateau known as
continuous conductivity. As the frequency increases, the
conductivity shis from this static regime to a dispersive
regime, referred to as AC conductivity. This behavior follows
Jonscher's classical law, which is expressed by the formula:53

sac = sdc + Aus (1)

In this equation, sdc denotes the steady-state conductivity, A is
a factor dependent on temperature, u is the angular frequency,
and s signies the extent of interaction between the moving
charges and their environment. According to Funke,54 values of
s less than 1 indicate a sudden jump in the translational motion
of charges, while values greater than 1 suggest that charge
carriers are jumping between neighboring localized sites.
Additionally, this parameter helps determine the dominant
conduction model. Depending on how s varies with tempera-
ture, different models can be identied: electronic or polaronic.
If s decreases as temperature increases, the barrier-correlated
hopping (CBH) model dominates.55 When s increases with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Temperature-dependent conductivity spectra of GCO
chromite. Fig. 8 Variation of log(sdc T) as a function of 1000/T for GCO

compound.
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temperature, the non-overlapping small polaron tunneling
(NSPT) model governs conduction.56 If s initially decreases to
a minimum and then increases, the large overlapping polaron
tunneling (OLPT) model is followed.57 Lastly, the quantum
mechanical tunneling (QMT) model applies when s remains
constant near 0.81, regardless of temperature changes.58 As
shown in the insets of Fig. 7, the thermal variation of s indicates
that the conduction mechanism is of polaronic origin and
follows the OLPT model.

Fig. 8 shows the variations of log(sdc T) as a function of the
inverse temperature for the GCO compound in the semi-
conductor region. The high-temperature dc conductivity data
suggest that the conductivity is dominated by the small polaron
hopping (SPH) mechanism. This is described by the Arrhenius
equation:59

sdcT = s0exp(−Ea/KBT) (2)
Fig. 7 Thermal variation of s indicating polaronic conduction via the
OLPT model.

© 2024 The Author(s). Published by the Royal Society of Chemistry
In this equation, Ea is the activation energy, s0 is the pre-
exponential factor, T is the absolute temperature, and KB is
the Boltzmann constant. The value of Ea is deduced from the
slope of the linear t plot using eqn (2). We obtained 0.099 eV
for the GCO sample. This value of Ea indicates the energy
required for charge carriers to hop between localized sites. It
suggests that the conduction mechanism in the GCO sample
involves signicant interactions or potential barriers affecting
the mobility of the charge carriers, which could be due to the
intrinsic properties of the material such as lattice structure or
defect states.

The evolution of log(sac T) as a function of the inverse
temperature is depicted in Fig. 9. These curves were utilized to
validate the Arrhenius conduction mechanism in polarons'
transport and determine activation energies (Ea) across various
Fig. 9 Temperature dependence of log(sacT) and Arrhenius activation
energy for GCO compound across frequencies.

RSC Adv., 2024, 14, 36161–36172 | 36165
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Table 3 Activation energy values for GCO compound

Frequency (Hz) 102 103 104 105 106

Ea (eV) 0.1 0.099 0.091 0.084 0.076
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temperatures and frequencies. The slopes of these curves vary
with both frequency and temperature, demonstrating the
nuanced behavior of conductivity under different conditions.
The t of log(sacT) vs. 1000/T reveals a decrease in the Arrhenius
activation energy in the low-temperature regime. Table 3
summarizes the trend of decreasing activation energy (Ea) with
increasing frequency. Additionally, the observed increase in dc
conductivity with temperature indicates enhanced charge
carrier mobility at higher temperatures. The combined effect of
a decrease in Ea and a simultaneous increase in ac conductivity
(sac) with frequency suggests that hopping conduction is the
dominant mechanism governing the electrical behavior of the
material.60
3.4 Impedance analysis

Fig. 10 illustrates the variation of the real part of impedance (Z0)
with frequency at different temperatures. The plot reveals two
distinct behaviors depending on frequency. Initially, Z0 exhibits
a plateau regardless of frequency, indicating a stable impedance
at low frequencies. However, as frequency increases, Z0 shows
a signicant decrease with rising temperature at specic
frequencies. This observation correlates well with the contin-
uous variation of conductivity observed at low frequencies,
conrming the semiconductor characteristics of our
compounds.61 In the intermediate frequency range, higher
frequencies lead to a reduction in the accumulation of charges
at grain boundaries, thereby causing a decrease in Z0. At higher
frequencies, the Z0 spectra converge independently of frequency
and temperature, indicating the dissipation of space charges
due to reduced potential barriers.62 This plateau in behavior can
be explained by the fact that within this frequency range, the
Fig. 10 Frequency-dependent impedance behavior in GCO
compound.

36166 | RSC Adv., 2024, 14, 36161–36172
mobile charges reach their relaxation frequencies and can no
longer respond to the external electrical excitation.

Fig. 11 shows the variation of the imaginary part of imped-
ance Z00 with frequency at different temperatures. Each
temperature curve exhibits two distinct relaxation peaks at
specic frequencies. The peak at the lower frequency side
corresponds to the hopping of charge carriers between sites at
the grain boundaries. In contrast, the peak at the higher
frequency side is associated with the short-range hopping of
carriers between localized sites within the grains. Additionally,
as the temperature increases, these two peaks shi towards
higher frequencies, indicating that the relaxation process is
thermally activated (i.e., the dipoles are activated). Furthermore,
the increase in temperature is accompanied by a decrease in the
peak maxima, which can be attributed to the reduction in the
electrical resistance of the compounds.

Fig. 12a and b presents Nyquist plots for the GCO compound
across a range of temperatures (153–373 K). The Cole–Cole plots
display two distinct semicircles, whose diameters decrease with
increasing temperature. These diameters are indicative of the
compound's resistance. As the temperature rises, the shrinking
semicircle diameters suggest that the conduction process is
thermally activated, thus conrming the semiconductor nature
of the sample.63 The presence of two semicircular arcs indicates
the existence of two distinct relaxation phenomena. The Cole–
Cole plots were analyzed using Z-view soware,64 employing
various equivalent circuit models as shown in Fig. 12a and b.
For the temperature range of 153 K to 213 K (Fig. 12a), the
optimal t was obtained with an equivalent circuit that includes
a series combination of three elements: the electrode (Re//
CPEe), the grain boundaries (Rgb//CPEgb), and the grain (Rg//
Cg). In the higher temperature range of 233 K to 377 K, depicted
in Fig. 12b, the equivalent circuit conguration is represented
as [Rs + (Rg//CPEg) + (Rgb//CPEgb) + (Re//CPEe)], where R repre-
sents resistance and CPE stands for constant phase element.
However, some curves do not reach zero in the low-frequency
range for temperatures above 213 K. This phenomenon may
Fig. 11 Frequency-dependent imaginary impedance Z00 showing
double relaxation peaks in GCO compound.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Nyquist plots of GCO compound at various temperatures, (a)
153–213 K and (b) 233–373 K.

Fig. 13 Logarithmic variation of Rs, Rg, Rgb and Re with inverse
temperature.

Table 4 Activation energy values for electrode, grain, grain bound-
aries, and grain resistance

Parameter Rs (U) Rg (U) Rgb (U) Re (U)

Ea (eV) 0.076 0.083 0.079 0.075
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be due to interface effects at low frequencies or could be
attributed to the addition of resistance Rs, which prevents the
curves from reaching zero in this range.

The activation energy can be determined using the Arrhenius
equation:

Rs,g,gb,e(U) = R0e
−Ea/KBT (3)

where KB is the Boltzmann constant, R0 represents the pre-
exponential constant or characteristic resistance and Ea is the
activation energy. The logarithmic variation of Rs, Rg, Rgb and Re

as a function of the inverse of the temperature is shown in
Fig. 13. Table 4 presents activation energy values for electrode,
grain, grain boundaries, and grain resistance. The activation
energy for the grain (0.083 eV) is higher than that for the grain
boundaries (0.079 eV), indicating that the conduction process
encounters more resistance within the grains than at the grain
boundaries.
Fig. 14 Frequency dependence of the real part of modulus M0 at
different temperatures.
3.5 Modulus analysis

The variation of the real part of the modulusM0 as a function of
frequency at different temperatures is depicted in Fig. 14. At
© 2024 The Author(s). Published by the Royal Society of Chemistry
lower temperatures, M0 shows a continuous increase with
frequency. In contrast, at higher temperatures, M0 initially
exhibits a static behavior at low frequencies, followed by an
increase to an intermediate frequency where it stabilizes at
a frequency-independent value. Each M0 spectrum of GCO
perovskite demonstrates an increasing trend with frequency,
reaching a saturation value MN that reects short-range
mobility of charge carriers in the material's electrical trans-
port mechanism. Additionally, M0 values decrease uniformly
RSC Adv., 2024, 14, 36161–36172 | 36167
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Fig. 15 Frequency dependence of M00 at various temperatures for
GCO.

Fig. 17 Frequency dependence of imaginary permittivity in GCO
compound.
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with rising temperature across all frequencies, indicating the
presence of temperature-dependent relaxation phenomena in
GCO material's electrical conduction.

Fig. 15 illustrates the frequency dependence ofM00 at various
temperatures for GCO. Each curve exhibits a distinct asym-
metric relaxation peak located at intermediate frequencies,
indicative of grain-related effects. As temperature increases, the
peak maximum shis towards higher frequencies, suggesting
a decrease in relaxation time.
3.6 Permittivity analysis

Fig. 16 depicts the frequency-dependent behavior of the real
part of permittivity at various temperatures. At lower frequen-
cies, the permittivity shows higher values, inuenced by grain
size effects and various polarization mechanisms such as
dipolar, ionic, electronic and interfacial polarizations.65 As the
frequency increases, the permittivity gradually decreases and
Fig. 16 Frequency-dependent behavior of permittivity in GCO
perovskite at various temperatures.

36168 | RSC Adv., 2024, 14, 36161–36172
eventually stabilizes at a lower constant value at higher
frequencies, indicating the presence of space charges. At lower
temperatures, 30 decreases uniformly with frequency, while at
higher temperatures, 30 stabilizes at low frequencies before
rapidly decreasing beyond a certain threshold. This behavior
indicates an increase in the density of mobile charges and/or
the difficulty electric dipoles encounter in responding to the
applied electric excitation.

In Fig. 17, the frequency dependence of the imaginary part of
the permittivity at different temperatures is illustrated. As the
frequency increases, 300 exhibits a rapid decrease until it reaches
a minimum value at frequencies around 10 Hz. Beyond this
point, 300 shows insensitivity to further increases in frequency
and temperature. This behavior is attributed to Koop's theory
and the Maxwell–Wagner phenomenological model, which
explain that the dielectric structure of these compounds is
characterized by grains with high conductivity that are
Fig. 18 Frequency-dependent dielectric loss (tan g(d)) of GCO chro-
mite across different temperatures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Dielectric loss characteristics and activation energy analysis of GCO chromite.
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particularly effective at higher frequencies. Fig. 18 illustrates
the frequency-dependent variation of dielectric loss (tan(d)) in
GCO chromite across different temperatures. At lower
frequencies, tan(d) exhibits higher values, which can be attrib-
uted to interfacial effects, before decreasing to a minimum
within each temperature spectrum. The dielectric loss spectra
demonstrate signicant temperature-dependent variations,
with substantial losses observed at different temperature
ranges. These losses are likely due to defect states, such as
oxygen vacancies and mixed valence states, contributing to the
highly disordered nature of the material. The multiple peaks
and shis in the spectra across various temperatures highlight
the complexity of the material's dielectric response. These
insights into the structural and functional properties of GCO
chromite underscore its potential for applications in electronic
and electrical devices, where controlled conductivity and
dielectric properties are essential.

However, tan g(d) exhibits an upward trend in the interme-
diate frequency range, peaking at the relaxation frequency
(fmax), before declining with further frequency increments. The
presence of these peaks at fmax across temperatures from 253 K
to 373 K suggests the occurrence of thermally activated hopping
phenomena within the GCO perovskite structure. However, the
loss peak shis to higher frequencies as temperatures rise,
indicating a decrease in relaxation time. The temperature
dependency of fmax follows an Arrhenius-like relationship
expressed as:

fmax = f0e
−Ea/KBT (4)

where Ea denotes the activation energy for relaxation, f0 repre-
sents the pre-exponential factor. Fig. 19 illustrates the 3D
frequency-dependent dielectric loss (tan g(d)) of GCO chromite
at various temperatures. Inset: plot of ln(fmax) versus the inverse
of temperature, with the red line representing the tted peak
© 2024 The Author(s). Published by the Royal Society of Chemistry
frequency Arrhenius equation. The activation energy estimated
from the dielectric loss spectra is 102 meV. The signicant
dielectric loss observed in GCO perovskite indicates its highly
disordered nature, likely inuenced by defect states such as
oxygen vacancies and mixed valence.

4 Conclusion

In conclusion, the study of GCO compounds, particularly their
electrical and dielectric properties, has revealed several key
insights. The perovskite phase of GCO, conrmed through X-ray
diffraction analysis, crystallizes with the Pbnm space group,
underscoring its structural integrity and potential for diverse
applications. Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) analyses demonstrated
the morphology and chemical composition of GCO, conrming
its homogeneity and validating the synthesis process. Addi-
tionally, transmission electron microscopy (TEM) provided
insights into the ner internal structure of the material. Elec-
trical characterization has shown that GCO exhibits semi-
conductor behavior, with temperature-dependent conductivity
suggesting thermally activated processes dominated by
hopping conduction mechanisms. GCO is a material with giant
permittivity (108) and low energy losses for temperatures above
253 K, making it an excellent candidate for energy storage. The
activation energies extracted from various analyses provide
crucial insights into charge carrier mobility and relaxation
dynamics within GCO. Overall, these ndings underscore
GCO's potential for applications in electronic and electrical
devices where controlled conductivity and dielectric properties
are essential.

Data availability

Data are available upon request to the authors.
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