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Abstract 
There has been a surge in demand of electronic devices that serve better durability under 
adverse environmental conditions. This study investigated electrical conductivity (σDC) of 
samarium (BFS) and niobium (BFN) doped Biochar/ferrite-based nanocomposites (NC). 
NC were synthesized using sol-gel method and characterized through Fourier Transform 
Infrared and UV-diffuse Reflectance Spectroscopy. Structural properties and thermal 
stability of developed NC were analyzed through Scanning Electron Microscopy and 
Thermo Gravimetric Analysis. BFS and BFN-based working electrodes (WE) were 
fabricated by coating them over stainless-steel current collectors, and their surface 
morphology and electrical properties were investigated. To compare effects of Sm and Nb 
doping on σDC of NC, measurements of BFS and BFN were performed at variable 
voltages, temperatures, baking and humid environments. Results showed that BFN had 
better σDC (0.83 mS/cm) than from BFS counterparts, maybe due to effective 
incorporation of Nb ions into NC lattice, which improved charge carrier mobility. 
Arrhenius curve of BFS and BFN was plotted with activation energy value of 27.64 and 
26.36 J/mol-1, respectively. Additionally, BFS-derived WE showed higher stability and 
durability in humid and baking environments. Results demonstrated that BFN can be used 
as potential candidates for preparing electrode materials.  
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Introduction 
Electrically conducting nanocomposites (NC) of metal oxide ferrite nanoparticles 
(FNP) doped with functionalized biochar (BC) have drawn growing interest as 

                                                           
 The abbreviations list is in pages 423-24. 
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electrodes in microelectronics, due to their ability to serve as potential electrically 
conducting materials under harsh environmental conditions of humidity, temperature 
and radiations [1]. The development of efficient, sustainable and cost-effective 
electrode materials is crucial for advancements in energy storage and conversion 
technologies [1]. NC has emerged as highly promising candidates in this field due to 
their unique properties, which result from the interaction between their different 
components. BC, a carbon-rich material produced from biomass, has gained attention 
for its potential in energy storage applications [2]. Its high surface area, porosity and 
conductive properties make it an excellent component for NC. FNP, known for their 
magnetic properties and stability; can enhance electrical conductivity and 
electrochemical performance of NC when integrated into them [3]. BC/FNP-derived 
NC like BC/graphene/Fe3O4, BC/FexOy, BC/Fe3O4, BC/MnFe2O4, BC/CoFe2O4 and 
BC/NiFe2O4 have been reported on their application in diverse fields [4-12]. Doping 
FNP with specific elements can further optimize their properties for targeted 
applications. Specifically, doping with elements such as Sm and Nb has shown promise 
in improving electrical and electrochemical characteristics of these materials.  
Various Nb2O5-based NC have been employed as energy storage materials, batteries, 
supercapacitors, optoelectronics, visible light photocatalyst for H2 Production, 
electrochemical sensors, photoelectrochemical water splitting, solar cells and 
sensors, dye degradation and detection and capture of heavy metals [13-22].  
Sm2O3-doped NC like Ag/Sm2O3/rGO, PANI/Sm2O3, Sm2O3/rGO and 
Sm2O3/Co3O4/PANI applications have been reported in sensing, photocatalysis, 
catalytic hydrogenation, nanoelectronics, biomedical, antimicrobial, CO conversion, 
pesticide adsorption and energy storage fields [23-32]. The effect of various 
environmental factors like baking, humidity exposure and temperature on 
conductivity of hBN/MWCNT electrode has been reported, showing significant 
conductivity values [1]. However, literature search reveals that electrical 
conductivity of NC from rare earth and transition metal oxide doped-BC/FNP has 
been much less studied. 
This manuscript presents a comparative study on electrical conductivity of BC/FNP 
NC doped with Sm (BFS) and Nb (BFN). Synthesis, characterization and 
performance assessment of BFS and BFN were conducted to elucidate their 
structural and morphological properties and to analyze the effects of doping on their 
electrical properties. The findings will contribute to the development of thermally 
stable advanced electrode materials for various electrochemical applications. 
 
Experimental 
Materials 
BC was derived through pyrolysis of Parthenium hysterophorus. Ferrous chloride 
tetrahydrate and ammonia solution were sourced from Molychem. Ethanol, nitric 
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and sulfuric acids and N-Methyl-2-Pyrrolidone (NMP) solvents were obtained from 
Loba Chem. Polyvinylbutyral (PVB) was acquired from Himedia, India. Nb2O5 and 
Sm2O3 were purchased from Molychem. Deionized water used in all experiments 
was produced using a PURE ROUP 30 system. 
 
Development of Nb2O5 and Sm2O3-doped NC 
BFS and BFN were prepared using a wet chemical synthesis method with a probe 
ultrasonicator. In short, 150 mg FNP were added to a BC suspension, and the 
mixture was ultrasonicated for 45 min. Afterwards, 100 mg Sm2O3 was added into it, 
followed by 20 min ultrasonication. Resulting mixture was then filtered and dried at 
room temperature for subsequent use. Nb2O5-doped NC was similarly prepared [33].  
 
Fabrication of working electrodes  
WE were developed by depositing FNP and BC slurry onto a stainless-steel current 
collector (2 cm² area), which were meticulously cleaned using diluted acid, acetone and 
distilled water, followed by drying with hot air, to achieve a smooth, shiny surface. The 
slurry was prepared by mixing 85 mg NC with 15 mg PVB binder in 1 mL NMP 
solvent, and subjecting the mixture to ultrasonication at 500 rpm, for 30 min. 
Approxim. 120 µL of this slurry was then deposited onto the current collector surface to 
form WE with a thickness of 0.1±0.01 cm. These coated WE were left to dry at room 
temperature for 24 h, and then vacuum dried at 50±1 °C under 400 mm Hg [34]. 
 
Characterization 
Fourier Transform Infrared (FTIR) spectra were obtained using a Thermo Nicolet 
instrument, within a wavenumber range from 4000 to 500 cm⁻¹. Surface morphologies 
were analyzed via scanning electron microscopy (SEM) on a JEOL JSM 6610 LV at a 
magnification of 10 kx (1 μm) and an accelerating voltage of 10 kV. Additionally, 
ultraviolet-diffuse reflectance spectroscopy (UV-DRS) was performed using a 
Shimadzu UV-2450 UV-VIS spectrophotometer. Thermal stability of as-prepared NC 
was examined using simultaneous TG-DT-DTG (Thermogravimetry-Differential 
Thermal-Derivative Thermogravimetry) analyses employing EXSTAR TG/DTA 6300 
instrument in static air at a heating rate of 10 °C/min up to 1000 °C, with alumina as 
reference material. TG data are expressed in terms of TG onset, endset and weight 
residue (Tgo, Tge and Wr %, respectively). 
 
Electrical conductivity investigation  
Electrical conductivity of BC and FNP-based WE was assessed under various 
experimental conditions to determine their performance and durability. Direct current 
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conductivity measurements were performed using a Keithley nanovoltmeter (2182A) 
paired with a current source (6221) at specific voltage and temperature settings. 
Electrical conductivity of the WE was evaluated after exposure to humidity for 8 h, at 
40% relative humidity, in an atmosphere containing 0.2 % CO2 at 40 ± 10 °C, using 
equipment from New Brunswick Instruments, Germany. Additionally, the WE was 
tested for changes in σDC under different temperatures (50 and 100 °C) in a vacuum 
oven (NSW India). The σDC measured at various temperatures was used to calculate 
activation energy (Ea) of BC and FNP using Arrhenius equation:  
 
 σ = σo exp(-Ea/kT)  (1) 
 
where σ represents electrical conductivity, σo is pre-exponential factor, k is Boltzmann 
constant (1.38 × 10⁻²² J/K) and T is absolute temperature. 
 
Results 
FTIR analysis 
BFS and BFN were characterized through FTIR spectral analysis to ascertain their 
formation, as evidenced by distinct characteristic wave numbers (ῡ, cm-1) in Fig. 1. 
FTIR of BFS shows peaks at 650, 1064, 1381, 1632 and 3500 cm-1, in which a 
prominent peak around 3500 cm-1 corresponds to νO-H stretching associated with 
hydrogen bonding, the one at 1740-1700 cm-1 reveals carbonyl-based surface 
functionalities and that at 1632 cm-1 shows presence of aromatic C=C and C=O 
stretching. An additional peak at 568 cm-1 corresponds to Sm-O vibration [35]. This 
clearly indicates introduction of Sm2O3 in FNP structure.  
 

 
Figure 1: FTIR spectra of BFS and BFN. 
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Spectrum of BFN revealed the presence of peaks at 575, 632, 812, 877, 1064, 1381, 
1632 and 3500 cm-1. The small peaks at 575, 812 and 877 cm-1 are attributed to 
stretching vibrations of Nb-O [36]. This shows that Nb2O5 have been incorporated in 
structural framework of FNP. 
 
UV-DRS analysis 
UV-DRS analysis was utilized to determine λmax and band gap energy of prepared 
NC by examining absorption edge in UV-Visible spectrum (Fig. 2).  
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Figure 2: UV-DRS spectra of BFS and BFN. 
 

The absorption band of BFS was observed at 358 nm. On the other hand, BFN 
exhibited a shift with an absorption band at 374 nm. BFS and BFN showed band gap 
energy value of 2.80 and 2.78 eV, respectively. 
 
Microstructure analysis 
SEM imaging of BFS and BFN derived WE were conducted at a standardized scale 
of 1 µm and 10 KX magnifications. SEM images of both WE depict agglomerated 
FNP grains dispersed over the flakes of BC along with amorphous phases of PVB. 
SEM microgram of BFS reveals uniform surface with Sm2O3 dispersed over BC 
matrix (Fig. 3a). On the other hand, BFN-incorporated WE exhibits uniformly 
distributed Nb2O5 and FNP over BC matrix (Fig. 3b).  
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Figure 3: SEM micrographs of (a) BFS and (b) BFN at 10,000X magnification. 

 

Thermal analysis 
Thermogram of BFS reveals three step decomposition (Fig. 4a).  
 

 
Figure 4: Simultaneous TG-DTA-DTG curves of (a) BC and (b) FNP. 

 

BFS has rendered steep decomposition in the range from 32.7 to 100 ºC, leaving 95.8% 
Wr. Rapid decomposition appeared at 9.11 µg/ºC at 61 ºC in this narrow range. This 
was associated with an intense DTA signal of 11.72 µV, at 48 ºC. The 4.44 % weight 
loss in this range may result from volatilization of moisture content associated with BC. 
The second step commenced at TGo of 100 ºC and TGe of 300 ºC, leaving 88.34% Wr. 
The third step started at TGo of 300 ºC and TGe of 750 ºC, leaving 74.98% Wr. The 
8.06 % weight loss in these regions may be due to degradation of residual initial 
substrate species like Sm2O3, BC and FNP. DTG revealed decomposition of 7.26 µg/ºC 
at 292 ºC, for this range. These steps were associated with an intense and broad DTA 
signal of 56 µV, at 293 ºC. Further increase in temperature from 750 to 1000 ºC 
rendered moderate decomposition of BFS at a rate of 3.10/ºC. Decomposition of BFS 
was terminated at 1000 ºC, leaving 69.1 weight% BC.  
TGA of BFN revealed three step decomposition (Fig. 4b). First thermal 
decomposition step ranges from TGo of 32.7 oC to TGe of 100 ºC, leaving 95.8% Wr. 
In this step, rapid decomposition occurs at 9.11 µg/ºC, at 61 ºC. The 4.2% weight loss 

(a) (b) 
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in this narrow range may be ascribed to volatilization of moisture content associated 
with BFN. The second step was commenced at TGo of 200 ºC and TGe of 300 ºC 
leaving 88 % Wr. The 7.8 % weight loss in region may be attributed to the 
degradation of residual initial substrate species like Nb2O5, BC and FNP. DTG reveals 
decomposition at 7.26 µg/ºC at 292 ºC. Both of these steps are associated with a broad 
DTA signal of 56 µV at 293 oC. Further increase in temperature from 500 to 1010 ºC 
rendered BFN slow decomposition at a rate of 2.20/ºC. Decomposition of BFN was 
concluded at 1011 ºC, leaving 69.1 weight% BC. Overall, both NC were found to be 
thermally stable upto 1010 ºC, leaving up to 70% Wr [37]. 
 
Electrical conductivity 
Electrical conductivity of WE derived from BFS and BFN was thoroughly 
investigated to assess their operational performance and durability under various 
experimental conditions. 
 
Current-voltage (I-V) characteristics of WE 
I-V characteristics of WE were measured within the voltage range from 5 to 45 V. 
Analysis of electrical properties revealed that conductivity of BFN-derived WE 
exceeded that of BFS-based WE. Fig. 5 illustrates a linear increase in current with 
voltage for both BFS and BFN-derived WE, indicating ohmic conductive behavior 
in both materials and their ability to develop WE [33]. 
 

 
Figure 5: I-V curves of BFS and BFN-derived WE depicting Ohmic conductive behaviour. 
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Electrical conductivity at variable voltages 
Electrical behavior of BFS and BFN was analyzed through their DC conductivity 
measurements at three different voltages (1, 10 and 100 V) at room temperature [1]. 
Results indicate that increasing voltage from 1 to 10 V did not significantly affect 
σDC. However, a marked increase in σDC was observed for both samples when 
voltage was raised from 10 to 100 V, with BFN exhibiting highest conductivity, 
reaching a peak value of 0.83 mS/cm (Fig. 6).  
 

 
Figure 6: σDC of BFS and BFN-derived WE at 1, 10 and 100 V. 

 

Results showcase superior electrical conductivity of BFN compared to BFS at all 
voltage levels, underlining BFN potential as an electrically conductive WE material. 
Improvement in electrical conductivity is likely due to reduction in the energy gap 
(Eg) following exfoliation of Nb and FNP over BC matrix [1]. These enhancements 
promote rapid electron transfer and result in higher σDC, making BFN a promising 
candidate for electrically conductive WE. 
 
Temperature-dependent electrical conductivity analysis 
Effect of temperature on σDC was studied over temperature range from 300 to 
400 K, maintaining a constant voltage of 100 V. Activation energy was evaluated 
on both WE, for which purpose, Arrhenius plot was plotted between log(σDC) 
and 1000/T (K-1) (Fig. 7).  
BFS and BFN exhibited activation energy value of 27.64 and 26.36 J/mol, 
respectively. Results showcases that conductivity rises linearly with increase in 
temperature from 300 to 400 K. This analysis demonstrates that electrons exhibit 
lower activation energy for migration within conducting BFN than in the case of 
BFS-derived WE.  
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Figure 7: Arrhenius plot depicting effect of temperature on σDC of BFS and BFN. 

 

Effect of humidity exposure on electrical conductance 
Performance and durability of developed WE was also studied by observing their 
σDC after fixed time interval with exposure to the 4% humid environment (HE). 
Results illustrated in Fig. 8 depict variations in σDC as a function of HE exposure 
time over different WE. The WE were periodically assessed under HE at 1 h intervals 
for up to 8 h. WE developed from BFN and BFS exhibited a distinct pattern with 
progressive increase in σDC for 7 h of HE followed by a decrease (Fig. 8). BFN-
coated WE showed higher electrical conductivity in comparison to BFS-coated WE 
throughout the experiment. 
 

 
Figure 8: Effect of 40% relative humidity exposure on σ DC of BFS and BFN-derived WE 
for an 8 h period. 
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Baking effect on electrical performance 
Effect of the heating process on the performance of developed WE was 
systematically examined, focusing on two specific temperature conditions: 50 and 
100 °C, over a 12 h period. Results revealed that, at lower temperature of 50 °C, 
both WE exhibited a noticeable increase in their σDC values for 12 h of heating 
(Fig. 9(a)). In contrast, when subjected to a more elevated temperature of 100°C, 
WE displayed a different behavior. Here, σDC continued to rise over the initial 10 h 
of heating, followed by a reduction in conductivity (Fig. 9b).  
This distinct trend suggests that the high-temperature environment may have 
induced a different set of degradation processes or structural transformations within 
the WE. In this case, the declining trend in σDC after an initial increase is indicative 
of potential adverse effects from prolonged exposure to elevated temperatures on the 
WE performance.  
Decrease in σDC beyond 10 h is attributed to the WE having reached percolation 
threshold, after which conductivity values decline. This reduction in conductivity 
may result from prolonged exposure to harsh environmental conditions, leading to 
aggregation of metallic nanoparticles and consequent reduction on the number of 
free charge carriers.  
Conversely, continuous increase in conductivity values indicates the stability of 
NC-based WE in humid and thermal environments without any significant 
dissociation of the prepared material. This stability underscores the suitability of 
developed NC as excellent electrically conductive materials for a wide range of 
applications. 
 

 
Figure 9: Effect of heating BFS and BFN derived-WE at (a) 50 °C and (b) 100 °C on their 
σDC. 
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Conclusion 
In this study, Sm and Nb-doped BC/FNP NC was successfully synthesized. 
Comparative analysis was conducted for examining their electrical conductivity in 
different environmental conditions. Experimental findings demonstrate that Nb-doped 
NC exhibit superior DC conductivity (0.83 mS/cm) compared to their Sm-doped 
counterparts, irrespective of environmental conditions. This enhanced conductivity in 
Nb-doped NC can be attributed to efficient charge transport facilitated by electronic 
structure of Nb and its interaction with FNP matrix. UV-DRS analysis revealed band 
gap values of 2.80 and 2.78 for BFS and BFN, respectively. These results suggest that 
Nb doping is a more effective strategy for improving electrical properties of NC from 
BC/FNP, potentially expanding their application in electronic and energy storage 
devices. Further research could explore underlying mechanisms of this improvement, 
and evaluate long-term stability of these materials in practical applications. 
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UV-DRS: ultraviolet-diffuse reflectance spectroscopy 
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