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A B S T R A C T

Biochar materials have been applied in energy storage due to their unique properties, such as high storage of 
ions, high conductivity, chemical stability and ease of production. Combining it with the high specific capaci
tance could be a promising strategy to develop devices and improve the properties. Through a hydrothermal 
technique the biochar powders were synthesized from sugarcane biomass. An acid pretreatment was carried out 
before and after the graphitization process aiming to obtain carbon materials with high surface area and porosity. 
The morphological characterization reveals powders with pores of submicrometer diameter. For the pure biochar 
it was determined a superficial area of 477.66 m2.g− 1 with a median pore size of 42.92 Å and a pore volume of 
0.21 cm3.g− 1. A carbon-based paste was then prepared to deposit on nickel foam and obtain the electrodes. In a 
3-electrode system characterization, biochar has showed higher specific capacitance than the metal oxide 
composites due to higher surface area and higher medium pore diameter. It was calculated a resistance of 2.7 Ω, 
a capacitance of 446 mF.g− 1, a power density of 46.2 W.kg− 1 and an energy density of 1.8 W.h.kg− 1. These 
results indicate the potential use of biochar-based electrodes with high electrical conductivity and improved 
surface area to obtain higher capacitance properties for development of advanced devices.

1. Introduction

As global energy consumption rises and the push for sustainability 
intensifies, developing new and efficient energy storage solutions be
comes a critical challenge for scientists. The need is diverse, ranging 
from powering portable electronics and electric vehicles to supporting 
large-scale power plants and integrating renewable energy sources into 
our grids. Each application demands storage systems with specific 
characteristics for optimal performance. While technologies like batte
ries, hydrogen storage, superconducting magnets, and supercapacitors 
exist, finding a single ideal solution that meets all technical and eco
nomic needs remains elusive. [1–5]

The so-called supercapacitors are a class of energy storage devices 
that combine the properties of batteries, such as high storage capacity, 

with those of capacitors, such as ultra-fast charging and power supply, 
tolerating a large number of charge cycles [6,7]. However, these devices 
still have some drawbacks: the energy storage capacity is even less than 
that of conventional batteries, the observed voltage discharge curve can 
prevent the use of all stored energy and also an excessive self-discharge 
is observed.

The search for supercapacitor materials has spurred the development 
of numerous strategies, since its structure is essential for the perfor
mance of the supercapacitor to improve the characteristics as power 
density, charging time and cyclability [8]. A leading approach involves 
crafting novel functional composites with properties meticulously 
tailored to specific applications. These composites are created by 
merging two or more materials, each possessing unique properties, to 
achieve a synergistic effect. For instance, the combination of metal 
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oxides and carbon-based materials has shown promise in various ap
plications, including photocatalysis, sensors, and most notably, energy 
storage and transport. [9–13]

Among the metal oxides, the zinc oxide and copper oxides are 
attracting significant interest as electrode materials due to their versa
tility and combination of desirable properties. Zinc oxide (ZnO) has a 
wide band gap (3.37 eV), exceptional chemical stability, strong exciton 
binding energy at room temperature and piezoelectric properties that 
make it valuable in sensors. ZnO’s advantages extend beyond its prop
erties; it boasts easy and cost-effective manufacturing, environmental 
friendliness, and abundance, making it a sustainable choice. These at
tributes have propelled ZnO to the forefront of various applications in 
electronics, photocatalysis, and sensors. More recently, researchers are 
exploring its potential to enhance the stability of supercapacitors 
[14–21]. Likewise, CuO and CuO2 materials are abundant, inexpensive, 
non-toxic, and readily synthesized in various nanostructures, all of 
which are crucial factors for practical applications, since they boast high 
capacities for storing lithium ions. However, fewer studies have inves
tigated the application of CuO as a supercapacitor [22–25].

Carbonaceous materials, including graphite, graphene, and amor
phous carbon, have been applied as electrodes for supercapacitors due to 
posses good electrical conductivity, ability to be functionalized and low 
reactivity [26,27]. However, non-renewable sources were used exten
sively to produce activated carbon (AC). This stands in contrast to the 
increasing public concern about climate change, environmental pollu
tion and its health impacts. Recent advancements in material synthesis 
offer a promising solution to environmental concerns, such the devel
opment of methods to use biomass, organic plant matter, for the pro
duction of biochar, a type of AC. Biomass derivatives have presented 
outstanding electrochemical performance because it has high porosity, 
high surface area, chemical stability and electronic conductivity [7,28].

Employing a sustainable combination of physical and chemical 
techniques to reuse and convert biomass wastes to production of biochar 
not only represents cost-effective and easily scalable process, but also 
yields a highly porous material with a vast surface area [7,29]. In 
addition, the use of biochar offers others advantages for the environ
ment: it replaces fossil fuels, reduces waste and captures carbon. These 
remarkable qualities position biochar as a promising candidate for en
ergy storage applications [30–34]. Different biomass sources can be 
used as raw material, such as sugarcane, bamboo, cotton, coconuts 
sheel, banana, celtuce or even funghi [28,35–40] and have been used as 
cathode in supercapacitors with excellent results. However, the 
carbon-based energy density represents an important key to overcome 
and unlock the potential of this material in the application of energy 
storage.

Despite its promise, these materials can suffer from limitations, 
particularly the breakdown of its crystalline structure during repeated 
charging and discharging cycles (ion insertion and extraction). Synthesis 
approaches, including controlled nanostructuring, are being actively 
explored to address these limitations and then enhance the stability of 
the metal oxide@carbon electrodes, leading to an improved on perfor
mance, ciclability and life time [41]. Green carbon materials and their 
composites are rapidly emerging as game-changers in materials science. 
In response to growing environmental and engineering concerns, 
research efforts in materials science have intensified, leading to the 
development of promising new materials.

Here, in this work, we focus on development methodology for syn
thesis and characterization of carbon-based materials derived from 
sugarcane through pyrolysis followed by acidic and hydrothermal 
treatments, resulting in a graphitized structure: porous biochar and 
composites containing copper oxide (CuO) or zinc oxide (ZnO). We 
employed a unique yet efficient approach to grow nanoparticles from 
these metal oxides directly onto the biochar surface. This method in
volves a pre-deposition step to create a "seed layer" – a technique 
commonly used for thin films. This seed layer promotes the nucleation 
and controlled growth of the desired metal oxide on the biochar. We 

investigated the morphology and oxide growth patterns on the biochar 
surface using various characterization techniques and then the prepa
ration of electrodes on nickel foam to verify the potential use in energy 
storage applications.

2. Experimental procedure

2.1. Raw materials

Natural sugarcane (Saccharum officinarum) bagasse was obtained 
from plantations in the region of Campinas/SP-Brazil. Sulfuric acid – 
H2SO4, phosphoric acid – H3PO4, ammonium hydroxide – NH4OH, zinc 
acetate – Zn(CH3COO)2, zinc nitrate – Zn(NO3)2.6H2O, copper acetate – 
Cu(CH3COO)2, copper nitrate – Cu(NO3)2.3H2O, carbon nanotubes 
single-walled, poly(vinylidene fluoride) – PVDF, N-methyl-2-pyrroli
done – NMP. All the chemicals were purchased from Sigma-Aldrich with 
analytical purity grade.

2.2. Synthesis of biochar powders

Initially the crude sugarcane bagasse biomass (5 g) was pre-treated 
in an acidic solution (100 mL H2O, 15 mL H2SO4, and 15 mL H3PO4) 
during 2 hours. Then, it was transferred into a Teflon vessel (PTFE), 
accommodated in a stainless-steel reactor, and hydrothermally treated 
(80̊C, 2 h). After cooling down, the solution was filtered and washed 
until neutral pH. Next, the product was overnight dried in the oven and 
thermally treated (750̊C, 7 h in N2 atmosphere). The carbon product 
(namely biochar) was recovered and sieved in a 200-mesh sieve and 
then stored in hermetically sealed bottles to later be used to prepare the 
electrodes.

To obtain the biochar composites with metal oxide, firstly its 
necessary prepare a seed layer by mixing 0.5 mg of the biochar dispersed 
in ethanol with addition of the respective acetate (Zn(CH3COO)2 or Cu 
(CH3COO)2 - 80 mM) at room temperature (25◦C) for 2 hours. To pro
mote the oxide growth on the biochar surface, the mixture was added to 
a Teflon container with deionized water (200 mL) and ammonium hy
droxide (NH4OH - 6.5 mL), in an oil bath at 90̊C/2 h, using the respective 
nitrate as precursor agent (1.7824 g of Zn(NO3)2.6H2O or 1.4496 g of Cu 
(NO3)2.3H2O).

Finally, the solution was centrifuged at 10,000 rpm for 30 min and 
the obtained powder was overnight dried at 100̊C. No further sintering 
process of the powders was performed. A pure biochar was also syn
thesized in order to compare and verify the influence of oxides in the 
properties.

2.3. Electrode preparation

A paste was prepared by mixing ~20 mg of biochar with poly
vinylidene fluoride (PVDF) (5 %), carbon nanotubes (5 %) and addition 
of ~2 drops of N-methyl-2-pyrrolidone (NMP). After homogenization, 
the paste was dropped on a nickel foam electrode (1×1 cm) followed by 
drying at 60 ◦C for 24 hours.

2.4. Characterizations

To evaluate the size and shape of the carbonized powders and oxide 
nanoparticles the Scanning Electronic Microscopy (SEM) was performed 
by from Tescan model Mira 3 XMU operated at an acceleration voltage 
of 15 kV.

N2 physisorption/desorption isotherms were recorded at 77 K using a 
Micromeritics 3-Flex instrument. Before analysis, all samples were 
outgassed under a secondary vacuum for 12 h at 623 K. Surface areas 
were obtained by applying the Brunauer− Emmett− Teller (BET) equa
tion to the linear zone of the BET plot (P/P0 = 0.01–0.3). Pore size 
distribution and pore volume are determined by the Barrett-Joyner- 
Halenda (BJH) method.

B.A. Bregadiolli et al.                                                                                                                                                                                                                          Next Materials 7 (2025) 100444 

2 



X-Ray Diffraction (XRD) were conducted in a range of 2θ = 10–80◦

with increment of Δ2θ = 0.02◦ (CuKα radiation, λ= 1.5460 Å using 
CuKα radiation (λ = 1.5418 Å) performed by XRD7000 Shimadzu X-ray 
diffractometer.

Raman Spectroscopy measurements were conducted in a Horiba 
Jobin Yvon Spectrometer, model T64000, in a spectral range of 
100–3500 cm− 1 (5 scans) and using a 532 nm laser.

Electrochemical characterizations were performed using a three- 
electrode system at a Potentiostat AutoLab (PGSTAT302N model) elec
trochemical workstation. Silver/silver chloride (Ag/AgCl) and platinum 
(Pt) wire were used as the reference electrode and counter electrode, 
respectively. The nickel foam electrode was used as the working elec
trode. 1 M Na2SO4 was used as neutral aqueous electrolyte, due to easy 
handling and strong solvation behavior of SO4

− 2 ions [42]. Cyclic Vol
tammetry (CV) was performed within the range of − 0.2–0.6 V at 10, 50, 
100 and 200 mV.s− 1 scan rates. Galvanostatic Charge-Discharge (GCD) 
was performed at a current density of 0.1 A.g− 1. Impedance Spectros
copy (IS) was recorded using voltage amplitude of 100 mV at fre
quencies ranging from 100 to 0.1 Hz and 200 mV offset DC voltage.

3. Results and discussion

3.1. Morphological and structural characterizations

The as-synthesized biochar based powders were characterized 
regarding their specific surface area by the N2 adsorption method (SBET) 
based on the determination of monolayers of gas adsorbed on the par
ticles that make up the analyzed material. The method provides infor
mation on the specific surface area based on the volume of gas used in N2 
adsorption-desorption phenomena. From the obtained isotherms 
showed in Fig. S1-S3, it was possible to determine the pore size distri
bution and specific surface area, calculated by the Brunauer-Emmett- 
Teller (BET) method. The results were shown in Table 1. The biochar 
had a surface area of 477.66 m2.g− 1 with a median pore size of 42.915 Å 
and a pore volume of 0.21147 cm3.g− 1. After the oxide growth, the 
surface area decreases to 152.48 m2.g− 1 for CuO@biochar and 
163.68 m2.g− 1 for ZnO@biochar. By comparing the porous diameter, no 
significant change is observed for CuO@biochar (42.963 Å). However, a 
smaller porous diameter, 21.177 Å, is obtained for ZnO@biochar due to 
smaller nanorods partially filling the porous during the growth. The pore 
volume also decreased after oxide growth. The presence of porous al
lows a better electrolyte penetration, which will lead to more electro
chemical active sites, and it is beneficial for their capacitive 
performance. Despite the reduction in porosity, the formation of semi
conductor oxide nanostructures can create preferential pathways for ion 
diffusion. These structures may present defects that act as channels for 
ion migration, thus acting as ion adsorption sites and facilitating their 
retention and subsequent transport.

The morphologies of the as-synthesized powders were analyzed by 
SEM and showed in Fig. 1a,b for pure biochar, in Fig. 1c,d for ZnO@
biochar and in Fig. 1e,f for CuO@biochar. Through the images it was 
verified that the pure biochar showed particles with irregular plates 
shapes with different sizes and thickness; it also observed pores in the 
carbon structures. From the micrographs of the biochar based powders, 
and using the ImageJ software to determine sizes of the as-synthesized 
nanostructures, it was observed a good covering on carbon surfaces 
with longitudinal growth of ZnO as nanorods (NR) with diameter size in 

a range of 40 – 60 nm and the CuO showed a planar growth as nano
sheets (NS) with a thickness size of ~25 nm and a length size in a range 
of 60 – 130 nm. These oxides nanostructures may have grown into the 
pore region, leading to a decrease in surface area (as seen in Table 1), but 
at the same time they can promote good permeation of the ions from the 
electrolyte.

X-ray diffraction (Fig. 2) made it possible to identify the crystalline 
phase from the nanostructures grown on the surface of the biochar. The 
well-defined intense peaks provide strong evidence for the formation of 
highly crystalline oxides. The obtained peaks from Fig. 2a were indexed 
to the ZnO hexagonal wurtzite structure, according to JCPDS Card nº 
36–1451 [43], and in Fig. 2b, the peaks can be indexed to the CuO 
monoclinic structure, according to JCPDS Card nº 01–080–0076 [44]. 
For both biochar composites, it also observed a broad peak in the region 
of 25–30◦, which is typically assigned to the C<002> diffraction peak 
related to amorphous carbon (JCPDS 41–1487 [45]), indicating the 
presence of randomly oriented aromatic sheets within the biochar 
component.

Raman Spectroscopy was used to analyze the graphitization degree 
and defects of the material. The spectrum of the pure biochar (Fig. 3a) 
shows the characteristics regions of carbon-graphene-like at 1340 cm− 1 

(D-band) and at 1590 cm− 1 (G-band). The D-band can be associated 
with defect sites or disordered sp2-hybridized carbon atoms and can 
provide information about the number of layers [46]. The G-band is 
associated to the first order scattering of the E2 g phonon of symmetric 
stretching of C-C bond with sp2 hybridization. From intensity ratio 
determination of the D-band and G-band (ID/IG) it was possible obtain 
information about carbon materials disorder degree and graphitization 
[47]. The ID/IG of the biochar was 0.96 (which means a high degree of 
graphitization), and for the composite powders were calculated an ID/IG 
of 0.91 for ZnO@biochar and 1.04 for CuO@biochar. Comparing to pure 
biochar, the lower ratio for ZnO@biochar signifies a more ordered and 
defect-free structure and the high value for CuO@biochar indicates a 
higher concentration of defects and disorder within the carbon-based 
powder sample [46].

In the spectrum of ZnO@biochar, shown in Fig. 3b, it were identified 
the spectroscopic peaks that assigned to a hexagonal wurtzite ZnO 
structure at 200, 330, 430, 570, and 650 cm− 1, in accordance to the 
literature [48]. The graphitized biochar D- and G-bands at 1340 and 
1595 cm− 1, respectively, are also observed. Among the Raman peaks, 
the E2 vibration mode centered at 430 cm− 1 has a stronger intensity and 
narrower line width, which is the characteristic of wurtzite hexagonal 
phase and showed good crystalline quality [48,49]. The Raman spectra 
of CuO@biochar, shown in Fig. 3c, with the prominent peaks at 285, 
335, and 615 cm− 1, corresponding to first-order Raman-active mode of 
Ag, B1 g, and B2 g symmetries, attributed to the movement of oxygen 
atoms in the b-direction, and perpendicular to the b-axis of the mono
clinic CuO structure, respectively [50].

For each Raman spectra the region of 1200 – 1700 cm− 1 was 
selected, normalized and then fitted with two Lorentzian peaks to 
analyze the characteristic of the D- and G-bands. The results of peak 
fitting analysis are reported in Table 2. The slightly deviations in the D- 
peak could also be expected due to some interference from oxide 
nanoparticles. The decrease in G-peak position indicates a decrease in 
sp2 clustering due to greater cross of π-states in biochar. The higher 
values of D-peak width indicates an decrease in the disordered structure 
of the six-fold rings, suggests the presence of a larger number of sp2 

clusters of different sizes and orders, while the increase of the G-peak 
width indicates an increased bond angle disorder in the sp2 distorted 
rings. The integrated intensity ratio of D-to G-peak (AD/AG) closer to and 
greater than 2 indicates the well-defined porous structure of the acti
vated carbon, as observed for pure biochar. In comparison of ZnO@
biochar (AD/AG = 4.4) to CuO@biochar (AD/AG = 7.2) a ratio exceeding 
7 signifies an extremely high concentration of defects and a minimal 
presence of ordered sp2 bonding within the powder sample. [51–54]

Table 1 
Pore diameter, BET surface area and pore volume of biochar based powders.

Sample Pore Diameter 
(Å)

BET Surface Area (m2.g¡1) Pore Volume 
(cm3.g¡1)

Pure Biochar 42.915 477.66 0.21147
ZnO@biochar 21.177 163.69 0.00724
CuO@biochar 42.963 152.48 0.06755
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3.2. Electrochemical performance

The electrochemical behavior and potential for energy storage of the 
biochar based systems were characterized at room temperature and in a 
three-electrode system using a 1 M Na2SO4 aqueous solution as elec
trolyte through Impedance Spectroscopy (IS), Cyclic Voltammetry (CV) 
and Galvanostatic Charge-Discharge (GCD).

Fig. 4a-c shows the CV curves of the biochar, ZnO@biochar, and 
CuO@biochar samples at different scan rates in a range of 10–200 mV. 
s− 1. All as-prepared biochar-based electrodes exhibited a characteristic 
quasi-rectangular shape with an increase of the cyclic loop area as the 
scan rate was raised, indicating that the system is accumulating charge. 

Even at lower scan rates (10 mV.s− 1) the quasi-rectangular behavior of 
the curves were observed for the electrodes [55]. The no observance of 
distinct oxidation and reduction peaks suggests that these electrodes 
store energy via pseudocapacitance, i.e., the storage mechanism 
involving ion adsorption and desorption. From the CV curves it was 
possible determine the specific capacitance according to Eq. 1 [20]. 
Through this formula and using the CV curve at 200 mV.s− 1, it was 
determined a capacitance of 446 mF.g− 1 for pure biochar, 84 mF.g− 1 for 
ZnO@biochar and 44 mF.g− 1 for CuO@biochar. These findings can be 
associated with the surface area values from Table 1. 

Fig. 1. SEM images of (a,b) pure biochar, (c,d) ZnO@biochar and (e,f) CuO@biochar. Different magnifications.
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CS =

∫ V1

V2

I(V)dV
/

mv(ΔV) (1) 

where:
∫ V1

V2
I(V)dV is the integral areas of the cyclic voltammetry loop, m 

is the mass of the biochar material deposited in g, v is the scan rate in V/s 
and ΔV represent the potential window size in V. CS is the specific 
capacitance in F/g.

The GCD measurements were also carried out to evaluate the elec
trochemical characteristics. The results, shown in Fig. 4d, were obtained 
at density current of 0.1 mA.g− 1. All materials have shown a similar 
symmetrical triangular curve, with the biochar suggesting a longer 
discharge time (about four times). However, ZnO@biochar has pre
sented a higher potential than biochar and CuO@biochar, as would be 
expected based on the low electrical conductivity and cyclability of CuO 
[25]. From CDG curves, it is also possible to obtain the IR Drop, i.e., a 
voltage drop that arises from the inherent resistance of the biochar 

Fig. 2. XRD patterns of (a) ZnO@biochar and (b) CuO@biochar.

Fig. 3. Raman spectrum for (a) pure biochar, (b) ZnO@biochar and (c) CuO@biochar.

Table 2 
Peak parameters of biochar based powders.

Peak Parameter Pure 
Biochar

ZnO@biochar CuO@biochar

D-band 
(~1360 cm− 1)

Position 
(cm− 1) 
Width (cm− 1)

1339.97 
277.81

1337.92 
369.81

1332.68 
439.11

G-band 
(~1580 cm− 1)

Position 
(cm− 1) 
Width (cm− 1)

1595.81 
82.47

1594.48 
108.77

1593.93 
85.82

Ratios ID/IG 

AD/AG

0.96 
3.79

0.91 
4.40

1.04 
7.21
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electrode material and the electrical contacts within the device. It can 
affect the overall performance of the capacitor. All biochar-based elec
trodes showed low IR drop values: 0.014 V for Biochar, 0.012 V for 
Cu@biochar, and 0.0165 V for ZnO@biochar. Based on these profiles, 
two performance metrics, known as power density and energy density, 
were deduced, as they are the most relevant parameters for applications. 
The energy density (E – W.h.kg− 1) represents the amount of storage or 
deliverable electrical energy and can be determined by Eq. 2. On the 
other hand, the power density (P – W.kg− 1) determines the efficiency in 
energy uptake/delivery and is estimated by Eq. 3. [56–58]

E = CsΔV2/2 ∗ 3.6 (2) 

P = E ∗ 3600/Δtdis (3) 

where Δtdis is the discharge time, ΔV is the cell voltage.
The power density of the electrodes was estimated as being 46.2 W. 

kg− 1 for the pure biochar, 48.2 W.kg− 1 for the ZnO@biochar and 
18.5 W.kg− 1 for the CuO@biochar, and the energy density was 1.8, 0.8 e 
0.4 Wh.kg− 1, for the materials in the same order. Based on these data, 
the Ragone plot [56] was outlined and is shown in Fig. 4e. As can be 
seen, biochar performs better than the composites. Furthermore, the 
cycle performance was considered by consecutive GCD tests and 
analyzed by the coulombic efficiency [59], according to Eq. 4. This 
parameter provides information to evaluate the cycle stability of elec
trode by comparing the first and the end cycle. 

η = (tD/tC) × 100% (4) 

where tD and tC are the discharge and charge times in second.
In all cases, according to Fig. 4 f, the coulombic efficiency increases 

after the first cycle. This behavior can be attributed to the materials 
porous structure, by which in the first cycle a higher concentration of 
electrolyte ions was adsorbed than desorption. Later, the stability could 

Fig. 4. Cyclic Voltammetry of (a) biochar, (b) ZnO@biochar and (c) CuO@biochar at different scan rates. (d) GCD curves and (e) Ragone plot for biochar based 
powders. (f) Coulombic efficiency as a function of cycle number for biochar and oxides@biochar.
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be understood as a smooth adsorption and desorption during each 
charging and discharging cycle. [56]

To optimize supercapacitor performance, understanding the under
lying charge storage mechanisms is crucial. Hybrid materials often 
exhibit a combination of two primary storage mechanisms: (i) Electric 
Double-Layer Capacitance (EDLC), the mechanism involves the 
adsorption and desorption of electrolyte ions at the electrode-electrolyte 
interface, forming an electric double layer, and (ii) Pseudocapacitance, 
the mechanism relies on fast and reversible redox reactions occurring at 
the electrode surface or within its bulk. The Dunn method was employed 
to determine and differentiate the capacitive and diffusive contributions 
of the as-prepared electrodes from the CV curves, utilizing Eqs. 5 and 6
[60–63]. As illustrated in Fig. 5, the diffusion-controlled process domi
nates the charge storage mechanism at lower scan rates. However, as the 
scan rate increases, a significant contribution from the capacitive pro
cess becomes evident. This transition from diffusion-controlled to 
capacitive-controlled behavior is attributed to the increased contribu
tion of surface-controlled reactions at higher scan rates. These findings 
suggest that the developed electrode material exhibits a hybrid 
behavior, combining both diffusion-controlled and 
capacitive-controlled mechanisms, which can lead to enhanced elec
trochemical performance. 

i(v) = k1v+ k2v1/2 (5) 

i(v)
v1/2 = k1v1/2 + k2 (6) 

where k1v is the capacitive on-contrary, k2v1/2 shows the diffusive 
contributions in the total current i(v) of the working electrode. The 
values of constants k1 and k2 will be measured from the intercept and 
slope of the graph i(v)

v1/2 vs v1/2.
The electrochemical behavior of the electrode/electrolyte interface 

was investigated through electrochemical impedance spectroscopy (EIS) 
to clarify the supercapacitor’s potential charge storage mechanism. 
Fig. 6a shows the Nyquist plots of the biochar and composites in the 
frequency range of 100 kHz to 0.1 Hz with 200 mV of DC bias. As can be 
seen, the spectra show a similar shape with an incomplete semicircle at 
high frequency and a linear tail at the low-frequency region but with 
different intensities, indicating the pseudocapacitive effects. The 
Nyquist plots were modeled by the equivalent circuit reported in Fig. 6b 
and the fitting parameters are shown in Table 3. This circuit exhibit four 
different elements, namely uncompensated resistance (Ru), charge- 
transfer resistance (RCT), constant phase element (QCPE) and Warburg 

element (W) [64–67]. Ru represents the ionic resistance of the electro
lyte in combination with the electronic resistance of the electrodes, 
which implies that biochar has a better injection into the electrode as it 
is about two times lower than the composites. This behavior is also 
compatible with biochar’s lower electron-transfer processes kinetics 
between the electrode-electrolyte, represented by the RCT, compared to 
the ZnO@biochar and CuO@biochar composites.

As suggested by the Nyquist shape, the pseudocapacitive processes 
originate a capacitive response that deviates the system from an ideal 
capacitor [64,65,68]. A pure capacitor is obtained when n = 1 at the 
QCPE impedance (ZQ) given by Eq. 7: 

ZQ = Q− 1/(j.ω)
n (7) 

where j is a unitary unit and ω is the angular frequency.
In this case, for the pure biochar it was achieved a n = 0.70 and for 

both composites a n = 0.8. Such behavior indicates that the composites 
behave more like a capacitor than the biochar. When we analyze the 
phase angle dependence on the frequency, as shown in Fig. 5c, this trend 
is observed at frequencies around 50 Hz. However, at low frequencies, 
dominated by ionic processes, the biochar and ZnO@biochar have a 
slightly improved capacitance behavior. Nonetheless, from the graph of 
capacitance as a function of frequency, according to the Eq. 8, it is 
possible to observe in Fig. 6d that the biochar capacitance is about one 
order in magnitude to both composites, with a similar frequency- 
dependent feature. 

C(f) = − 1/(ωŹ ) (8) 

A further assessment of Fig. 6c indicates that the corresponding 
relaxation time constant τ0 (obtained at the 45◦ phase angle or the 
system’s characteristic frequency) 51.53 is 3.5 ms for pure biochar, 
2.0 ms for ZnO@biochar, and 1.1 ms for CuO@biochar. The higher 
relaxation time constant suggests slow ion diffusion and transport 
behavior or higher ionic diffusion pathways, similar to the BET surface 
area. The Warburg ohmic resistance (WO-R, Table 3) being higher for the 
biochar and comparable for the composites is also compatible with the 
above proposition. Therefore, we speculate that the better energy stor
age capability of biochar is due to its higher porosity that enables the 
occurrence of multiple-electron transfer reactions in the material. [68, 
69]

4. Conclusion

Composites based on biochar derivate from sugarcane with oxides on 
the surface were synthesized through a facile and scalable synthetic 
procedure. By using the hydrothermal synthesis it was possible to pro
duce nanostructures directly onto the carbon surface. The structural, 
morphological and electrochemical characterizations of biochar based 
electrodes were investigated and compared. Biochar was successfully 
synthesized with high surface area and porous structure, showing a 
better capacitive behavior than the metal oxide biochar composites. 
From the applied methodology it can be inferred that all the biochar 
here synthesized shows potential to be applied in development of energy 
storage devices. These results indicate that is more important develop a 
route synthesis to improve surface area and promote a porous structures 
than combining graphitized biochar with metal oxides. The utilization of 
sugarcane bagasse as the biochar precursor offers a sustainable and cost- 
effective approach compared to traditional materials like activated 
carbon, in addition with the possibility of large-scale biochar produc
tion. This reduces reliance on environmentally harmful processes and 
expensive raw materials. The electrical performance of the as-prepared 
biochar electrode opens exciting possibilities for further research and 
development in advanced carbon-based materials for energy storage 
applications.

Fig. 5. Percentage of contribution from diffusion and capacitive process in 
charge storage of biochar-based composite electrodes.
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Fig. 6. (a) Nyquist plot biochar based powders and (b) correspondent equivalent circuit model. Graphs of (c) angle phase vs. frequency and (d) frequency- 
capacitance.

Table 3 
Fitting parameters for equivalent circuits and Nyquist plots.

Element Pure Biochar ZnO@biochar CuO@biochar

Ru (Ω) 0.74 1.77 1.55
Q (mΩ− 1) 1.95 0.57 0.46
n (unitless) 0.70 0.78 0.79
RCT (Ω) 2.70 7962.00 8988.00
WO-R (Ω) 136.80 1.15 1.74
WO-T (ms) 135.77 0.65 0.62
WO-P (unitless) 0.49 0.62 0.52

*The Warburg diffusion element is divided into three components: WO-R rep
resents the diffusion impedance, WO-T is the system diffusion time and WO-P is 
an exponential factor.
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[15] Ü. Özgür, Y.I. Alivov, C. Liu, A. Teke, M.A. Reshchikov, S. Doğan, V. Avrutin, S.- 
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