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ABSTRACT 

In this paper, we describe the sol-gel approach for the synthesis of various hybrid nanocomposites. In 

order to incorporate the nanopowder oxides of nickel (NiO), copper (CuO), and manganese (MnO) in 

the porous carbon matrix based on pyrogallol and formaldehyde (PF), we employed picric acid as a 

catalyst. The materials were then dried and heated for two hours at 650°C pyrolysis temperature before 

being characterised using various structural and electrical methods. The inclusion of inorganic 

nanoparticles increased the crystallisation of several nanocomposites with the presence of a graphite 

phase, according to the X-ray diffraction (XRD) spectra. The size of the graphite nanoparticles is 

dependent on the amount of inorganic oxide contained, as shown by the TEM images. We see from the 

electrical experiments that the existence of graphite nanoparticles is related to electrical conduction. 

The influence of the hopping conduction mechanism in these nanocomposites is explained by the 

fluctuation of the electrical conductivity and the relaxation time with measurement temperature, which 

ranges between 80 and 300 K. 

 
1.  Introduction 

Many promising materials, including those for the 

adsorption and separation of greenhouse gases, have been 

developed using the porous carbon matrix [1, 2]. In fact, this 

matrix has a distinct pore structure, good stability, and low 

preparation costs [3, 4]. The porous carbon matrix based on 

pyrogallol-formaldehyde (PF) is one of the organic gels known 

for its intriguing prospective features dependent on the 

synthesis conditions [5]. Different hybrid organic/inorganic 

nanocomposites are created when inorganic nanoparticles are 

implanted in a porous carbon matrix [6–8]. These hybrid 

nanocomposites have received a lot of interest from researchers 

recently, whether from an applied or fundamental perspective 

[9, 10]. Numerous applications, such as solar cells [11], 

hydrogen storage [12], negatronic devices [13], and 

electrochemical devices such sensors [14], make substantial 

use of them. In fact, the inorganic nanoparticles are useful 

materials that are both scientifically and technologically 

intriguing. They have a wide range of features that touch on 

almost every field of physics and materials science. Due to the 

significance of their applications in biology, the environment, 

analytical chemistry, and physics, they are crucial for research 

[15]. The efficacy of nanomaterials when used as biomimetic 

membranes to detect proteins and sustain their activity is 

actually improved by these nanoparticles, which exhibit high 

surface-to-volume ratios, low toxicity, high chemical stability, 

and rapid electron transfer abilities [16, 17]. However, the 

introduction of inorganic nanoparticles into a porous carbon 

matrix paved the way for a brand-new class of materials with 

distinctive electrical and optical characteristics, making them 

appealing for usage in fields including optoelectronics [18], 

sensor design [19, 20], and catalysis [21]. 

The varied electrical properties of the hybrid 

nanocomposites are mostly determined by the interfacial 

interaction between the inorganic nanoparticles and the PF 

porous matrix. It has been largely accepted that the 

development of distinctive interface regions between carbon 

matrix and inorganic nanoparticles is what first caused 

electrical transport phenomena. Enhancing conductivity and 

other electrical characteristics of these nanocomposites 

depends heavily on the interfaces. Therefore, the primary 

objectives of this research are to synthesise, characterise, and 

comprehend the electrical conduction mechanism in these 

materials. 

 

2.  Experimental 

2.1  Preparation 

Sol-gel synthesis has been used to create PF porous carbon 

matrix and PF/NiO, PF/CuO, and PF/MnO nanocomposites. 

First, methanol was used to dissolve the precursors for 

manganese (II) chlorid tetrahydrate, copper (II) 

acetylacetonate, and nickel (II) chlorid (NiCl2,6H2O). The 

solutions were then deposited in an autoclave and dried in 

supercritical ethyl alcohol after 15 minutes of magnetic stirring 

at room temperature. The resulting nanopowders were blended 

with a mass proportion of 5% in pyrogallol (P), formaldehyde 

(F), and water solution after being annealed at 500°C in air for 

two hours. The process was then activated using picric acid. 

Second, the resultant wet gel was dried over a 15-day period at 

50°C. The produced xerogel monolith is dried with a heating 
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rate of 10° C./day up to 150°C in an effort to prevent any 

shrinking. 

Finally, using a typical drying process similar to that used 

for the PF matrix, the various nanocomposites were obtained. 

In our case, all samples underwent a two-hour heat treatment at 

650°C with a heating rate of 5°C/min in a tube furnace with a 

regulated nitrogen environment. After natural cooling, we 

prepared the samples in a parallelepipedal form (12×6×3) mm
3
 

with an ohmic contact in silver paint on two parallel faces for 

the electrical measurements. 

 

2.2  Characterization 

The collected samples were examined using an X-ray 

diffractometer (XRD) from a Bruker D5005 equipped with 

CoKα radiation. We employ a JEOL-100C TEM for the 

morphological examination and an Agilent-4294A impedance 

analyzer for the measurements of electrical conductivity and 

relaxation time for frequencies from 40 Hz to 10 MHz. A Janis 

Corporation VPF-100 cryostat that was cooled with liquid 

nitrogen produced the fluctuation in measurement temperature. 

 

3.  Results and discussion 

The XRD patterns of the produced PF matrix and several 

nanocomposites are displayed in Figure 1. Two significant 

diffraction peaks at 24° and 42°, corresponding to the (002) 

and (100) planes typical of amorphous carbon, were identified 

in the PF matrix. On the other hand, the various 

nanocomposites have crystallised. It is evident that the PF/NiO 

nanocomposite exhibits three separate metallic nickel 

reflection peaks, the PF/CuO nanocomposite exhibits three 

distinct metallic copper reflection peaks, and the PF/MnO 

nanocomposite exhibits two phases of manganese oxide, MnO, 

and metallic manganese, Mn. The PF matrix and other 

nanocomposites' crystallite sizes were determined using 

Scherrer's equation Eq. (1) [23]: 

 0.9

cos B

G
λ

=
β θ

,                                                                   (1) 

 

where θB is the maximum Bragg diffraction peak and B is 

the line width at half maximum and λ is the X-ray wavelength. 

According to the diameter of the crystallites estimated using 

Eq. (1), the average value of graphite crystallites was found to 

be approximately 2 nm for the PF matrix, 3.5 nm, 5 nm, and 15 

nm for the PF/NiO, PF/CuO, and PF/MnO nanocomposites, 

respectively. The typical size of the other crystallite kinds, 

including Ni, Cu, Mn, and MnO, ranges from 12 nm to 50 nm. 

These findings suggest that the incorporation of inorganic 

nanoparticles into the carbon matrix when subjected to 

temperatures of pyrolysis of 650°C results in a change in the 

crystalline properties of various nanocomposites in comparison 

to those of the PF matrix.  

Using Eq. (2) and the value of the resistance R acquired by 

the impedance analyzer at low frequency, the electrical 

conductivity of the tested material was calculated.  

 

σ = L/RS                                                                           (2)  

 

where L is the pellet's thickness and S is the electrode's 

contact area. The presence of a linear form in the change of 

electrical conductivity versus T
-1/4

 (Figure 3) indicates that the 

3D Godet-Variable Range Hopping (3D-GVRH) mechanism 

may be appropriate to characterize the temperature dependence 

of conductivity [24]. 
 

 
Figure 1: XRD patterns of the all prepared samples. 

 

The TEM observations for the materials under 

examination are shown in Figure 2. These photos demonstrate 

how the incorporated oxide changed the nanoparticles' sizes. It 

discovered that all of the samples' nanoparticles had clumped 

together. The PF/MnO nanocomposite produced the biggest 

size, while the PF organic matrix produced the smallest. These 

micrographs correspond to the XRD findings.  

 

 
Figure 2: TEM micrographs of the different prepared samples. 

 

When the charge carrier interaction is ignored in this 

model, the dc conductivity is given by Eq. (3): 

 1/ 4
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where σ0 is a pre-exponential factor, T is the measurement 

temperature. T0 is the Godet characteristic temperature, which 

is calculated using Eq. (4) [25]: 

 3

0 310
( )

F B

T
N E k

α
= ,                                                         (4) 

 

where N(EF) is the density of states, kB is the constant of 

Boltzmann and 1/α is the carrier localization length.  

The variability in electrical conductivity and density of 

states for the different samples at room measurement 

temperature is shown in Figure 4. From those two curves, the 

density of states and electrical conductivity are inversely 

correlated. Indeed, with minimum conductivity, N(EF) achieves 

the greatest value in the PF matrix. N(EF) tends to a minimal 

value with a maximum conductivity in the PF/MnO 

nanocomposite.  

 

 
Figure 3: Variation of the dc conductivity versus T

-1/4
. 

 

 

 
Figure 4: Electrical conductivity and density of states for the all 

samples. 

 

In order to pinpoint the cause of the rise in graphite's 

electrical conductivity, we have displayed the variance in 

electrical conductivity and the size of the crystallites for 

several samples in Figure 5. The electrical conductivity and the 

size of graphite crystallites are proportional, as seen by the two 

curves. This demonstrates that the electrical conductivity of 

graphite nanoparticles is caused by their size. 

 

 
Figure 5: Electrical conductivity and crystallites size of graphite for 

the different samples. 

 

Electrical conductivity is plotted on a semi-log scale in 

Figure 6 as a function of 1000/T. Our materials' increased 

electrical conductivity as measurement temperature rises is 

evidence of their semiconductor behaviour characteristics. The 

curves exhibit activation temperature dependency as predicted 

by Eq. (5) [26]: 

 
exp a

B

E
A

k T

 
σ = − 

 
,                                                          (5) 

 

where activation energy, Ea and A is the pre-exponential 

factor. The activation energies determined by the linear fit at 

high temperature for the PF, PF/NiO, PF/CuO, and PF/MnO 

samples are, respectively, 101, 92, 90, and 81 meV, according 

to Eq. (5). Lower activation energy values were obtained in our 

samples as a result of the integration of inorganic nanoparticles 

into the carbon matrix PF by reducing the space between 

graphite particles and favourably increasing electrical 

conductivity.  

 

 
Figure 6: Variation of the dc conductivity versus 1000/T. 
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From 40 Hz to 100 MHz of frequencies were used to 

measure the impedance. We used the variation of the 

imaginary portion of the impedance as a function of frequency 

to estimate the relaxation time for measurement temperatures 

between 80 and 300 K.  

 

 
Figure 7: Variation of the relaxation time versus 1000/T. 

 

Figure 7 depicts the variation in relaxation time as a 

function of the inverse of measurement temperature. The 

curves illustrate activation temperature dependency in 

accordance with Eq. (6).  

 '

0
exp a

B

E

k T

 
τ = τ  

 
,                                                            (6) 

 

where τ0 is the pre-exponential factor and '

a
E  is the 

activation energy of relaxation time. According to Eq. (6), the 

values of '

a
E  for PF, PF/NiO, PF/CuO, and PF/MnO samples 

are 104, 94, 93, and 84 meV, respectively. These results are in 

good agreement with electrical conductivity-derived values, 

demonstrating that hopping conduction dominates in both dc 

and ac modes. 

 

 
Figure 8: Variation of dc conductivity versus the relaxation time. 

 

In a log-log scale, Figure 8 displays the change of 

electrical conductivity vs relaxation time. For the numerous 

samples under investigation, the measured linearity supports 

the hypothesis that conductivity and relaxation time are 

correlated. In materials with hopping charge transport 

characteristics, this proportionality might be observed [27, 28]. 

 

4.  Conclusions 

A porous carbon matrix based on pyrogallol-formaldehyde 

synthesised using the sol-gel method was investigated to see 

how NiO, CuO, and MnO nanoparticles affected its structural, 

morphological, and electrical properties. The structural and 

morphological characterizations demonstrate how the 

incorporating metallic oxide affects the nanoparticle size. The 

variation in conductivity caused by the injected metallic oxide 

is explained by the size of the graphite nanoparticles. The 

hopping conduction process rules in both the dc and ac 

regimes. 
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