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ABSTRACT

The NiSnO2/biomass-derived porous carbon (PC) composites were synthesized

from the roots of Astragalus brachycalyx fischer by using a series of physico-

chemical processes. Then, the composites were characterized by XRD, SEM,

BET, Raman and EDS to illuminate and confirm the structures. The NiSnO2/

biomass-derived PCs were employed as a new class of renewable supercapac-

itor electrodes. The electrochemical performance of the prepared PC electrodes

was analyzed by using two electrodes in a 6 M potassium hydroxide (KOH)

aqueous solution electrolyte. Electrochemical measurements revealed that

NiSnO2/PC nanocomposites demonstrated highly effective stability with a

specific capacitance of 295.90 F/g at 200 mV/s for supercapacitor studies, and a

capacitance retention rate of 38.70% after 200 cycles. The high surface area and

the presence of large hierarchical pores contributed to the effective electro-

chemical performance of the prepared nanocomposite materials. The NiSnO2/

PC nanocomposites with the 3D porous structure have showed that promising

efficiency in the application of supercapacitors with its high energy storage

capacity and effective electrochemical performance.

1 Introduction

The energy demands of the world mostly depend on

fossil fuels that are the main reason for global

warming in the twenty-first century. Thus, increasing

concerns related to fossil fuels and the environmental

pollution have triggered many research efforts for

alternative energy sources and related electronic

devices [1, 2]. The development of electronic devices

and their role in our lives have increased the

importance of these devices [3, 4]. Recently, electrical-
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based energy storage devices like batteries and

supercapacitors have taken great attention due to

their environment-friendly energy production and

portability [5–8]. The supercapacitors exhibit superior

features such as low cost, high power density, safe

operation process, fast charge–discharge rate, long

cycle life and less maintenance compared to batteries

[9–11]. Because of these advantages, supercapacitors

have been evaluated seen excellent candidates of

energy storage source to be replaced with batteries

[12–15]. The charge storage mechanism of superca-

pacitors operates depends on in two ways. The first

one of them is electron transfer in an electrolytic

solution, and another is electrolytic double-layer

formation on the electrode surface or inside the

electrolyte [2, 16]. Supercapacitors are effective in

supplying high power needs suddenly and can be

charged externally with batteries in normal opera-

tion. However, they are still insufficient in energy

intensity compared to batteries [17]. Energy intensity

can be improved by regulating device capacitance

and potential [18]. There are many efforts to improve

supercapacitors. For example, Li et al. synthesized

porous carbon from some of plants and obtained high

specific capacitance of 568 F/g [19]. Wang et al.

obtained carbon microspheres from hemicelluloses

and reached high specific capacitance value of 218

F/g after activaton of spheres [20].

The materials used in the electrodes need to be

extremely effective for improving the electrochemical

performance of supercapacitors [21, 22]. For that

reason, various supporting materials such as multi-

walled carbon nanotube [2, 3], activated carbon [23],

polymers [24], graphenes [25], carbon fibers [26], etc.,

have been used in the production of supercapacitors

electrodes. Nowadays, porous carbon (PC) derived

from various sources like fruit peels [27], raw cotton

[28] and baobab fruit peel [29] have been popularly

used as electrode materials [30–32]. High stability,

good conductivity, large surface area and low cost

have led to the intensive use of PC materials as an

electrode [28, 33]. Synthesis of cost-effective and

sustainable electrodes with good porosity, heteroa-

tom structure and diverse functional groups are very

important for desired supercapacitors [29]. Accord-

ing to the abovementioned advantages, carbon-based

materials can store and adsorb a large number and

variety of ions due to their large spherical surface

area and porous structure. Thus, the carbon-based

materials can show double-layer capacitance with

high electrical conductivity performance [34]. To

improve electrochemical performance of PC, several

metals have been loaded to carbon-based materials

for supercapacitors applications. For instance, tran-

sition metal oxide of Ru, Co and Mn has been used in

the fabrication of electrode materials of pseudoca-

pacitors, but they have exhibited low conductivity

[35]. There have been listed many studies in the lit-

erature that have conducted with various supporting

materials by using transition metal oxides of MnO2,

RuO2, Fe2O3, NiCo2O4, NiO, Co3O4 to improve low

energy density and low capacitive performance of PC

materials [35–40]. The energy, capacity and cycling

performance of the supercapacitor can be increased

by combination of PC material with metal oxides.

Proper metals oxides are coated on the PC supporting

material that ensures the stability of electrodes

[35, 41]. Synergic effects between metal oxides and

PC supporting materials (three-dimensional struc-

ture) lead to an increase in the supercapacitor per-

formance because of increasing active sides present

on the surface of PC [35].

The PC can be synthesized from various plant by a

green synthesize method [42, 43]. Astragalus belongs

to the Fabaceae family with more than 3000 species of

small shrubs and plants. Although Astragalus has a

wide distribution in mountainous regions, it is

mostly found in the Asian continent such as Turkey,

Iran, and Syria [44, 45]. Astragalus is a renewable,

biodegradable, biocompatible, cheap, safe and natu-

ral plant [46, 47]. The roots of the Astragalus brachy-

calyx fischer plant have been used in the treatment of

some ailments such as leukemia, diabetes and respi-

ratory tract infections [48, 49]. Some Astragalus spe-

cies like tragacanth have been used and widely

studied in various applications such as stabilizer,

cross-linked agents, thickener and emulsifier. Both

the Tragacanth and Astragalus brachycalyx fischer

structures consist of carboxylic and hydroxyl func-

tional groups that ensure appropriate reactive sites

for reagents in cross-linking [50–52].

In this study, PC as supporting materials wassuc-

cesfully synthesized from the Astragalus brachycalyx

fischer plant using an electronic oven under a nitro-

gen atmosphere. Then, NiSnO2 bimetallic oxides

were loaded PC according to the reduction-impreg-

nation method [53, 54] as a straightforward process.

Thus, NiSnO2/PC composites were obtained and

characterized by various instruments such as XRD,

SEM, Raman, BET and EDS analyses. The electrode
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properties of the NiSnO2/PC were investigated for

supercapacitor applications.

2 Experimental details

As a porous carbon source, the roots of Astragalus

brachycalyx fischer were picked up from the border of

the Ağrı in Turkey. The other chemicals such as

ethylene glycol [EG, (CH2OH)2], nickel(II) chloride,

polyethylene glycol [PEG, H(OCH2CH2)nOH], tin

chloride (SnCl2�2H2O), sodium hydroxide (NaOH),

hydrochloric acid and nickel(II) chloride were pur-

chased from Sigma-Aldrich. All chemicals were

analytical purity and used without any purification

process. The glasses such as bottles and petri dishes

were cleaned with distilled water and ethanol sol-

vents and dried at 100 �C temperature in an oven.

2.1 Synthesis of porous carbon (PC)
from Astragalus brachycalyx fischer
plant

The roots of Astragalus brachycalyx fischer were used

as the raw material of the PC source. Astragalus

brachycalyx fischer plants were cleaned from visible

impurities and thereafter dried at 75 �C in an oven

for 48 hours. The dried Astragalus brachycalyx fischer

stems were ground into small powder particles. The

carbonization experiments were performed using a

pyrolysis device (Figure S1) at a rate of 5 �C/min and

600 �C temperature under nitrogen atmosphere for

60 min. The obtained solid samples were washed

thoroughly by distilled water. Then, they were dried

in a vacuum oven at 105 �C temperature for 24 hours.

Hence, powder samples were obtained and stored for

further experiments.

2.2 Synthesis of Ni/PCs

Ni-doped PC nanoparticles (Ni/PCs) were synthe-

sized by following procedure: 10 mL solution con-

taining 1 mmol NiCl2 was prepared, and then 100 mg

PC powder was added to the resulting solution. The

resulting mixture was mixed for 2 hours, and

7.50 mmol (1 mL) of sodium boron hydride solution

was added into the solution. The reduction process

was determined by the color change. The solid sam-

ples obtained at the end of this process were filtered

and washed with abundant pure water and ethyl

alcohol. The solid nanoparticles were dried at 105 �C
for 1 hour in an oven. The powder samples obtained

were stocked in a vessel according to Ref [48].

2.3 Synthesis of NiSnO2/PCs electrode
materials

For the synthesis of NiSnO2/PCs, a mixture of Ni/

PCs (20 mg), SnCl2.2H2O (0.88 mg) and 80 ml of

deionized water were employed. This mixture was

sonicated for 30 min and added into a vessel con-

taining 10 ml of ethylene glycol at a temperature of

60 �C. Then, urea (0.20 g) and HCl (0.30 mL) were

added into the solution, and the mixture was stirred

for 6 hours by a magnetic stirrer. The obtained sam-

ple was thoroughly washed with deionized water

and ethanol solution. The final product was then left

to dry in a vacuum oven at 40 �C temperature for

24 hours according to Ref [55].

2.4 Characterizations

The carbonization experiments were carried out by

DEFNE laboratory TURKEY Pyrolyse device (Fig-

ure S1) using a heating rate of 15 �C/min and tem-

perature range of 30–600 �C (under nitrogen

atmosphere). X-ray diffraction measurements of the

PC and NiSnO2/PC were obtained Rigaku Rint 1000

X-ray diffractometer with Cu-Ka radiation (40 kV,

40 mA). The structure and morphology characteri-

zation of the samples were achieved by a scanning

electron microscope (SEM, EVO18 Germany) coupled

to an energy dispersion spectrum (EDS). BET and

Raman analyses were conducted by Micromeritics

3Flex Version and Renishaw inVia Raman Micro-

scope, respectively. The cyclic voltammetry (CV)

measurements were collected by Gamry Interface

1010E galvanostat/potentiostat to determine electro-

chemical properties.

2.5 Electrochemical performance tests

The Swagellok-type cell was used for all capacitor

analyses. In order to electrode preparation of capac-

itors, equal amounts of PC and NiSnO2/PC samples

were prepared separately. Furthermore, 6 M KOH

aqueous solution and the cellulosic paper were used

as an electrolyte and membrane, respectively. To

obtain electrochemical symmetric capacitor mea-

surements, experiments were conducted with the
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two-electrodes method. The cyclic voltammetry (CV)

measurements were carried out at a constant scan

speeds of 100, 200, 400 and 800 mV/s. The CV mea-

surements were carried out as 3 cycles to observe any

anomalies, but only one CV cycle datum has been

given for each scanning speed in the result section to

avoid data analyses confusion. The cycle life study of

capacitance measurements was performed under

200 mV/s constant scanning speed in a range of 0–

1 V for 200 cycles. Then, the capacitance values of the

samples were calculated by Eq. 1 in the reference of

CV results [56];

C ¼ r IdV

2mDVv
ð1Þ

where I is the current, m is the electrode active

material weight, m is the scan rate and DV is the

voltage range.

3 Results and discussion

3.1 Characterization

The XRD results of the synthesized PC and NiSnO2/

PC materials are given in Fig. 1 for wide range

2-theta angles. A broad peak at 23.53� can be attrib-

uted to (002) peak of the PC as shown in Fig. 1. Other

PC peak at around 43–44� is not suffeciently clear

because it is broad. This results a sign that car-

bonization of Astragalus brachycalyx fischer was

achieved by pyrolysis device [57]. The broad peak of

PC clearly broadened and shifted toward bigger

angles. However, the absence of a sharp peak that

originated from carbon atoms shows forming an

amorphous structure [58, 59]. The pattern of the

NiSnO2/PC material shows both SnO2 and Ni peaks.

The SnO2 peaks are (200), (210) and (112), and they

can be attributed to tetragonal structure of the SnO2

according to JCPDS 41–1445 [60, 61]. XRD peaks of

the Ni have been detected in the planes of (111), (200)

and (012) according to the literature [62]. XRD results

clearly revealed that PC and NiSnO2/PC materials

successfully synthesized.

SEM images for NiSnO2/PC materials were con-

ducted to detect surface variations and given in

Fig. 2. SEM images obtained from different angles

and at different scales show the pores in the surface

structure of the PC. According to SEM analysis, it is

seen that NiSnO2 particles settle on the PC surface

both on the surface of the PC and in the porous parts.

It can be said that this affects the pore size. The

addition of NiSnO2 into the porous structure should

also affect the conductivity.

EDS analysis results of the PC and NiSnO2/PC are

given in Fig. 3a and b, respectively. The existence of

C and O elements was detected as 75.09% and

24.91%, respectively. The presence and percentages

of Ni and Sn metals in the NiSnO2/PC were proved

by conducting in Fig. 4b. The presence of C, O, Ni

and Sn was obtained as the percentages of the

70.61%, 26.29%, 0.95% and 0.15%, respectively. The

results clearly revealed that both the PC and NiSnO2/

PC materials were synthesized successfully.

Figure 4 shows the Raman analysis results of the

PC and NiSnO2/PC materials. Raman shifts at

500–1000 cm-1 are various vibration modes for SnO2.

Especially, Raman shifts at 400–700 cm-1 are char-

acteristic of SnO2. Due to the expansion/contraction

of the Sn–O bonds, shifts may occur in the Raman

vibrations [63]. D and G Raman bands formed as a

result of the addition of PC to the material structure

are characteristic of carbon (ID/IG = 0.8427). The

formation of D and G bands indicates that carbon has

been added to the material structure. The Raman

vibration band at 117 cm-1 is due to Ni doping. In

previous studies [64], it has been reported that

Raman vibration bands in the range of 100–200 cm-1

are formed as a result of Ni doping.

The pore properties and surface area of the mate-

rial used for supercapacitors are important for

capacitive efficiency. BET analysis results of NiSnO2/Fig. 1 XRD patterns of porous carbon and NiSnO2/PC materials
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PC are given in Fig. 5. The surface area of NiSnO2/

PC is calculated as 12.64 m2/g. The porosity formed

in the material structure is due to the removal of

organic substances as a result of pyrolysis in the

structure of the material. However, when compared

with similar porous materials [65], it is seen that there

is a decrease in the number of pores and surface area.

It can be said that the addition of NiSnO2 to the PC

structure causes a decrease in the pore number and

surface area.

3.2 Electrochemical analysis

Figure 6a and b show the CV analysis results of the

symmetric capacitors formed with PC and NiSnO2/

PC active materials. The CV patterns show that both

materials have permanent capacitive current flats in

the ± 1 V range. Under normal conditions, perma-

nent flats of capacitive currents are expected result

for both carbon-based materials. However, another

remarkable situation in CV patterns is that the cur-

rent values obtained in the NiSnO2/PC structure

(after * 0.50 V value) are higher than the PC struc-

ture. This situation led to question the possible

presence of redox with NiSnO2.

For NiSnO2/PC samples, the bumps formed on the

CV curves indicate possible redox peak formations,

while the first-order derivative of the current will

help to understand this situation more clearly by

considering the voltage in the CV analysis. With this

calculation, the maximum/minimum values that will

emerge and the starting and ending voltage values of

possible redox peaks will be able to be determined.

The redox peak voltage values for the NiSnO2/PC

electrode materials are given in Fig. 7. According to

the dI/dV calculation, it was determined that the

oxidation reactions and these reactions reached their

peak at 0.46 V for both 100 and 200 mV/s scan rate

and 0.51 V and 0.65 V for 400 and 800 mV/s,

respectively. A literature survey was conducted to

understand which atom/atoms or molecules that

caused these oxidation reactions. Similar redox reac-

tions were observed in the study of Pascariu et al.

[66]. In this study, while no oxidation reaction was

observed with SnO2/polythiophene in the 0-1 V

range, it was determined that oxidation peaks

occurred in the 0–1 V range with Ni doping to SnO2/

polythiophene. This situation suggests that the oxi-

dation peaks may belong to Ni metals in NiSnO2/PC.

In addition, Ni-doped nano-PC particles may cause

these oxidation reactions. The amorphous structure

formed in the NiSnO2/PC structure may also be

another source of these oxidation reactions.

Another important point is that there are shifts in

the oxidation peaks at increasing voltage scan speeds

after 200 mV/s. The main reason may be more volt-

age is needed to ensure ionic transfer in the structure

Fig. 2 SEM analyses of NiSnO2/PC from different angles and sizes (a) 10 lm, (b) 2 lm, (c) 1 lm and (d) 500 nm
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Fig. 3 EDS spectrum of

(a) PC and (b) NiSnO2/PC

Fig. 4 Raman analyses of NiSnO2 and NiSnO2/PC

Fig. 5 BET analysis of NiSnO2/PC

440 Page 6 of 13 J Mater Sci: Mater Electron (2023) 34:440



during the rapid charge–discharge process [67]. In

other words, this indicates that there are some

problems in ionic diffusion (such as diffusion path-

way changes, ion aggregation, ion bond or ion

impurity interactions) within the NiSnO2/PC

structure.

Figure 8 shows the first charge–discharge cycle

measurement results of symmetric capacitors pre-

pared with PC and NiSnO2/PC electrodes, sepa-

rately. Especially, the redox reactions determined in

Fig. 8 are easily seen in the discharge pattern

obtained at the end of the first cycle. The NiSnO2/PC

electrodes have higher capacitance than pure PC

capacitors in the range of 0.50–1 V. While a charge

capacitance was * 239 F/g with PC symmetric

capacitors, a discharge capacitance was obtained

as * 127 F/g between 0 and 1 V. In the case of

NiSnO2/PC symmetric capacitors, these values were

measured as * 522 F/g charges and * 296 F/g

discharge capacitance. With the doping of NiSnO2 to

the PC structure, the capacitances increased more

than 2 times. Considering the SEM analysis, it was

observed that the particle size increased and the pore

number decreased with the doping of NiSnO2. The

increase in the particle sizes causes a decrease in the

surface area of the material, and it may show that this

situation can cause a possible decrease in capacitance

because the higher surface area provides higher level

electrolyte–electrode interaction and higher amount

ion moves. However, the obtained results revealed

that the NiSnO2 doping was effective for providing

possible vibration stabilization in the particles.

Moreover, NiSnO2 doping can provide capacitive

Fig. 6 Cyclic voltammetry

analyses of (a) PC and

(b) NiSnO2/PC electrodes

Fig. 7 dI/dV analysis of NiSnO2/PC electrodes

Fig. 8 First-cycle analysis of PC and NiSnO2/PC symmetric

capacitors
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increase due to redox reactions [53]. During the

charge–discharge reactions, vibrations occur in the

bond structures during the diffusion of ions (K? or

O-) towards the electrodes, and these vibrations may

prevent the ion diffusion and ion binding to the

electrodes for greater amounts. Therefore, the

stable performance of the bond or crystal structures

of the electrodes may affect the capacitive perfor-

mance of the capacitors.

Figure 8 shows the capacitive performances of PC

and NiSnO2/PC capacitors depending on the cycle

life. The capacitance superiority of NiSnO2/PC elec-

trodes over PC electrodes continued during 200

charge–discharge cycles. When the results are ana-

lyzed statistically, charge–discharge capacitance val-

ues can continue for similar values during longer

cycles. Table 1 shows the charge and discharge

capacitance values of some specific cycles. The

capacity retention values of the capacitors were cal-

culated according to these specific capacitance val-

ues. Capacity retention formula is given by:

Retention %ð Þ ¼ C0 � Cn

C0
� 100 ð2Þ

where C0 is the first-cycle capacitance value (F/g)

and Cn is the last cycle capacitance (F/g).

When Fig. 9 and Table1 are evaluated together, the

capacitance loss of 71.48% for charge and 45.55% for

discharge occurs in PC capacitors at the end of 200

cycles. NiSnO2/PC capacitors have the capacitance

loss of 61.75% for charging and 38.70% for discharge.

This value shows that NiSnO2/PC electrodes are

good for supercapacitor applications. Especially

evaluation of Fig. 9, it was determined that the

stable atomic behaviors formed in the electrode active

material also affected the cycle life of the capacitors.

Similar to the our study, Liu et al. were determined

that high-performance energy storage systems

obtained in terms of cycle life with electrode stabi-

lization [68]. As a result, the stabilization effect is

created by the NiSnO2 doping into PC structure, and

it created positive results in terms of both capacitive

and cycle life. Another explanation is may under

normal conditions, the obtained Coulomb Efficiency

(CE) was close to 100% in carbon-based electrodes,

while this situation was lower in the NiSnO2/PC

structure. Since the cathodic-anodic behavior of the

electrodes can directly affect the electrolyte polar-

ization, especially with the application of symmetri-

cal capacitors, the decrease in CE values at these

levels is not surprising.

In the last stage of our study, the capacitance levels

of some specific symmetric capacitors with different

electrode materials were compared. Table 2 displays

the comparison of this study with some of previous

studies except for carbon nanofiber (CNF) and NiO

structures. The metal oxide structures generally pro-

vide lower capacitance than carbon-based capacitors.

When the capacitance performances are compared of

these materials with the PC materials we produced,

the PC structure provides better capacitance values.

The PC can increase the electric field size of capaci-

tors with the higher surface area of the electrodes and

more ion diffusion. Furthermore, the higher

Table 1 Capacitance and capacity retention values of capacitors

Material 1. cycle 50. cycle 100. cycle 200. cycle Retention (%)

Ch Dch Ch Dch Ch Dch Ch Dch Ch Dch

PC 239.50 127.10 93.70 81.74 81.30 70.10 68.30 57.90 71.48 45.55

NiSnO2/PC 522.60 295.90 255.50 233.10 227.80 207.60 199.90 181.40 61.75 38.70

Ch charge capacitance (F/g); Dch discharge capacitance (F/g)

Fig. 9 Cycle life performance of PC and NiSnO2/PC symmetric

supercapacitors
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capacitance levels can be achieved by much more

porous structures amounts. On the other hand, in

metal oxide structures, a discharge capacitance of 85

F/g was obtained with MnO2, and a capacitance of

161 F/g was achieved with NiO. According to these

capacitance values, the connection of the PC and

NiSnO2 structures with each other was demonstrated

much more capacitance values according to this

study. The highest capacitance performance has been

obtained by 295.90 F/g discharge capacitance with

the NiSnO2/PC electrodes, and they are suitable for

industrial supercapacitors applications.

In the scope of the study, the energy (E) and power

(P) densities were also calculated depending on

charge and discharge capacitance values by (3) and

(4) equations [73].

E ¼ 1

2
� C� DV2 � 1

3:6
ð3Þ

P ¼ E

t
� 3600 ð4Þ

where C is the capacitance (F), DV is the potential

window, and t is the time. When the energy and

power density amounts are calculated from the

capacitance values, according to the NiSnO2/PC

capacitance results, an energy density of 73.16 Wh/

kg and a power density of 52.68 kW/kg are obtained

in charge. In case of discharge, 41.43 Wh/kg energy

density and 29.83 kW/kg power density are pro-

vided. On the other hand, these values are, according

to PC materials, the charge capacitance values; it

corresponds to an energy density of 33.53 Wh/kg and

a power density of 24.14 kW/kg. In case of discharge,

an energy density of 17.79 Wh/kg and a power

density of 12.81 kW/kg are obtained. As a result of

energy and power densities calculations, it has been

discovered that NiSnO2-doped PC materials can

store higher power and energy.

4 Conclusion

In this study, NiSnO2/PC anodic materials were

synthesized and characterized, and their superca-

pacitor features were investigated by applying cyclic

voltammetry analysis, dI/dV analysis and capacitive

performances. PC was obtained using Astragalus

brachycalyx fischer plant as cheap materials using

pyrolyzes devices under nitrogen atmosphere. PC

and NiSnO2/PC characterizations were carried out

by XRD, SEM, EDS, Raman and BET analyses tech-

niques. SEM analyses showed the porous structure of

PC and porous of the PC diminished with the

NiSnO2/PC. In addition, EDS analyses were con-

firmed the present Ni, Sn, C and O elements in the

structure of NiSnO2/PC. Raman results confirmed

vibration of SnO2 modes, Ni doping vibraton and

carbon bands. BET analysis of NiSnO2/PC revealed

12.64 m2/g surface area and porosity. The CV results

confirmed the permanent capacitive plains for both

materials. Moreover, NiSnO2 doping caused some

redox reactions in capacitor applications. Although

the surface area and pore content decreased with

doping, the possible structural stabilization obtained

with NiSnO2 resulted in a more than 2 times increase

in capacitance performance. The electrochemical

studies revealed that the NiSnO2/PC active materials

exhibited 295.90 F/g discharge capacitance as a

supercapacitor. This result also promises that

NiSnO2/PC active materials can be used as high-

performance electrode materials in industrial

production.
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