
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
0:

21
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effect of the in s
aLaboratory of Physics of Materials and

(LaPhyMNE), Faculty of Sciences in Gabes,

E-mail: azizijeidi2013@gmail.com
bInstituto de Telecomunicações, Departam

Computadores, Universidade de Coimbra, 3
cDepartment of Engineering, University of M

Cite this: RSC Adv., 2025, 15, 10022

Received 7th November 2024
Accepted 23rd February 2025

DOI: 10.1039/d4ra07931k

rsc.li/rsc-advances

10022 | RSC Adv., 2025, 15, 10022–1
itu synthesis of vanadium oxide
nanowires on the electrical properties of hybrid
nanocomposites based on synthetic carbon
matrices

H. Jeidi, *a W. Ahmed,a I. Najeh,a M. Erouel,a H. L. Gomes,b M. Chelly,c G. Neri c

and L. El Mira

Organic–inorganic nanocomposites (RF/VOX) were prepared by sol–gel method coupled with pyrolysis

treatment using a resorcinol–formaldehyde carbon matrix enriched with vanadium nanoparticles. The

structural properties of the final product were characterised using X-ray diffraction, revealing the

transformation of the incorporated vanadium oxide from the V2O5 phase to V2O3 due to the pyrolysis

temperature in a reductive atmosphere, alongside the formation of vanadium carbide (V8C7) in the

sample treated at 1000 °C. The X-ray analysis also indicated the presence of a graphite phase across all

samples. Microscopic examinations showed macroporous carbon structures enriched with vanadium

oxide in the form of nanowires. These structural features significantly influenced the materials' electrical

properties. At low frequencies, the AC conductance indicated a thermally activated process in the RF/

VOX-625 and RF/VOX-650 samples pyrolysed y at 625 °C and 650 °C, respectively. RF/VOX-625

displayed semiconductor behaviour at high frequencies, while RF/VOX-650 transited from

semiconductor behaviour to metal one at 200 K. The changes in the exponent s suggested that the CBH

model effectively describes the AC conduction mechanism. Impedance analysis highlighted a relaxation

phenomenon, and Nyquist plots illustrated the contribution of grain and grain boundaries in RF/VOX-625

and RF/VOX-650 at low temperatures. Furthermore, these plots indicated that in RF/VOX-650, the grain

effect became predominant beyond 200 K. Incorporating vanadium oxide nanoparticles into the

polymer matrix resulted in distinct physical properties and behaviours compared to the original organic

matrix, allowing this material to be tested in various applications including negatronic devices and

electronic components.
1. Introduction

Organic–inorganic hybrid materials represent a creative alter-
native to design new materials and compounds for academic
research, and their improved or unusual characteristics allow
the development of innovative industrial applications. Some
hybrids come from the polymer and paint industries, in which
llers or inorganic particles are dispersed in organic materials
(polymers, solvents, and surfactants) to improve their physico-
chemical properties. In fact, the term “organic–inorganic”
hybrid materials was known only with the birth of so chem-
istry in the 80s.1 This discovery allowed transferring research to
nanocomposites of original and more rened structures. In this
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context, the development of “organic–inorganic” hybrid
composites for advanced applications is involved, taking
advantage of the benets of the different constituents. This new
generation of materials is applicable in various elds including
optoelectronics,2 catalytic systems,3 medical and biological
devices,4 functional smart coatings,5 solar cells,6 and sensors.7

The main interest of these composite materials lies in the
combination of the properties of the polymer matrix and those
of the inorganic element (ller). However, the good dispersion
of these inorganic materials in the polymer matrix cannot be
achieved by simple incorporation. To overcome these draw-
backs, in recent years, continuous efforts by researchers have
succeeded in establishing covalent bonds between polymer
chains and inorganic particles. Indeed, an excellent synergy of
the properties of these various elements results from this
covalent association. For example, it is possible to combine the
physicochemical properties of the polymer matrix and the
optical,8–10 thermal9,11 and electrical9–12 properties of inorganic
pigments while reducing dispersion problems. Generally,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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polymers are recognized by their electrical insulation criteria.
For example, conventional polymers such as polystyrene and
polyethylene have very low electronic conductivities ranging
from 10−9 to 10−18 S cm−1.13 However, this insulating property
of polymers has been widely exploited in various elds such as
the insulation of some electronic devices and the coating of
electronic wires. Despite their insulating nature, it is also
known that polymers exhibit remarkable electronic and optical
properties under certain conditions. These materials can
transport electronic charges when they are composed of
a system of conjugated bonds; they are called conductive poly-
mers. In this context, different organic–inorganic materials
have been prepared in our previous research, based on resor-
cinol–formaldehyde and pyrogallol–formaldehyde matrices
incorporated with various metal oxide nanoparticles such as
V2O5,14 ZrO2,15 SiO2,16 NiO2 (ref. 17 and 18) and MnO2.19 This
work focuses on the synthesis of organic–inorganic nano-
composites by a sol–gel method following the incorporation of
vanadium oxide nanoparticles into a resorcinol–formaldehyde
matrix. The effect of pyrolysis temperature on the structural,
morphological and electrical properties of the prepared nano-
composites was investigated. Vanadium pentoxide was chosen
due to its unique properties, namely, high abundance, low cost,
ease of synthesis, and the presence of multiple redox states.20–22

In addition, a variety of V2O5 nanostructures have been
synthesized in previous works, such as nanowires,23 nano-
spheres,24 nanobelts,25 nanosheets,26 and nanoribbons.27

Therefore, this diverse nanostructure and vast properties enable
vanadium pentoxide to be used in different applications.
Indeed, carbon-based composites containing vanadium pent-
oxide have been shown to be promising materials for electro-
chemical devices. Du et al.28 reported that V2O5$nH2O@GO
composites were used as negative electrode materials for
sustainable lithium-ion batteries, and they exhibited extremely
high capacity and good cycling stability. Ihsan et al.29 synthe-
sized V2O5/mesoporous carbon composites, which performed
well as positive electrode materials for lithium-ion batteries.
Kong and et al.30 showed that sulfur/carbon/porous nano-
structured V2O5 (S/C/PN-V2O5) composites prepared by wet ball
milling and subsequent annealing are promising positive elec-
trode materials for lithium–sulfur batteries. Fu et al.31 synthe-
sized V2O5/graphene composites as electrode materials for
supercapacitors by microwave synthesis, which exhibited
excellent energy and power density characteristics. Hu et al.32

reported carbon nanotube-V2O5-chitosan nanocomposites used
as electrochemical aptasensors for the detection of cipro-
oxacin. Sekar et al.33 developed graphene carbon (GC-V2O5)-
encapsulated vanadium pentoxide nanocomposites as photo-
catalysts for the degradation of crystal violet.

2. Experimental
2.1. Sample preparation

The sample preparation involved three key stages. Initially, the
method established by El Mir et al.34,35 was used to synthesise
vanadium nanopowder. In this process, ammonium meta-
vanadate (NH4VO3) was dissolved in methanol. Following 15
© 2025 The Author(s). Published by the Royal Society of Chemistry
minutes of magnetic stirring, the mixture underwent a drying
phase in an autoclave under supercritical conditions of ethyl
alcohol (Tc = 250 °C, Pc = 7 MPa). The resulting powder was
then annealed at 350 °C for 24 hours in air to achieve the V2O5

phase. The second stage focused on forming a carbon matrix by
blending formaldehyde (CH2O, 99% Bio pharm) with resorcinol
R (C6H4(OH)2, 99%, Fisher Scientic) dissolved in acetone A
(CH3COCH3, 99.8%, Prolabo), using picric acid (C6H3N3O7, 99%
Scharlau) as a catalyst. A specied quantity of the prepared
vanadium nanoparticles were incorporated into the carbon
matrix at a V2O5/RFmass ratio of 5%, with continuous magnetic
stirring until a wet gel was formed. This moist gel was then
dried at room temperature in a humid environment for two
weeks, and then placed in an incubator at 50 °C for 24 hours.
The temperature was subsequently increased gradually by 10 °C
every 24 hours until reaching 150 °C. In the nal stage, the
xerogels were subjected to pyrolysis at temperatures ranging
from 600 °C to 1000 °C in a tubular furnace in an inert atmo-
sphere for two hours. The resulting samples will be designated
as RF/VOX-Tp, where RF stands for resorcinol–formaldehyde,
VOX represents vanadium oxide, and Tp indicates the pyrolysis
temperature.
2.2. Characterization

The crystal structures of the synthesized samples were analysed
through X-ray diffraction (XRD) patterns acquired using
a Bruker D8 powder diffractometer equipped with a CuKa X-ray
source set at 40 kV and 40 mA. Morphological assessments were
conducted using a JEOL-100C transmission electron micro-
scope (TEM). A Zeiss-Gemini 2 Scanning Electron Microscopy
operating at 15 kV and equipped with a Bruker Quantax EDX
spectrometer was used for the SEM and elemental point anal-
ysis. Thermogravimetric analysis (TGA) was performed using
a TAQ500 instrument (TA Instruments) under argon ow at
a ow rate of 100 mL min−1 and a heating rate of 10 °C min−1

from RT to 1000 °C. For electrical property evaluation, the
monoliths were formed into parallelepiped shapes with
uniform thickness. To achieve ohmic contacts, thin layers of
silver were applied to two opposing surfaces of the monoliths.
Electrical measurements were carried out using a Keithley 487
pico-ammeter per voltage source and an Agilent 4156C semi-
conductor parameter analyser. Temperature-dependent experi-
ments were conducted using an Advanced Research Systems
liquid helium closed cycle at temperatures spanning from 80 to
320 K.
3. Results and discussion

Fig. 1 displays the X-ray diffraction (XRD) patterns of V2O5

nanopowder and carbon/vanadium nanocomposites annealed
at 650 °C and 1000 °C. The XRD analysis of V2O5 nanoparticles
reveals distinct peaks that indicate the presence of ortho-
rhombic V2O5 (space group: Pmmn (no. 59), with parameters a=
3.5640 nm, b= 11.5190 nm, c= 4.3730 nm, referenced in JCPDS
card no. 85-0601).36 Following the addition of V2O5 nano-
particles and the pyrolysis process, a transition in the crystalline
RSC Adv., 2025, 15, 10022–10036 | 10023
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Fig. 1 XRD pattern of the V2O5 nanopowder and the nanocomposite
RF/VOX pyrolyzed at 650 °C and 1000 °C.

Fig. 2 TEM micrographs of the nanocomposites: (a and b) RF/VOX-650

10024 | RSC Adv., 2025, 15, 10022–10036

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
0:

21
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
structure was identied. The XRD patterns for samples RF/VOX-
650 and RF/VOX-1000 show clear peaks at 2q values of 30.9°,
47.4°, 57.6°, and 61.8°, corresponding to the (301), (060), (221),
and (170) planes of orthorhombic V2O5. Additionally, peaks at
24.41°, 33.14°, 36.32°, 38.96°, 41.24°, 50.4°, 53.9°, 63.2°, 65.5°,
and 71.02° are identied as belonging to the (012), (104), (110),
(006), (113), (024), (116), (214), (300), and (119) planes of
rhombohedral V2O3, as referenced in JCPDS card no. 34-
0187.37,38 An intense peak at 22.58° for the RF/VOX-650 sample,
associated with the (011) plane of orthorhombic V2O5, is absent
in the RF/VOX-1000 sample. Furthermore, the XRD patterns for
both RF/VOX-650 and RF/VOX-1000 exhibit a sharp peak at 26°,
indicative of the graphite (C) phase, aligned with the (111)
lattice plane according to JCPDS card no. 01-075-2078. The
increase in pyrolysis temperature enhances the crystallinity of
graphite, with the RF/VOX-1000 sample showing a peak around
43° associated with the (200) plane of cubic vanadium carbide
(V8C7), as noted in JCPDS card no. 00-035-0786.39 The crystallite
sizes were calculated using Scherrer's equation (eqn (1)):

D ¼ Kl

b cos q
(1)

where D is the mean size of the crystallite, K is the dimensionless
space factor having a value of 0.9 for spherical particles, l is the X-
ray wavelength, b is the full width at half maximum and q is the
Bragg angle. For the RF/VOX-650 °C sample, the average size of
and (c and d) RF/VOX-1000.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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V2O5 was approximately 5 nm, while for RF/VOX-1000 °C, it was
around 10 nm. The average sizes for V2O3 were found to be 12 nm
and 25 nm for RF/VOX-650 °C and RF/VOX-1000 °C, respectively,
while graphite crystallite sizes averaged 5 nm for RF/VOX-650 °C
and 8 nm for RF/VOX-1000 °C. The average crystallite size for
vanadium carbide was determined to be 33 nm.

Fig. 2(a–d) display the transmission electron microscopic
(TEM) images of the RF/VOX samples prepared at 650 °C and
1000 °C. The images reveal that vanadium nanoparticles form
an interconnected, nanowire-like structure dispersed within
a carbon matrix, with variations in both length and diameter.
The highlighted regions in Fig. 2(b and d) distinctly show the
lattice fringes of the vanadium nanowires. For the RF/VOX-675 °
C sample, a lattice fringe spacing of 0.526 nm is observed,
corresponding to the (020) crystal plane of the orthorhombic
phase of V2O5.36,40 In contrast, the RF/VOX-1000 sample displays
an interplanar distance of 0.368 nm, which is related to the
(012) crystal plane of the rhombohedral phase of V2O3.38 These
ndings are in good accordance with the X-ray diffraction
results, indicating a phase transition of vanadium inuenced by
pyrolysis temperature.

The scanning electron microscopic (SEM) images of RF/
VOX-650 and RF/VOX-1000 are illustrated in Fig. 3(a–d).
These micrographs show that the vanadium nanoparticles are
well dispersed in the carbon matrix, indicating that the
incorporation of V2O5 nanoparticles was successful. The pres-
ence of agglomerated carbon nanoparticles was also observed.
Fig. 3 SEM micrographs of the nanocomposites: (a and b) RF/VOX-650

© 2025 The Author(s). Published by the Royal Society of Chemistry
In addition, it is easy to see that the vanadium nanoparticles
are interconnected in the form of nanowires. The in situ
developed nanowire-like structure can improve the electrical
properties and extend the application eld of the resulting
material.

The composition of the carbon/vanadium nanocomposites
was conrmed using EDX analysis. The peaks corresponding to
different percentages of C, O, and V elements can be clearly seen
in Fig. 4 and 5 for RF/VOX-650 and RF/VOX-1000, respectively.

As shown in Fig. 6, the thermogravimetric analysis of the RF/
VOX nanocomposite showed a total weight loss of about 82%
under argon ow at a ow rate of 100 mL min−1 and a heating
rate of 10 °Cmin−1 from RT to 1000 °C. Three signicant weight
reductions were distinguished in the TGA curve: an initial
weight loss of 6% occurred in the 50–100 °C range, 27%
occurred in the 100–400 °C range, and 49% occurred in the 400–
800 °C range. The rst weight loss could be due to the desorp-
tion of water, while the second weight loss was due to the
desorption of residual precursors. The third weight loss was
assigned to the decomposition reactions involved in the
carbonization process, probably due to the breaking of C–H and
C–O bonds at the expense of C–C bond formation.17,41 However,
no peak corresponding to the vanadium oxide phases appeared
in the TGA plot. This result can be explained by the small
quantity of vanadium oxide incorporated in the carbon matrix.

To study the electrical properties of RF/VOX nanocomposites,
we performed impedance spectroscopy measurements in the
and (c and d) RF/VOX-1000.

RSC Adv., 2025, 15, 10022–10036 | 10025
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Fig. 4 EDX point analysis of the nanocomposite RF/VOX-650.
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temperature range from 80 to 300 K and in the frequency range
from 40 to 10 MHz. The variation in conductivity as a function of
frequency at different temperatures for the RF/VOX-625 and RF/
10026 | RSC Adv., 2025, 15, 10022–10036
VOX-650 samples is illustrated in Fig. 7. Generally, the total
conductivity is the contribution of two parts represented by the
following relation (eqn (2)):
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EDX point analysis of the nanocomposite RF/VOX-1000.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 10022–10036 | 10027
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Fig. 6 TGA curve of the RF/VOX nanocomposite.

Fig. 7 Variation of conductivity as a function of frequency at different
temperatures for (a) RF/VOX-625 and (b) RF/VOX-650
nanocomposites.
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s = s0(T) + s(u,T) (2)

where the parameters T and u = 2pf denote the temperature
and angular frequency, respectively. From Fig. 7, it is clear that
the conductivity depends on the temperature and frequency of
both samples. These spectra follow Jonscher's law, which is
described by the expression given in eqn (3):42

s = sdc + Aus (3)

where Aus is the response to the alternating current that occurs
at high frequency, A and sdc are two constants and s is the
frequency exponent. The rst term of the conductivity corre-
sponding to the conductivity in continuous mode depends on
the temperature and it follows the Arrhenius law given by eqn
(4):43

sdc ¼ s0exp

�
Ea

kBT

�
(4)

where s0 is the pre-exponential factor, Ea is the thermal acti-
vation energy of electrical conduction and kB is the Boltzmann
constant. The second term depends on temperature and
frequency and is linked to the relaxation mechanism caused by
localized electric charge carriers. In addition, the shape of the
spectra is inuenced by the pyrolysis temperature. Indeed, for
the sample treated at 625 °C, we notice that, whatever the
measurement temperature, the spectra present a plateau inde-
pendent of the frequency in the low frequency range (s = sdc).
In addition, the conductivity increases with the measurement
temperature, which indicates the presence of a thermal activa-
tion process. While at high frequency, the conductivity
increases with frequency and follows the universal Jonscher
law, which is applicable for polymeric and semiconductor
materials, and exhibits semiconductor behaviour. For the
sample treated at 650 °C, we observe the same behaviours as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Variation of exponent s with temperature for (a) RF/VOX-625
and (b) RF/VOX-650 nanocomposites.
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those of the sample treated at 625 °C. In addition, we notice that
the plateau extends more towards high frequencies when the
pyrolysis temperature increases. However, at high frequencies
and for measurement temperatures above 200 K, we notice that
the conductivity decreases as the measurement temperature
increases. This feature indicates that the metallic behaviour is
dominant in this region. Indeed, in the case of metallic
behaviour, Drude's law given in eqn (5) describes the
conductivity:44

sacðu;TÞ ¼ sdcðTÞ
1þ u2s2

(5)

where s is the relaxation time. At the measurement temperature
of 200 K, the RF/VOX-650 sample undergoes a sudden transition
where the transport mechanism changes trend from a character
of semiconductor origin to a metallic behaviour. This variation
in high-frequency conductivity was also found by Guadria
et al.16,45 in carbon–silica nanocomposites treated at 700 °C and
by Ben Mansour et al.46,47 in carbon–nickel oxide nano-
composites treated at 700 °C prepared by the sol–gel method
aer the incorporation of the nanoparticles into the carbon
matrix; this work showed that the AC conductivity is attributed
to different origins, such as the hopping conduction mecha-
nism and the small polaron hopping model. In our work, the
same conductivity behaviour is manifested at a lower pyrolysis
temperature (650 °C), suggesting a higher effect of vanadium
oxide nanoparticles on the conductivity of the carbon matrix. It
appears from the preceding result that a change in the electrical
attitude of the material as a function of frequency has been
established, which is governed by the pyrolysis temperature.
This can be linked to the nano-structuring of the material and
also to the percolation phenomenon, which is well studied in
our previous work.14,15

The variation of the exponent s with temperature can provide
information on the conductionmechanisms involved. As shown
in Fig. 8, the angular exponent s depends on temperature; this
behaviour indicates that the type of hopping and carriers can be
applied in transportation. In our study, the variation in the
exponent s as a function of the measurement temperature is
presented in Fig. 8. In this case, the exponent s is deduced from
the isotherms of the variation in the conductance as a function
of frequency, exploiting the linear part in the high frequency
range based on equation eqn (6):48

sðuÞ ¼ dfln½GðuÞ�g
d½lnðuÞ� (6)

For all samples, we notice that the value of s is always less
than 1 and decreases with the increase in temperature.
Furthermore, for sample RF/VOX-625, the value of s is close to
zero at higher temperatures, indicating that DC conductivity
dominates in this case. Eqn (7) shows that the model is based
on the jump of charge carriers over the barrier, which is man-
ifested by a decrease in the value of the angular exponent with
the increase in temperature; this is therefore in agreement with
the experimental results. Then, the conduction in the material
can be attributed to the jump of charge carriers. In addition, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
results show that the conduction mechanism is thermally
activated. Indeed, the correlated barrier hopping (CBH)
conduction model is the appropriate conduction model to
describe carrier transfer in our samples.47,49 According to this
model, the frequency exponent is given by eqn (7):50

sðu;TÞ ¼ 1� 6kT

Wm þ kT lnðus0Þ (7)

where Wm is the energy required to remove an electron from
a site (activation energy) and s0 is the relaxation time.

Fig. 9 illustrates the linear variation of the exponent s as
a function of temperature for samples RF/VOX-625 and RF/VOX-
650. In this case, the expression of the exponent s is reduced to
eqn (8):

sðu;TÞ ¼ 1� 6kT

Wm

(8)

where Wm is calculated using the best t of the experimental
data shown in Fig. 9, giving Wm = 75 meV for RF/VOX-625 and
RSC Adv., 2025, 15, 10022–10036 | 10029
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Fig. 9 Linear part of the exponent s as a function of the measurement
temperature for the nanocomposites (a) RF/VOX-625 and (b) RF/VOX-
650.

Fig. 10 Variation of AC conductance as a function of temperature for
samples (a) RF/VOX-625 and (b) RF/VOX-650.
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Wm= 61meV for RF/VOX-650. This result is compatible with the
hypothesis of electronic jumps between localized sites.51,52 In
addition, the value ofWm decreases as the pyrolysis temperature
increases.

Fig. 10 illustrates the variation in conductivity as a function
of 1000/T for samples RF/VOX-625 and RF/VOX-650. The ob-
tained curves show temperature dependence following eqn (4).
We observe that the direct current conductivity decreases with
the decrease in measurement temperature, which reveals the
presence of a thermally activated process. The activation energy
is obtained from the slope of the curve in the Arrhenius diagram
and is equal to 97 and 67 meV for samples RF/VOX-625 and RF/
VOX-650, respectively. Thus, the activation energy Ea decreases
with the increase in the pyrolysis temperature, which can be
explained by the fact that the density of the state increases as
a function of this temperature. The impedance measurements
were carried out in the temperature range of 120 to 300 K and
the frequency domain of 50 Hz to 1 MHz.

Fig. 11 illustrates the variation of the real part of the
impedance Z0 as a function of frequency at different measure-
ment temperatures for samples RF/VOX-625 and RF/VOX-650.
The overall appearance of these spectra is made up of two
parts. At low frequencies, Z0 has a higher value (∼6MU), while at
higher frequencies, the value of the real part of the impedance
10030 | RSC Adv., 2025, 15, 10022–10036
Z0 decreases and merges for all measurement temperatures.
These two characteristics are signs of the presence of space
charge polarization.53,54 We also notice that the relaxation
frequency, where Z0 starts to decrease, shis towards the high-
frequency side, which can be attributed to the release of space
charge and the reduction of potential barriers.55 The decrease in
Z0 values at low frequencies can be attributed to the improve-
ment in the mobility of charge carriers and the decrease in the
density of trapped charges.56,57 According to Fig. 11, we can also
observe the decrease in Z0 as the measurement temperature
increases. Such behaviour reveals an increase in conductivity.
This result conrms the increase in conductivity observed in
Fig. 7. In addition, the pyrolysis temperature inuences the
values of the real part of the impedance Z0. Indeed, the ampli-
tudes of Z are higher for the RF/VOX-625 sample, as well as the
plateaus at low frequencies are more pronounced for the RF/
VOX-650 sample; consequently, the relaxation frequencies are
higher for the RF/VOX-650 sample (from 104 Hz) than for the
RF/VOX-625 sample (from 102 Hz).

We plotted the variation of the imaginary part of the
impedance Z00 as a function of frequency at different
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Evolution of the real part of the impedance Z0 as a function of
frequency at different temperatures for the samples (a) RF/VOX-625
and (b) RF/VOX-650.

Fig. 12 Frequency dependence of the imaginary part of impedance Z00

at different temperatures for samples (a) RF/VOX-625 and (b) RF/VOX-
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measurement temperatures for the samples RF/VOX-625 and
RF/VOX-650 in Fig. 12. The spectra are characterized by the
appearance of broad peaks in the frequency range between 102
and 104 Hz for the RF/VOX-625 sample and in the range
between 104 and 106 Hz for the RF/VOX-650 sample. These
peaks represent a good sign for the presence of relaxation
phenomena in our material.58 Each peak corresponds to a well-
dened frequency, called the relaxation frequency (fr).
Furthermore, we notice that these peaks move towards a higher
frequency region with the increase in the measurement
temperature, which is a sign of the presence of a relaxation
phenomenon in this material. The centres of these peaks are
located at different frequency values, which shows the presence
of non-Debye-type relaxation in the sample.59 This characteristic
proves the involvement of thermally activated charge carriers in
electrical conduction.57 The peaks appearing in the imaginary
part of the Z00 impedance curves are well dened. This obser-
vation indicates that electrical relaxation begins in the nano-
composite. Furthermore, the intensity of the relaxation peaks
decreases as the temperature increases. This behaviour is
a strong indication of the decline in the resistive properties of
the sample.60
© 2025 The Author(s). Published by the Royal Society of Chemistry
The relaxation time (s) as a function of temperature is rep-
resented by the Arrhenius expression given by eqn (9):

s ¼ s0exp

��Ea

kBT

�
(9)

where Ea is the activation energy of the relaxation time s.
Generally, the relaxation time is determined by the relationship
2pfrs = 1. The variation of the relaxation time s as a function of
temperature is plotted in Fig. 13, where the values of s are
calculated from the plot of the position of the peaks in Z00 as
a function of frequency using the relation 2pfrs = 1. From
Fig. 13, the activation energy is calculated for all temperature
domains and is approximately 102 and 82 meV for samples RF/
VOX-625 and RF/VOX-650, respectively. This attitude indicates
the presence of a single conduction mechanism in the studied
materials. We also note that the values of the activation energy
estimated from the continuous conductivity are of the same
order as those obtained for the relaxation phenomenon. Taking
into account the uncertainties of measurements and calcula-
tions, we can conclude that the conduction mechanism and the
relaxation phenomenon are associated with the same
process.
650.

RSC Adv., 2025, 15, 10022–10036 | 10031
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Fig. 13 Evolution of the relaxation time according to the Arrhenius law
of the nanocomposites (a) RF/VOX-625 and (b) RF/VOX-650.

Fig. 14 Nyquist diagram of (a) RF/VOX-625 and (b) RF/VOX-650
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The variation of the imaginary part of the impedance Z00 as
a function of the real part Z0 for different measurement
temperatures representative of the RF/VOX-625 and RF/VOX-650
samples is shown in Fig. 14. Arcs of circles and passers-by in the
vicinity of the origin are observed for the two samples for the
entire range of measurement temperatures. This shows the
presence of a distribution of relaxation times in the different
mechanisms, and it suggests that the conduction process in the
sample does not follow the Debye model but it follows the Cole–
Cole model.61,62 Generally, the appearance of an ideal semi-
circle in the complex plane (Cole–Cole) indicates the presence
of Debye-type dispersion, which is not the case in our material.
Furthermore, these arcs shi towards higher frequencies as the
measurement temperature increases. The impedance spectra
show that the radius decreases as the measurement tempera-
tures increase. This indicates that the classical thermal behav-
iour of resistance is present in our nanocomposite and that the
resistance decreases with the increase in temperature. There-
fore, this conrms the thermal activation of the conduction
mechanism and proves that the semiconductor behaviour is
dominant in the samples.63
10032 | RSC Adv., 2025, 15, 10022–10036
To obtain the electrical data from the Nyquist diagrams, we
used soware to adjust these parameters. These diagrams are
modelled with an equivalent electrical circuit, as illustrated in
Fig. 15. These arcs represent capacitive and resistive behav-
iours. For the nanocomposite treated at 625 °C (Fig. 13(a)), we
modelled the results by two series circuits which consist of
a resistor R and a constant phase element (CPE) connected in
parallel, over the entire temperature range. The samemodelling
is attributed to the nanocomposite treated at 650 °C (Fig. 15(b))
in the low temperature range (between 140 and 190 K), whereas
the equivalent electrical circuit consists of resistance R in
parallel with the constant phase element CPE in the high
temperature range (Fig. 15(c)). In our case, the capacitive
element was replaced by a CPE because of the non-Debye
behaviour nature of our compound.

Our main goal is to identify the origins of each curve. To
solve this challenge, we focused on the values of the resistance R
or the fractal capacitance CPE. Regarding this electric
nanocomposites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Fitting of the Nyquist diagrams using the Zview software for
samples (a) RF/VOX-625 at T= 300 K, (b) RF/VOX-650 at T= 140 K and
(c) RF/VOX-650 at T = 300 K.

Fig. 16 Variation of combinedM00 and Z00 as a function of frequency for
the nanocomposites (a) RF/VOX-625 at T = 300 K, (b) RF/VOX-650 at
T = 140 K and (c) RF/VOX-650 at T = 300 K.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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parameter, scientists generally conclude that grain resistance is
low compared to that of grain boundary;64,65 however, they have
sometimes found that grain is less conductive than intragrain.
Therefore, comparing resistance values is not sufficient.
Regarding capacitance, the magnitude of the grain capacitance
value is generally smaller than that of the grain boundary.
Considering these facts, for samples RF/VOX-625 and RF/VOX-
650 (Fig. 15(a and b)), the equivalent circuits represent the
effect of grain boundary and grain at low and high frequencies,
respectively. However, the curve in Fig. 15(c) is attributed to the
RSC Adv., 2025, 15, 10022–10036 | 10033
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grain effect. The fractal capacitance values at low and high
frequencies belong to the typical grain boundary and grain
capacitance ranges, respectively.66 It is a good signature to
assign the low-frequency curve to the grain boundary and the
high-frequency curve to the grain. We note that beyond 200 K,
the grain contribution is dominant in the electrical conduction
for the RF/VOX-650 sample. This result is in good agreement
with the electrical conductivity measurements, which showed
the presence of a transition from semiconductor behaviour to
metallic behaviour at 200 K.

Complex modulus is a complementary study of impedance,
giving a clear picture of the different physical processes occur-
ring in the material. In our case, neither relaxation frequencies
nor peak maxima are useful for determining the correct
microstructures, due to the presence of only one peak. The best
clue to clarify the ambiguity produced concerning the presence
of a grain or grain boundary effect is to combine the spectra of
the imaginary part of the electrical modulus M00 and the imag-
inary part of the impedance Z00.67 Fig. 16 illustrates the variation
of M00 and Z00 as a function of frequency at 140 and 300 K.
Fig. 16(a and b) show three relaxation peaks appearing at
distinct frequencies, while Fig. 16(c) indicates that the peak of
electrical modulus and that of impedance coincide at the same
frequency. From this gure, we can decide that the main peak
on each subgure of Fig. 16(a–c) is due to the grain effect. In
addition, we validate that the active microstructures in the RF/
VOX-625 sample are grains and grain boundaries. Additionally,
the contributing microstructures in sample RF/VOX-650 are
grains and grain boundaries at low temperatures (140 to 190 K),
while at high temperatures (200 to 300 K), the microstructure is
associated with the grain effect only. This observation conrms
the results obtained by the Nyquist diagram.

4. Conclusion

In this work, we studied the effect of the pyrolysis temperature
on the electrical properties of nanocomposites based on
a resorcinol–formaldehyde matrix enriched with vanadium
oxide nanoparticles. XRD analysis revealed that increasing the
pyrolysis temperature enhanced the crystallinity of the sample.
Microscopic examination conrmed that the V2O5 nano-
particles were observed to have a nanowire morphology
dispersed in the carbon matrix. Indeed, at low frequencies, the
ac conductance showed a thermally activated process for
samples RF/VOX-625 and RF/VOX-650. At high frequencies, the
RF/VOX-625 sample exhibits semiconductor behaviour, while
the RF/VOX-650 sample undergoes a transition from a semi-
conductor attitude to a metallic one at 200 K. The variation of
the exponent s demonstrated that the CBH model describes the
mechanism of AC conduction. The impedance spectra revealed
the presence of a relaxation phenomenon in the sample.
Nyquist plots of the complex impedance spectra reveal the
presence of grain and grain boundary contributions in samples
RF/VOX-625 and RF/VOX-650 at low temperatures. In addition,
these diagrams show the dominance of the grain effect in the
RF/VOX-650 sample beyond 200 K. The incorporation of vana-
dium nanoparticles to the polymer matrix endows it with new
10034 | RSC Adv., 2025, 15, 10022–10036
physical properties and behaviours that are interesting
compared to the original organic matrix, suggesting the
potential for testing the resulting material in several applica-
tions, such as negatronic devices, gas storage devices and gas
sensors.
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