#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Hydrothermal synthesis and electrochemical
properties of Sn-based peanut shell biochar
electrode materials

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 6298

Yujie Wang,? Hui Wang, @ *2 Jiangtao Ji,° Tianyan You, ©° Chang Lu, © € Cuiyun Liu,?
Yang Song,® Zhi Chen® and Shufa Zhu®

Using activated-carbon-based electrodes derived from waste biomass in super-capacitor energy
technologies is an essential future strategy to achieve sustainable energy and environmental protection.
Biomass feed-stocks such as bamboo and straw have been used to prepare activated carbon-based
electrodes. This experiment used peanut shells (waste biomass) as carbon precursors. Peanut shell-
activated biochar materials were prepared using KOH activation and heat treatment, and SnO,@KBC-
CNTs, a composite electrode material of biochar loaded with tin oxide. It was produced through
hydrothermal synthesis, utilizing SnCl,—5H,0 as the tin precursor. The application of KOH activators
during pyrolysis markedly enhanced the porosity and specific surface area of the resultant activated
biochar, due to effective dispersion and degradation of pyrolytic products. Characterized by a micro-
mesoporous structure, the composite's pores boasted a specific surface area of 158.69 m? g~ When
tested at a density of current of 0.5 A g%, the specific capacitance of SnO,@KBC-CNTs reached 198.62
F g% nearly doubling the performance of the KBC electrode material alone. Moreover, the composite

Received 19th December 2023
Accepted 22nd January 2024

DOI: 10.1039/d3ra08655k

Open Access Article. Published on 20 February 2024. Downloaded on 7/20/2025 1:18:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1 Introduction

In the context of societal advancements, there is an escalating
demand for cost-effective electrochemical energy storage
devices. This trend is catalyzing the progress and implementa-
tion of advanced systems of energy storage.'? In various
emerging electrical and electronic equipment, supercapacitors
can satisfy this requirement in many fields due to their high
power, high reliability, high security, low cost, and other
advantages, with continuing growth in the market size and
application areas, such as rail transportation, wind power,
photovoltaic, and aerospace.* Supercapacitors are mainly
composed of electrodes, fluid collectors, diaphragms, and
electrolytes, with the primary factor influencing both their
performance and production expense having the electrode
material. The quest for high-performance, economical electrode
materials constitutes a primary research objective in the field of
supercapacitors.

“Department of Environmental Engineering, Henan University of Science and
Technology, Luoyang 471023, China. E-mail: wanghui79@haust.edu.cn

*College of Agricultural Equipment Engineering, Henan University of Science and
Technology, Luoyang 471003, China

°School of Materials Science and Engineering, Henan University of Science and
Technology, Luoyang 471023, Canada

“Department of Building, Civil and Environmental Engineering, Concordia University,
Montreal H3G 1MS8, Canada

6298 | RSC Adv, 2024, 14, 6298-6309

demonstrated a low ion transfer resistance of 0.71 Q during charge—discharge cycles.

Among the several available electrode materials, SnO, has
attracted considerable attention for use in lithium-ion batteries,
supercapacitors,® solar cells,® biosensors,”® and catalysts®
because of its high theoretical specific capacitance, high elec-
trochemical activity, low cost, non-toxicity, and good chemical
stability.'* However, although conventional SnO, has a higher
specific capacitance (782 mA h g™'), it has a drastically reduced
capacitance due to its poor conductivity, which limits the rate of
transfer between the electrode and the electrolyte. During
charging and discharging, SnO, undergoes significant volume
expansion, leading to potential pulverization or agglomeration
of the electrode material. This phenomenon restricts the
material's specific capacity from reaching its anticipated effec-
tiveness, thereby limiting its practical application.** There-
fore, integrating metal oxides with carbon-based materials can
enhance electrode conductivity. Carbon, as an electrode mate-
rial, offers high stability, excellent electrical conductivity, cost-
effectiveness, abundant availability, and ease in pore size
control.” Activated carbon was the first material used in electric
double-layer capacitor electrodes, with the advantages of simple
preparation, adjustable pore size, low cost, and the easy avail-
ability of raw materials. Currently, it is a hot-spot for scientific
research and commercial applications.** The enhancement of
activated carbon's microstructure and surface chemical prop-
erties is crucial for advancing the electrochemical reaction of
supercapacitors.” In the field of activated carbon electrodes, the
selection of carbonaceous precursors and the activation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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methodology significantly impact their surface and structural
features. Peanut is an important oil and cash crop in China, and
its subsidiary product, peanut shells, accounts for 30% of its
total output.’® Peanut shells are abundant, with huge annual
production; however, they have limited comprehensive utiliza-
tion rates." If the low-value waste peanut shells can be con-
verted into useful carbon materials for preparing
supercapacitor electrodes, the treatment and disposal problems
caused by the incineration of a large amount of waste biomass
can be effectively alleviated, and the synthesized materials are
abundant in availability, low in cost, and have sustainable
characteristics to achieve social, economic and environmental
benefits. Due to its elevated carbon and low ash contents, it can
be used as a feed-stock for producing carbon materials,
providing a viable opportunity for high-value recovery. In order
to overcome the carbon material is lower than the capacitor,
SnO, is easy to expand the shortcomings of charge and
discharge, in the context of energy storage mechanisms of
EDLC and pseudo-capacitors, porous carbon with a substantial
specific surface area is essential. It could be utilized to provide
the spatial location for the metal nanoparticles on the one
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hand, and their introduction can provide the pseudo-
capacitance on the other, which couples the performance of
EDLC with that of the pseudo-capacitor, and describes a new
electrode material with high performance and satisfactory
stability. Synthesized composites of SnO, nano-materials and
a biochar matrix can further improve the cyclability of SnO,.
After the SnO, nano-materials are tightly composited with
carbon, the resilient carbon matrix serves as a buffer for SnO,'s
volumetric changes during the charge/discharge cycles. It
prevents the agglomeration of SnO, nanoparticles and
augments the conductivity of the electrode materials; moreover,
the composites themselves have nano-structures, which can
shrink the ionic transport and diffusion distance, enhancing
the electrochemical performance of SnO, is imperative.'®*
Several SnO,@C composite materials have been synthesized,
each demonstrating superior electrochemical characteristics.
SnO,/Cotton Cellulose Nano-fiber (CNF) composites have been
prepared by electrostatic spinning, and their specific capaci-
tance was reported as 187 Fg~ ' at 20 mV s~ ' because of the high
coverage of the composite surface by the SnO, nanoparticles.*
SnO,/GO composite nano-materials have been prepared using

carbonization
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Fig.1 Diagram of SnO,@KBC-CNTs preparation.
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Fig. 2 SEM images for (a and b) KBC; (c and d) SnO,@KBC-CNTs.

one-pot synthesis under microwave irradiation with a better
specific capacitance of 100 F g '.?' PANI/SnO, NRA was
synthesized by a one-step electrochemical stripping and
electrode-position process, depositing polyaniline nano-wires
on SnO, NRA. This method achieved a specific capacitance of
367.5 F g~ .22 The aniline monomers's in situ polymerization on
SnO, surfaces produced a PANI/SnO, composite with a specific
capacitance of 175 F g ' at 1 A g~ " density of current.?® Hier-
archical SnO, nano-clusters wrapped around functionalized
carbonized cotton cloth were prepared using a two-step
method, where the FCC was first subjected to acidification
and hierarchical nitrogen dioxide nano-clusters were grown as
a flexible substrate using solvent-thermal reaction and calci-
nation processes to prepare SnO,@FCC composite electrode
materials, with the carbon cloth acting as a conductive channel
for rapid electron and ion transfer and SnO, nano-clusters
promoting charge storage. The specific capacitance at 1 A g~
was 197 F g~ ">

Therefore, in this experiment, activated carbon with a porous
structure was prepared using KOH activation method with peanut
shell biochar as the precursor, which was loaded with nano-SnO,
to enhance the specific capacitance of the activated carbon elec-
trode materials; moreover, novel SnO,-loaded graded porous
carbon composite electrode materials (SnO,@KBC-CNTs) were
synthesized, which encourages further research on the use of
abundant agricultural biomass for preparing cost-reducing and
efficiency-enhancing materials of super-capacitor electrode.

6300 | RSC Adv, 2024, 14, 6298-6309

2 Experiment section
2.1 Preparation of KBC

Before the experiment, the collected peanut shells were soaked and
cleaned three to five times, dried in an electric blast drying oven,
and the obtained peanut shells were broken up and set aside. An
appropriate amount of spare peanut shell powder was placed in
a crucible in a pyrotube furnace; under vacuum protection, the
temperature was set to rise to a carbonization temperature of 600 °C
under constanttemperature carbonization, durations for the
carbonization was 1 h. The produced peanut shell biochar was
combined with KOH at a 1: 2 weight ratio until it was all dissolved
in KOH; the mixture was then moved into a shaking box to shake
for 2 h, filtered by extraction with a Buchholz funnel, and dried. The
dried mixture was heated to a temperature of 700 °C in a pyrotube
furnace program under vacuum protection, the KOH activation was
2 h. After activation at a constant temperature, the mixture was
removed. Following production, the porous peanut shell biochar
materials were sequentially cleansed with HCI and deionized water,
then dried in a convection oven, milled, and prepared for use, and
were named KOH-Biochar (KBC).

2.2 Preparation of SnO,@KBC-CNT composite

A solution of SnCl,-5H,0 in 50 mL of anhydrous ethanol was
prepared, to which KBC and CNTs were added in equal
proportions. The solution was ultrasonicated for 30 min using
a cell crusher and then magnetically stirred for 2 h until it

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images (a—d) of SnO,@KBC-CNTs.

became a homogeneous and dispersed suspension, which was
then transferred to the polytetrafluoroethylene inner liner of
a high-pressure reactor (the working pressure is 3 M pa). The
resulting mixture was thermally treated at 180 °C for a duration
of 8 hours to obtain a black solid. The samples were centrifu-
gally washed to neutralize the pH and freeze-dried to obtain the
KOH-Biochar-SnO, (SnO,@KBC-CNTs) composites.

2.3 Preparation of electrode materials

Nickel foam, with a thickness of 1 mm, was uniformly cut into
squares measuring 1 cm x 1 cm to be used as the substrate of
the electrode sheet. The cut nickel foam was immersed in an
ethanol solution for ultrasonication, and the uniformly sized
cleaned nickel mesh was then dried at a constant temperature
in a blower drying oven and stored for later use.

The binder polyvinylidene fluoride (PVDF, 10 wt%; 0.01 g)
was pipetted into a 10 mL centrifuge tube, 20 pL of N-methyl-
pyrrolidone (NMP) was pipetted into it as a solvent with
a pipette gun, and the mixture was vibrated on an oscillator to
completely dissolve the NMP.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The weight ratio of PVDF: electrode active material : acety-
lene carbon black was 8:1:1. The prepared super-capacitor
electrode material (biochar) (0.08 g) was added to acetylene
black (0.01 g) in a mortar, ground evenly, and transferred to
a 25 mL beaker; the fully dissolved PVDF mixture was added
into the 25 mL beaker, and an appropriate amount of NMP was
pipetted for “slurry” viscosity adjustment, followed by ultra-
sonic dispersion treatment.

The spare nickel mesh was weighed with an electronic
balance (recorded as m,), and a pipette gun was used to inject
drops of the “sample mixture” into the weighed mass of the
nickel foam, restricting them to an area of one centimeter x
one centimeter. Subsequently, the mesh underwent drying in
a convection drying oven, and a manual tablet press was then
used to obtain electrodes, with the weight of the electrodes
after tablet pressing recorded as m,, the electrode on the
loaded material quality is (m, — m,). The mass loading of
active materials for all three electrodes tested in this work
were 2 mg. The specific flow chart is shown in Fig. 1.

RSC Adv, 2024, 14, 6298-6309 | 6301


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08655k

Open Access Article. Published on 20 February 2024. Downloaded on 7/20/2025 1:18:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(a)

SnO,@KBC-CNTs

KBC

Intensity(a.u.)

CNTs

10 20 30 40 50 60 70 80

2 Theta(deg.)
(c)
o 1204
=
@
N 100 4
v
« o o3 Po”
E 801 ....':.:..'3
L= >
53 P
£ 60 o
7] o®
B t.,
o 40 ,.o’ e Adsorption
E .- - Desorption
< 204
0 r ¥ - - - T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure(p/p,)

Fig. 4
desorption and the distribution of pore size for SnO,@KBC-CNTs.

2.4 Structural and physical features

A powder diffractometer functioning under copper target
circumstances was used to analyze the physical phases of the
samples. Scanning electron microscopy (SEM) was used to
analyze surface morphologies. Employing an automated surface
and porosity analyzer for eight hours at 120 °C degassing
temperature, we assessed the specific surface area and pore size
distribution. X-ray photo-electron spectroscopy was used to
determine the elemental composition and chemical states on
the sample surfaces.

2.5 Electrochemical characterizations

Electrochemical assessments for the three-electrode setup
were conducted employing electrochemical workstation, at
ambient temperature. This configuration included KBC,
CNTs, and SnO,@KBC-CNTs as working electrodes, a plat-
inum sheet electrode (S = 1 x 1 cm?) as the counter electrode,
Hg/HgO as the reference electrode, as well as 6 M KOH as the
electrolyte.

Cyclic voltammetry (CV) experiments were performed at
scanning speeds of 10-100 mV s~ throughout a potential range
of —1 to 0 V; constant-current charge/discharge (GCD) tests were
performed from 0 V to 0.5 V, with current densities ranging
from 0.5 to 2 A g~ '. Electrochemical impedance spectroscopy
(EIS) experiments ranged from 0.01 to 10°> Hz. Eqn (1), derived
from the GCD curve, was used to compute the electrode-specific
capacitance.

6302 | RSC Adv, 2024, 14, 6298-6309
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IAt

C= NG (1)

Here C (F g ") is the specific capacitance of the working elec-
trode within the three-electrode system, and I (A) represents the
discharge current. Af (s) denotes the time of discharge, and AV
(V) represents the potential difference.

3 Results and discussion

3.1 Structural and physical characterizations

SEM images of KBC are presented in Fig. 2(a) and (b). The KOH-
activated peanut-shell biochar exhibits many micro-porous
structures, and the skeleton shows an ordered gully and loose
porous structure. During KOH activation, the produced K,COj3;
attaches to the carbon skeleton and further decomposes to form
K,O, CO, and CO, which disappear in the form of gases, leaving
many micro-pores. The subsequently generated K,O reacts with
C at 700 °C, and part of the K,O is reduced to K vapor. In
contrast, a part of it is embedded in the carbon skeleton, and
K,O and K,CO; are removed in the subsequent pickling process
to form a large number of micro-porous structures.>*>*

Fig. 2(c) and (d) describes SEM photos of the SnO,@KBC-
CNTs. The SnO, nanoparticles have a white spherical struc-
ture that is uniformly dispersed within the inner wall vesicles of
the KBC. During both charging and discharging cycles, this
design efficiently limits the volumetric growth of SnO,. Mean-
while, the pore structure of KBC did not change significantly,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) XPS spectra involving all peaks; (b—d) Sn 3d, C 1s, and O 1s peaks of SnO,@KBC-CNTs.

indicating that the loading of SnO, nanoparticles retained the
excellent spatial structure of KBC, providing a good basis for
inter-ion transport.”

In order to analyze the material morphology and structure
more clearly and intuitively, TEM tests were done focusing on
SnO,@KBC-CNTs as shown in Fig. 3. Fig. 3(a) and (b) reveals
agglomeration in the SnO,-carbon composite, attributable to
the substantial surface free energy of the nano SnO, synthesized
via hydrothermal method. High-resolution TEM imaging, as
depicted in Fig. 3(c), displays a detailed view of a single SnO,
nano-particle. This particle has significant lattice fringe and
a measured inter-planar separation of 0.337 nm, which aligns
with the SnO, (110) crystalline plane. This finding corroborates
the initial formation of SnO,, consistent with XRD results. The
carbon layer lattice spacing observed in Fig. 2(d) measures
0.340 nm and 0.211 nm, equivalent to the (002) and (110) crystal
planes of carbon, respectively. This indicates the presence of
ordered layered structures within the carbon matrix,*® similar to
the graphite (002) crystal plane in the amorphous carbon
substrate. This structure enhances inter-layer connectivity,
thereby improving the conductivity of the composite electrodes.

XRD patterns of the three samples, presented in Fig. 4(a),
exhibit two prominent diffraction peaks at 26° and 44°. These
peaks are indicative of the (002) and (101) crystal planes of
graphitic carbon in KBC and CNTs, respectively.” The peanut-
shell-based porous carbon has a small grain size, defective

© 2024 The Author(s). Published by the Royal Society of Chemistry

crystal structure, and anisotropic lattice, which were proved by
two diffraction peaks with low intensity and large width.*
SnO,@KBC-CNTs show seven diffraction peaks at 26.5°, 33.74°,
37.54°,51.86°, 54.7°, 61.8°, and 65.26°, which correspond to the
(110), (101), (200), (211), (220), (310), and (301) crystallographic
surfaces of SnO,@KBC-CNTs, respectively.* The diffraction
peaks all matched exactly when compared with the SnO, stan-
dard map (JCPDS of za41-1445),%* affirming that SnO, with
tetragonal rutile phase structure was synthesized. No additional
diffraction peaks were detected in the spectrum; the peaks
presented are all narrow and sharp, which prove that SnO,@-
KBC-CNTs had complete crystallinity and high purity and that
no other impurities were introduced in the hydrothermal
reaction.*

Fig. 4(b) depicts the Raman spectra of the three samples,
showcasing two prominent peaks: the D peak at 1335 cm ™" and
the G peak at 1577 cm™'. The D peak, indicative of defects
within the carbon lattice, becomes more pronounced with an
increase in lattice irregularities. Conversely, the G peak arises
from the first-order scattering of the E,; mode in the carbon
material at the Gamma point, reflecting the in-plane vibrational
modes of sp>-hybridized carbon atoms. The intensity ratio of
these peaks, Ip/lg, serves as an indicator of carbon material
graphitization: a lower I/l ratio signifies higher graphitization
and, consequently, improved electrical conductivity. The Ip/Ig
values of KBC, CNTs, and SnO,@KBC-CNTs were 1.00, 1.19, and

RSC Adv, 2024, 14, 6298-6309 | 6303
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SnO,@KBC-CNTs at a scanning rate (100 mV s,

1.14, respectively. The increased Ip/Ig value of SnO,@KBC-CNTs
compared with that of KBC indicates that the sp> domain size of
KBC decreases during the reduction process. The graphitization
and electrical conductivity are higher than those of CNTs and
SnO,@KBC-CNTs. The formation of nano-SnO, further destroys
the graphitic structure of carbon and generates more disor-
dered carbon. It provides more active sites for electrolyte ion
transfer, promotes the ion transfer between electrode and
electrolyte, and improves the electrochemical performance of
the composite electrode.

Porous carbon's effectiveness as an electrode material is
inextricably tied to its pore size distribution, particular area of
surface, as well as surface functional groups. Micro-pores
provide abundant active sites for ion storage and diffusion
and exhibit a large specific surface area, which is conducive to
the distribution of active sites, increasing the contact between
active sites and the substrate and contributing to the
improvement of specific capacitance. The mesopores can
provide channels for ion storage and transport, which are
conducive to ion transfer.*® In order to obtain a more
comprehensive understanding of the pore size distribution
and specific surface area of SnO,@KBC-CNTs, nitrogen
adsorption and desorption tests were performed; the
outcomes are illustrated in Fig. 4(c). Characteristic of meso-
porous structures, the N,-adsorption-desorption isotherm
displays type-IV isotherm featuring a distinctive H, hysteresis

6304 | RSC Adv, 2024, 14, 6298-6309

loop in the high P/P, range.*®* When hysteresis commences at
a specific threshold of pore width, it indicates that the
material contains an abundance of micro-pores and meso-
pores. Its pore size distribution of SnO,@KBC-CNTs
predominantly ranges from 2 nm to 50 nm, averaging at
4.6996 nm in Fig. 4(d). Mesoporous structures are advanta-
geous for electrolyte ion migration. Achieving an ideal
number of mesopores facilitates inter-ion exchange rates,
shortens ion diffusion paths to the electrode surface, and
lowers material internal resistance.*® Micro-pores have a high
charge accumulation capacity at the electrode-electrolyte
interface and provide a large specific surface area. The
specific surface areas of CNTs, KBC and SnO,@KBC-CNTs
composites were respectively 240.43 m* g~ ', 176.35 m* g™},
158.69 m® g~ '. Because SnO, were loaded on the surface of
peanut shell biochar, the specific surface area of SnO,@KBC-
CNTs was reduced. The pore volume of SnO,@KBC-CNTs was
0.14 cm® g~'. The large specific surface area can promote
mutual contact within the electrode material and the KOH
electrolyte and increase the contact area within ions during
the impregnation process. In contrast, the rich porous
structure provides more active sites that facilitates the swift
movement of the electrolyte and diminishes the distance at
which ions diffuse, and provides favorable conditions for
charge transfer in the electrochemical process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 GCD curves of (a) CNTs; (b) KBC; (c) SnO,@KBC-CNTs within 6 M KOH at various densities of current; (d) presents GCD curves for CNTs,

KBC, and SnO,@KBC-CNTs at a density of current of 0.5 A g™,

Fig. 5 illustrates the XPS pattern of SnO,@KBC-CNTs,
revealing simultaneous signals for Sn 3d, O 1s, and C 1s,
as well as O KLL, indicating the co-presence of Sn, O, and C
in the composite. High-resolution XPS patterns for Sn, C,
and O are shown in Fig. 5(b)-(d). In the Sn 3d peak map, two
peaks at 486.9 eV and 495.3 eV are observed, corresponding
to Sn 3ds,, and Sn 3d3,, binding energies in SnO,; both these
belong to the +4 valence binding energies of Sn,*” and the
absence of any other simultaneous oxidation state peak of
Sn proves the generation of SnO, in agreement with the
findings in the XRD patterns. The peaking separation of
8.5 eV aligns with the binding energy for Sn 3d5,, and Sn 3d;,
». The C 1s and O 1s splitting curves, depicted in Fig. 5(c) and
(d), show peaking at 284.8 eV, 285.85 eV, as well as 288.57 eV,
corresponding to C=C,*® C-0O, and O-C=O0 bonds.***° The
pronounced C=C peaks in SnO,@KBC-CNTs indicate
a higher degree of graphitization, which significantly lowers
charge-transfer resistance during charge and discharge
cycles. In Fig. 5(d), peaks at 531.49 eV, 532.8 eV, as well as
533.41 eV represent, C-O-Sn/C-O-C/C-OH, as well as
O-C=0 bonds.*»** The carbon materials with oxygen-
containing groups have increased hydrophilicity, which
lowers ion transfer resistance and increases adsorption
ability. In addition, the presence of Sn—O further confirmed
the presence of SnO, in the SnO,@KBC-CNTs.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.2 Electrochemical performance studies

Employing an aqueous-phase three-electrode structure, the elec-
trochemical characteristics of KBC, CNTs, as well as SnO,@KBC-
CNTs were assessed. The results are displayed in Fig. 6. The CNTs'
CV curves roughly resemble a rectangle, indicating that porous
carbon mainly provides double-layer capacitance when used as
a super-capacitor electrode, which satisfies the energy storage
principle of double-layer capacitance. At various scanning rates,
the CV curves of the CNTs exhibit no redox peaks; that is, the
capacitance obtained by the electrodes is high compared with the
theoretical capacitance of the contained active substances, and
the substance utilization is sufficiently high to fully charge and
discharge the CNTs. Compared with CNTs, KBC and SnO,@KBC-
CNTs had a distinct irreversible reduction peak at —1 V, and an
irreversible reduction reaction was presumed to have occurred.
The CV curves of KBC and SnO,@KBC-CNTs deviated from the
rectangular shape, suggesting that the activation and loading of
metal oxides introduced pseudo-capacitance.” SnO,@KBC-CNTs
electrode has a distinct oxidation peak in the —0.1 to —0.2 V
voltage interval and a distinct reduction peak around —0.6 V.
When the density of current increased, K' in the electrolyte
migrated toward the outer surface of the electrode. K" migrated
more readily to the interior of the electrode when the scanning
rate decreased. Pseudo-capacitance within a 6 M KOH alkaline
electrolyte results from K" and SnO, ion adsorption-desorption
responses:
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Table 1 Comparing the electrochemical properties of SNO,@KBC-CNT composites with existing materials
Scanning rate/current Specific capacitance

Composite density Electrolyte (Fg™) References
SnO,@carbon aerogel 10mAg "' 1 M H,SO, 69.8 47
Sn0,/GO 50 mVs ' 1 M H,S0, 99.7 21
SnO,@Graphene 02A¢g"! 1 M H,50, 126 48
SnO,@MWCNT 1Ag! 4.5 M H,S0, 133.33 49
Sn0O,@CNF 1Ag? 1 M H,SO, 118 50
C@SnO, 2Ag" 4.5 M H,S0, 150 51
SnO,@FCC 1Ag! 1 M Na,SO, 197.7 52
SnO,@KBC-CNTs 0.5A g71 6 M KOH 198.62 This work

(Sn0»)surface + K™ + e~ © (SnO5> K )gurface (2) In addition, combined with the results of BET pore size

As seen in the Fig. 6, the peak current escalates with scan-
ning rate, while the curve shape remains consistent. This
indicates electrochemical stability and excellent reversibility of
the three electrodes in the —1 to 0 V range. A comparison of the
CV curves of the three electrodes at the identical 100 mV s *
scanning rate shows that the CV curves of SnO,@KBC-CNTs
have the largest area of the closed graph surrounded by the
CV curves, suggesting that the SnO,@KBC-CNTs may exhibit
the highest mass ratio capacitance in these samples. This is
because SnO,@KBC-CNTs have more micro-pores than in KBC
and CNTs. Micro-pores significantly contribute to the electrode
material's particular surface area, with larger micro-pores
providing a more specific surface area and adsorbing more ions.

Fig. 7(a)-(c) illustrates the charge-discharge curves of
CNTs, KBC, and SnO,@KBC-CNTs with different electrical
densities in 6 M KOH. As could be observed in the figure, all
three samples show low voltage drop (IR); the GCD curves of
CNTs exhibit a symmetric isosceles triangle shape, while
those of KBC and SnO,@KBC-CNTs deviate from the isosceles
triangle shape and are asymmetric, which suggests a redox
reaction, exhibiting their typical pseudo-capacitance charac-
teristics. Fig. 7(d) indicates that the charging and discharging
times of SnO,@KBC-CNTs are longer than those of CNTs and
KBC. These curves indicate larger specific capacitances,
aligning with the CV curve results. Calculated using eqn (1),
the specific capacitances of CNTs, KBC, and SnO,@KBC-CNTs
are 37.92 F g%, 92.19 F g7', as well as 198.62 F g7 ', at
a density of current (0.5 A g~ ). The specific capacitances of
these composite electrodes surpass those of CNTs and KBC
alone, and are superior to many reported SnO,@C composites
(as listed in Table 1). This suggests that the synergistic
interaction among nano-SnO,, CNTs, and KBC markedly
increases the composite electrode's specific capacitance.**
Particular capacitance diminishes with increased density of
current, attributed to insufficient time for positive ions to
penetrate the internal voids at high densities of current,
leading to adsorption predominantly on the material's
external surface. When positive ions have low densities of
current, they can be efficiently transported to each pore of the
electrode material, generating a large number of adsorption-
desorption reactions, leading to a high specific capacitance.*

6306 | RSC Adv, 2024, 14, 6298-6309

analysis, SnO,@KBC-CNTs have a more developed micropo-
rous-mesoporous structure compared with that in CNTs and
KBC, which is favorable for the adsorption and transport of
the particles, leading to smaller resistance and improved
capacitance performance.*®

To identify the electrochemical differences, investigations
using electrochemical impedance spectroscopy were conducted
among CNTs, KBC, and SnO,@KBC-CNTs. EIS curves typically
bifurcate to regions of high and low frequencies. In the realm of
high frequencies, the semicircular arc signifies charge transfer
resistance (R.),” where a smaller arc indicates reduced R,
particularly relevant for activated carbon electrodes. Conversely,
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Fig. 8 EIS of CNTs, KBC, and SnO,@KBC-CNTs within 6 M KOH ((a)
before charge—discharge; (b) after charge—discharge).

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08655k

Open Access Article. Published on 20 February 2024. Downloaded on 7/20/2025 1:18:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the low-frequency region is characterized by a linear segment,
indicative of the material's ion diffusion resistance; a steeper
gradient denotes a reduced resistance to ion diffusion. Its inter-
cept on the Z'-axis corresponds to the electrolyte resistance (R;).**
Fig. 8(a) shows that SnO,@KBC-CNTs possess smaller semi-
circular arcs, suggesting lower internal resistance compared to
KBC, thereby facilitating charge transfer and enhancing conduc-
tivity. The linear segment in the low-frequency range of SnO,@-
KBC-CNTs, being closer to the y-axis than KBC, implies that the
micro-mesoporous structure of SnO,@KBC-CNTs fosters charge
transport and electrolyte ion permeation. EIS results were
modeled using an equivalent circuit, displayed in Fig. 8's inset.
Zview fitting calculations yielded R values of 0.08 Q, 0.27 Q, as
well as 0.32 Q, and R values of 0.2 Q, 0.60 Q, and 0.71 Q, for
CNTs, KBC, and SnO,@KBC-CNTs respectively. After the charge
and discharge cycle test on the electrodes, the R, values of CNTs,
KBC and SnO,@KBC-CNTs were calculated by Zview fitting to be
0.09 Q, 0.31 Q and 0.34 Q, and the R, values were 0.25 Q, 0.63 Q
and 0.73 Q, respectively. The relatively lower resistance values of
SnO,@KBC-CNTs, influenced by their high micropore content
and moderate graphitization, align with the reduced IR drop seen
in the GCD as well as CV curves.

The exceptional electrochemical performance of SnO,@-
KBC-CNTs stems chiefly from the synergistic interplay
between SnO, nanoparticles and carbon, coupled with the

(@)

& Sn0,@KBC-CNTs
= KBC
~ 2004 oSS aemmamne a CNTs
& mnsmmnnas e
£ 1604
Q
=
S
3 1201
(=9
S -,
é 80 o “n“-‘n“n%m‘mh”.ﬁﬁ.-ﬂﬂ-h““
3
a
40 b .‘””“MM“
0 . . .
0 500 1000 1500 2000

Cycle number

(C)l 20

[ Diffusion contribution Sn0,@KBC-CNTs
[ Capacitive contribution >
100 1
X
T 804
s
g 60+
g 6060 | | 6179
2 52.86
5 40+ 48.32
=
=3 39.87
o 31.91
204
0 T T T T

10 20 40 60 80 100

Scan rate(mV s'l)

View Article Online

RSC Advances

composite's distinctive microstructure. This configuration
effectively counters the volumetric expansion of SnO, during
charge-discharge cycles. Additionally, incorporating carbon
partially addresses the SnO, matrix's inherent electrical
conductivity limitations, thereby augmenting the overall
electrode conductivity.

The evaluation of electrode performance includes the
assessment of cycling stability, which is a crucial parameter.
In this study, the composite electrodes were put through 2000
cycles of charging and discharging at a density of current of
0.5 A g ' in order to test the endurance during cycling of the
materials. As depicted in Fig. 9(a), at the end of the 2000th
cycle, the capacity retention rate of the SnO,@KBC-CNTs,
KBC, CNTs were 91.2%, 81.03%, 53.9%, respectively. The
SnO,@KBC-CNTs electrode exhibited excellent cycling
stability. The observed minimal capacitance decay during
charge and discharge cycles is ascribed to the volumetric
expansion and contraction of SnO,. Such ultra-thin interface
layer between nano-SnO, and carbon in SnO,@KBC-CNTs
acts as a buffer, mitigating SnO,'s volumetric changes
during repeated cycling.

To elucidate the mechanism of charge storage of the SnO,@-
KBC-CNTs porous composite, pseudocapacitive behavior was
analyzed. Fig. 6(c) displays that cyclic voltammetry (CV)
measurements were conducted at scanning rates varying from

(b)

1.04 Anodic
® (Cathodic
o
5 0.8 b,=0.72
<
g
5 0.6
£
=
Q
4
3
£0.44
on
2
0.2+4

10 12 14 16 18 20

log(scan rate,mV s'l)

& 5
g
o
< o
g 0
2z
Z s
Q
o
S -104
5 — SnO,@KBC-CNTs
-154 rate:60mV s™!
I Capacitive
-20 T T T T T T
-1.0  -0.8 -0.6 -0.4 -0.2 0.0
Potential(V vs.Hg/Hg0)

Fig. 9 (a) The cycling effectiveness of three electrodes were evaluated at a density of current of 0.5 A g%; (b) linear fits of logi and log v for
SnO,@KBC-CNTs at different sweep rates; (c) capacitive contributions of SnO,@KBC-CNTs at various scan speeds, including 10 mV s, 20 mV
s 40mV st 60 mVst 80 mVst &100 mV st (d) capacitive contributions of SnO,@KBC-CNTs at 60 mV s~ * sweep rate.
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10mVs ' to 100 mV s ', showing the ion diffusion kinetics of the
SnO,@KBC-CNTs porous composites during the charging and
discharging processes. Eqn (3) was employed to interpret the
response mechanism of different peaks in the CV curves, fitting
the association involving scanning rates (v) and corresponding
peak currents (f) to identify capacitive behaviors during the charge
and discharge processes.

i=a’ (3)

Considering the logarithms on both sides of eqn (3) yields
eqn (4):

logi =1logv + loga (4)

Here, a, as well as b represent the adjustable parameters, log i as
well as log v are linearly related to each other, and b is the slope
of the line; » = 1 denotes capacitively controlled storage of
charge; b, equaling to 0.5 represents typical diffusion-controlled
storage of charge; a value of b between 0.5 and 1 indicates two
types of charge storage behaviors: capacitive and diffusion-
controlled.>

Fig. 9(b) describes the linear fits of log i and logv for
SnO,@KBC-CNTs at various rates of scan (b values of 0.72 as
well as 0.68), indicating that the porous electrode material
of SnO,@KBC-CNTs is controlled by two types of charge
storage behaviors, namely, diffusion-controlled and capac-
itive, during the charging and discharging processes. The
capacitive contribution was quantified using eqn (4):

i= klv + szl/z (5)

In eqn (5), the kv part represents the capacitive control
contribution, and k"2 is the diffusion control contribution.
Fig. 9(c) details the capacitive contributions of SnO,@KBC-
CNTs. The capacitive contributions were 31.91%, 39.87%,
48.32%, 52.86%, 60.60%, and 61.79%, respectively, increasing
with the scanning rate.

According to Fig. 9(d), the contribution of the capacitive
behavior is 52.86% at 60 mV s ' scanning rate, and the
capacitance-controlled region exhibits a profile similar to that of
the CV curve, indicating capacitance-controlled behavior in the
SnO,@KBC-CNTs composite electrode material and that the
primary source of pseudocapacitive charge storage is predomi-
nantly derived from the surface reaction occurring on SnO,@KBC-
CNTs electrode. Therefore, the SnO,@KBC-CNTs composite
electrode materials are controlled by two charge-storage behav-
iors, diffusion-controlled and capacitance-controlled, during
charging and discharging, which is one of the reasons for the
excellent electrochemical performance of the SnO,@KBC-CNTs.

4 Conclusions

The precursor material utilized in the present research con-
sisted of peanut shells, while KOH was used as the activator.
And directionally impregnated with SnCl, to ultimately obtain
the nano-SnO,-loaded peanut shell-based porous capacitor
carbon. SnO,@KBC-CNTs had a well-developed pore structure.
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The incorporation of SnO, inside the porous carbon matrix
effectively combined pseudo-capacitance with bi-layer capaci-
tance, preserving the original pore structure while achieving
a specific surface area of 158.69 m” g '. The composite elec-
trode consisting of SnO,@KBC-CNTs exhibited a specific
capacitance of 198.62 F g~ ' when subjected to a density of
current of 0.5 A g~ ' in a 6 M KOH electrolyte solution. Notably,
after 2000 cycles, the electrode maintained 91.2% of its initial
capacity, demonstrating remarkable cycling stability.
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