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In this work, we report the synthesis of different hybrid nanocomposites by sol-gel 

method. Therefore, we used picric acid as a catalyst to incorporate the nanopowder oxides 

of nickel (NiO), copper (CuO) and manganese (MnO) in the porous carbon matrix based 

on pyrogallol and formaldehyde (PF). After a drying and heat treatment for two hours at 

650 °C pyrolysis temperature, the obtained materials have been characterized by different 

structural and electrical techniques. The X-ray diffraction (XRD) spectra show that the 

incorporation of inorganic nanoparticles improved the crystallization of different 

nanocomposites with the existance of a graphite phase. The transmission electron 

microscopy (TEM) images reveal that the graphite nanoparticles size depends to the 

incorporated inorganic oxide. From the electrical studies, we notice that electrical 

conduction is linked to the presence of graphite nanoparticles. The variation of the 

electrical conductivity and the relaxation time with the measurement temperature, ranging 

between 80 and 300 K, explain the effect of the hopping conduction mechanism in these 

nanocomposites. 
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1. Introduction 
 

The porous carbon matrix has been widely applied to develop promising materials in a 

variety of fields, including greenhouse gas adsorption and separation [1,2]. This matrix does, in 

fact, have a unique pore structure, as well as good stability and minimal preparation costs [3,4]. 

One of the organic gels known for its promising potential features depending on the synthesis 

condition is the porous carbon matrix based on pyrogallol-formaldehyde (PF) [5]. The 

implantation of inorganic nanoparticles in a porous carbon matrix leads to the formation of various 

hybrid organic/inorganic nanocomposites [6-8]. Researchers have paid a lot of attention to these 

hybrid nanocomposites in recent years, whether from an applied or basic standpoint [9,10]. They're 

extensively applied in a variety of applications, including photovoltaic cells [11], hydrogen storage 

[12], negatronic devices [13] and electrochemical devices such as sensors [14]. In fact, the 

inorganic nanoparticles are scientifically and technologically interesting functional materials with 

a variety of properties spanning nearly all aspects of materials science and physics. They are very 

important for research because of their importance in applications in biology, environment, 

analytical chemistry and physics [15]. In fact, these nanoparticles characterized by a high 

surface/volume ratio, low toxicity, high chemical stability, and quick electron transfer capabilities, 

which improve the performance of nanomaterials when applied as biomimetic membranes to 

detect proteins and maintain their activity [16,17]. Nevertheless, the incorporation of inorganic 

nanoparticles into a porous carbon matrix has led the way for a new class of materials with unique 

electrical and optical properties, making them appealing for use in disciplines such as 

optoelectronics [18], sensor design [19,20], and catalysis [21]. The interfacial interplay between 
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the inorganic nanoparticles and the PF porous matrix is crucial in determining the hybrid 

nanocomposites' various electrical characteristics. The establishment of unique interface regions 

between carbon matrix and inorganic nanoparticles has been widely attributed to the origin of 

electrical transport phenomena. Interfaces play a critical role in improving conductivity and other 

electrical properties of these nanocomposites. Therefore, the synthesis, characterization, and 

understanding of the electrical conduction process in these materials are the main goals of this 

research. 

 
 
2. Experimental procedure 
 

2.1. Preparation 

The synthesis of PF porous carbon matrix and PF/NiO, PF/CuO and PF/MnO 

nanocomposites has been carried by sol-gel method. Firstly, each of precursors of nickel (II) 

chlorid (NiCl2,6H2O), copper (II) acetylacetonate (C10H14CuO4) and manganese (II) chlorid 

tetrahydrate (MnCl2,4H2O) was dissolved in methanol. After 15 min under magnetic stirring at 

room temperature, the solutions were then placed in an autoclave and dried in supercritical 

conditions of ethyl alcohol. The obtained nanopowders were annealed at 500 °C in air for two 

hours and mixed with mass proportion of 5% in pyrogallol (P), formaldehyde (F) and water 

solution. Then, we used the picric acid for the reaction activation. Secondly, the drying of the 

obtained wet gel was carried at 50 °C during 15 days. In the goal to avoid any shrinkage of the 

xerogel monolith obtained, the wet gel undergoes a drying with heating rate of 10 ° C./day up to 

150 ° C. 

Finally, the different nanocomposites were obtained after a conventional drying like that 

of the PF matrix. In our case, the heat treatment of all samples was carried at 650 °C with a heating 

rate of 5 °C/min in a tubular furnace under controlled nitrogen atmosphere during two hours. After 

natural cooling, we prepared the samples in a parallelepipedal form (12x6x3) mm3 with an ohmic 

contact in silver paint on two parallel faces for the electrical measurements. 

 

2.2. Characterization  

The obtained samples were studied by by XRD from a Bruker X-ray diffractometer D5005 

with CoKα radiation. For the morphological study, we use a JEOL-100C TEM. An Agilent-4294A 

impedance analyzer with an excitation voltage of 50 mV was used for measurements of electrical 

conductivity and relaxation time for frequencies ranging from 40 Hz to 10 MHz. The variation of 

measurement temperature was provided by a VPF-100 cryostat cooled with liquid nitrogen from 

Janis Corporation. 

 

 
3. Results and discussions 
 

Figure 1 shows the XRD patterns of the resulting PF matrix and various nanocomposites. 

In the PF matrix, two large diffraction peaks at at 24° and 42° were found, attributable to the (002) 

and (100) planes typical of amorphous carbon. The diverse nanocomposites, on the other hand, 

have crystallized. Clear that, there are three distinct metallic nickel reflection peaks appear in 

PF/NiO nanocomposite, three distinct metallic copper reflection peaks in PF/CuO nanocomposite, 

and two phases of manganese oxide MnO and metallic manganese Mn appear in PF/MnO 

nanocomposite. Scherrer's formula Eq. (1) was used to calculate the crystallite size of the PF 

matrix and other nanocomposites [23]: 
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where θB is the maximum Bragg diffraction peak and B is the line width at half maximum 

and λ is the X-ray wavelength. The average value of graphite crystallites was determined to be 

around 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, according to the dimension of the crystallites deduced using Eq. (1). 

The average size of the other types of crystallites (Ni, Cu, Mn, and MnO) varies between 12 nm 

and 50 nm. According to these results deduced that, the integration of inorganic nanoparticles into 

the carbon matrix under the influence of pyrolysis temperatures of 650 °C leads to a change in the 

crystalline characteristics of distinct nanocomposites compared to those of the PF matrix.  

 

 
 

Fig. 1. XRD patterns of the all prepared samples. 

 

 

Figure 2 illustrates the TEM observations for the samples under consideration. The size of 

the nanoparticles varied with the integrated oxide, as shown in these images. It noticed that the 

nanoparticles in all samples have agglomerated together. The PF organic matrix yielded the 

smallest size, while the PF/MnO nanocomposite produced the largest. These micrographs match 

the XRD results.  
 

 

 
 

Fig. 2. TEM micrographs of the different prepared samples. 
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The electrical conductivity of the investigated material was determined using Eq. (2) 

according to the value of the resistance R obtained by the impedance analyzer at low frequency. 

    
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 (Fig. 3) indicates that the 3D 

Godet-Variable Range Hopping (3D-GVRH) mechanism may be appropriate to characterize the 

temperature dependence of conductivity [24].  
 

 
 

Fig. 3. Variation of the dc conductivity versus T-1/4. 

  

 

When the charge carrier interaction is ignored in this model, the dc conductivity is given 

by Eq. (3):  

 
 

 

 

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]: 

 

 

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 Fig. 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. This proves that the formation of the states 

responsible for charge transport is not the source of electrical conductivity.  
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Fig. 4. Electrical conductivity and density of states for the all samples. 

  

 

We have shown the variation of electrical conductivity and the size of graphite crystallites 

for different samples in Fig.5 to determine the origin of the increase in its electrical conductivity. 

According to the two curves, the electrical conductivity and the size of graphite crystallites are 

proportional. This proves that the size of graphite nanoparticles is the source of electrical 

conductivity.  

 

 
 

Fig. 5. Electrical conductivity and crystallites size of graphite for the different samples. 

 

 

In Fig. 6, the electrical conductivity vs 1000/T is plotted on a semi-log scale. The 

electrical conductivity of our samples increases as the measurement temperature increases, proves 

their semiconductor behavior characteristics. According to Eq. (5), the curves show activation 

temperature dependence [26]:  

 

 

 

where activation energy, Ea and A is the pre-exponential factor. According to Eq. (5), the 

activation energies estimated from the linear fit at high temperature for PF, PF/NiO, PF/CuO, and 

PF/MnO samples are 101, 92, 90, and 81 meV, respectively. The integration of inorganic 
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nanoparticles in the carbon matrix PF decreased the graphite inter-particles distance and favorably 

increased electrical conductivity in our samples, resulting in lower activation energy values.  
 

 

 
 

Fig. 6. Variation of the dc conductivity versus 1000/T. 

  

 

The impedance measurements were done at frequencies ranging from 40 Hz to 100 MHz. 

We estimated the relaxation time for measurement temperatures between 80 and 300 K using the 

variation of the imaginary part of the impedance as a function of frequency.  
 
 

 
 

Fig. 7. Variation of the relaxation time versus 1000/T. 

 

 

The variance of the relaxation time as a function of the inverse of measurement 

temperature is shown in Fig. 7. According to Eq. (6), the curves show activation temperature 

dependence.        

 

 

where τ0 is the pre-exponential factor and Ea
’ is the activation energy of relaxation time. According 

to Eq. (6), the values of Ea' for PF, PF/NiO, PF/CuO, and PF/MnO samples are 104, 94, 93, and 84 

meV, respectively. These values agree well with those derived from electrical conductivity, 

confirming that the hopping conduction mechanism dominates in both dc and ac modes.  
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Fig. 8 shows the variation of electrical conductivity versus the relaxation time in log-log scale. The 

measured linearity confirms that conductivity is related to relaxation time for the various samples 

investigated. This proportionality could be seen in materials characterized with hopping charge 

transport [27,28].  

 

 
 

Fig. 8. Variation of dc conductivity versus the relaxation time. 

 

 

4. Conclusion 
 

The effects of NiO, CuO, and MnO nanoparticles on the structural, morphological, and 

electrical properties of a porous carbon matrix based on pyrogallol-formaldehyde synthesized by 

the sol-gel method was studied. The structural and morphological characterizations show that the 

nanoparticle size varies depending on the incorporating metallic oxide. The size of graphite 

nanoparticles explains the change in conductivity as a function of the inserted metallic oxide. In 

both the dc and ac regimes, the hopping conduction mechanism dominates. 
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