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Supercapacitor

Coaxial Core-Shell Carbon-Tin Sulfide Nanohybrids as
High-Performance Electrodes for Long-Life Supercapacitors

Anjana Baby, Janez Zavasnik, Janez Kovac, and Neelakandan M. Santhosh*

As emerging high-power energy devices, supercapacitors require electrode
materials that enable fast charge transport at high current and long-term
stability. In this regard, integrating electric double-layer capacitance with
pseudocapacitive behavior in metal sulfide—carbon nanohybrids is a
promising strategy to enhance both capacitance and cycling stability. Herein,
a coaxial core—shell carbon-tin sulfide nanohybrid is designed as a
high-performance binder-free electrode using a rapid plasma-assisted dry
approach, enabling uniform overgrowth of layered SnS on vertical
nanocarbon (VCN) to form SnS@VCN. The strong interface interaction and
conductive carbon framework synergistically enhance ion transport and
structural stability, resulting in one of the best SnS-based electrode
performances by delivering a high specific capacitance of 577Fg ' (242 C

g ") at 3 A g ' and retaining 72% of its capacitance at 12 A g ' with a
remarkable cyclic stability of 115% capacitance retention after 10 000 cycles.
An asymmetric SnNS@VCN//AC device further delivers a specific capacitance
of 17.8 Fg " and ultrahigh cyclic stability, with 140% capacitance retention
after 5000 cycles. The interplay between the plasma-tailored interface and
hierarchical core-shell morphology effectively overcomes the rate and
stability limitations of conventional battery-type electrodes, offering a
scalable, environmentally benign pathway toward ultra-stable, high-rate

supercapacitors (SCs) are currently gaining sig-
nificant attention from both academia and
industry due to their standout features, includ-
ing fast charge—discharge rates, high-power
density, and exceptional cycling stability.[""*!
Despite these benefits, the large-scale application
of supercapacitors is often hindered by
their relatively low-energy density compared
with conventional batteries.l*] Addressing this
limitation remains a critical challenge; fabricat-
ing high-performance supercapacitors with
enhanced energy density and prolonged cycle
life is critical to meet the increasing energy
requirements across diverse applications. The
performance of SCs primarily depends on the
energy-storage capabilities of electrode mate-
rials; thus, the rational design and synthesis of
electrode materials with tailored electrochemical
characteristics have become a key focus in the
field.

Materials with redox-based charge-storage
characteristics are expected to deliver high
energy-storage performance owing to their
high electrical conductivity, which enables

energy storage materials for advanced supercapacitors.

1. Introduction

Growing global demand, along with rapid technological advancements
in miniaturized devices and portable electronics, has highlighted the
importance of sustainable energy storage solutions to meet consumer
needs. Addressing these challenges depends on efficient energy storage
systems, where electrochemical technologies are considered a key
factor. Among various devices,
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rapid charge-carrier transport from the electro-

lyte to the electrode interface; excellent electro-

chemical stability, which prevents unwanted
reactions with the electrolyte; and their high surface area, as capacity
scales with the interfacial area."*®! In this regard, metal chalcogenides
with pseudocapacitive behavior have attracted significant interest for
supercapacitors due to their ability to undergo faradaic redox reactions
within the material upon voltage application.!”"'”) Owing to lower elec-
tronegativity, sulfur-based materials enable more efficient electron
transfer, improve charge-transport kinetics, and yield a strong potential
for metal sulfide-based electrodes for SCs. Among various metal sul-
fides, tin sulfide (SnS) has attracted considerable attention owing to its
layered crystal structure, high theoretical capacitance, robust chemical
stability, and inherent electrical conductivity.!'""'*) The presence of
multiple oxidation states in Sn activates faradaic reactions, while sulfide
anions (S*7) improve electrical conductivity, provide additional redox
sites, and enable efficient ion transport through the layered
framework.1'*! Several studies have demonstrated the potential of
SnS-based electrodes in high-performing SC applications. A few exam-
ples using SnS-based electrodes, including nanoflakes synthesized via
colloidal methods, exhibited a remarkable capacitance of 582 F g~ at 8
A g "' and $nS nanorods showed promising energy and power
densities of 1.49 Whkg™' and 248.33 Wkg™ ', respectively, highlight-
ing the future opportunities of the material.l'*) Despite these advan-
tages, SnS still suffers from relatively low electrical conductivity and
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moderate cycling stability, which limit efficient charge transport.['®'”]

Incorporating or hybridizing with highly conductive carbon nanostruc-
tures can effectively overcome these challenges by providing enhanced
electrical pathways, structural stability, and additional electroactive sites,
thereby improving supercapacitor performance. Growth/deposition of
active materials directly on the current collector is considered a feasible
approach for providing free-standing hierarchical electrodes with a
large electrode—electrolyte contact area to improve electrochemical
reactions."'®1 Such hierarchical structures can neglect the need for poly-
meric binders used in electrode preparation, thereby minimizing
resistivity-related issues during electrochemical testing.

Thus, designing an advanced electrode material based on a SnS
hybrid with carbon nanostructures directly on a substrate could over-
come the issues related to poor conductivity and the side effects of
binders, thereby improving energy storage performance. The direct
growth of hierarchical carbon nanomaterials on various substrates using
chemical vapor deposition, arc-discharge method, electrochemical syn-
thesis, and plasma-enhanced chemical vapor deposition (PECVD) has
been widely reported.!'”™*"1 Among these techniques, PECVD stands
out for its ability to achieve the fastest, most controllable growth of
nanostructures  with diverse morphologies and orientations.[%*?]
Depending on the plasma discharge conditions, nanocarbons can form
nanotubes, nanowalls, or nanospheres with either vertical or horizontal
dimensions.””**1 The plasma-assisted method offers significant advan-
tages over conventional wet synthesis by eliminating the need for sol-
vents, enabling rapid processing, and allowing precise control over
surface morphology and defect formation.**) Such plasma-designed
nanocarbon, with excellent adhesion to the substrate surface, can serve
as a backbone for anchoring various metal sulfides, which can be used
as efficient electrodes for SCs.[*?”1 Such hybrid nanocarbon-metal sul-
fide electrodes exhibit unique electrochemical properties compared
with metal sulfides and carbon when used individually as active mate-
rials. As a result, the composite provides a higher capacity, better
cycling stability, and good rate capability, making it suitable for assem-
bling high-capacity redox-based SCs. In addition, such a combination
of electrodes could help mitigate the limitations of redox supercapaci-
tors, which suffer from poor stability and rate capability.

Therefore, this work explores improving the electrochemical perfor-
mance of SnS by integrating it with vertical nanocarbons (VCNs). The
unique hierarchical and anisotropic structure of the VCN arrays
amplifies the inherent mechanical, electrical, and thermal properties of
individual nanotubes, extending these advantages to the bulk material
scale. Unlike conventional synthesis methods, which are
time-consuming and rely on chemical reagents, this work demonstrates
a plasma-enabled, soft-chemistry, dry approach to grow SnS@VCN
nanohybrids directly and evaluates their potential to enhance charge
storage in SC applications. Comprehensive structural and morphological
analyses revealed that the SnS anchored on highly conductive VCN
exhibits high structural quality and electrochemical stability, enabling
long-term  device  performance  without  degradation.  The
plasma-designed binder-free SnS@VCN electrodes exhibited a faradaic
“battery-like” electrochemical response and delivered one of the highest
discharge capacities (577 Fg~' @ 3 A g~ ') among SnS-based elec-
trodes. To date, one of the main challenges in translating these faradaic
materials into SC electrodes has been poor rate capability and long-term
stability, which were significantly addressed in this work by maintain-
ing 72% of the initial capacitance at a higher current density of 12 A
g ' and retaining an increased (>100%) capacitance after
10 000 cycles. Similarly, an asymmetric capacitor fabricated with
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SnS@VCN as the active material exhibited comparable energy and
power densities, along with ultrahigh stability, maintaining increased
capacitance after 5000 cycles. The unique conformal core—shell nano-
tubular heterostructure of SnS@VCN, with controlled structural defects
and a hierarchical morphology, exhibits minimum contact resistance
and enhances electrochemical performance and charge storage. By com-
bining rapid processing, mild conditions, and environmental compati-
bility, this plasma-enabled strategy for engineering high-performance
electrodes offers a viable pathway toward advancing next-generation
supercapacitor systems.

2. Results and Discussions
2.1. Morphological Characterization

The initial nanocarbon deposition on the nickel foam substrate was fol-
lowed a catalyst-assisted PECVD process, as reported elsewhere, yielding
vertically aligned individual nanotube arrays, VCNs. The VCN structures
are homogeneously distributed on the substrate surface. The as-grown
VCNs form closely packed tube-like structures, as shown in Figure 1a.
The VCN structures possess an average height of 1-2 pm and a diame-
ter of ~100nm and are terminated by a single-crystal Ni particle
(Figure 1b). Changes in the surface morphology of VCN after the
plasma deposition of the Sn layer, followed by the plasma sulfurization
to SnS, are presented in Figure 1d,e. The observed morphological dif-
ference is the expansion of the diameter of the individual hybrid nano-
structure to ~200 nm, while the length and orientation of the VCNs
remain the same as before deposition. The SnS is fully anchored to the
VCN backbone in a coaxial core—shell morphology, thereby simulta-
neously ensuring electrical conductivity and pseudocapacitive behavior.
Additionally, each SnS@VCN nanostructure is separated by a void,
which could help mitigate volume change during repeated ion
insertion/extracion during electrochemical —reactions, enabling
long-term stability under harsh electrolyte conditions. The presence of
Sn and S after the plasma conversion on the VCN backbone is con-
firmed by EDS analysis presented in Figure S1, Supporting Information.

Further insights into the structure and morphology of the VCN and
SnS@VCN hybrid structure were obtained by TEM. The overview
micrographs show that the VCN is a multiwalled carbon structure with
a diameter of ~100nm and a single-crystal Ni nanoparticle at its tip
(Figure Ic), similar to the previously reported tip-growth mechanism
in plasma-grown VCN structures.*®*°1 The TEM micrograph of the
SnS deposited VCN ' structures confirms the overall morphology as
observed from SEM, and that the VCN backbone is fully overgrown by
SnS (Figure 2a) with a thickness of the SnS deposit of ~100nm
(Figure 2b). The surface details reveal a layered structure, clearly visible
due to edge folding (Figure 2c). The individual sheets are 5-10nm
thick and measure up to 50 nm in diameter, with the individual layers
separated by ~5.85-5.87 A, as measured directly from FFT patterns
(Figure 2 FFT). The sheets are often bent, twisted, and folded, and con-
tain multiple defects. The phase composition of the Sn-S phase was ana-
lyzed by SAED; the experimental pattern coincides with the reference
data for orthorhombic SnS (S.G.: Pnma), and no other phases were
detected (Figure 2d,e). The chemical composition was assessed by
STEM-EDS analysis; the EDS spectra are shown in Figure 2f, along with
the STEM micrograph with a marked point EDS analysis spot. The EDS
mapping confirms the homogeneous distribution of Sn and S through-
out the carbon backbone (Figure 2g), indicating that the SnS@VCN
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Figure 1. Surface morphology of plasma-designed VCN and SnS@VCN nanostructures. a, b) Tilted view SEM-SE micrographs of homogeneously grown VCN;
d, e) tilted view SEM-SE micrographs of SnS@VCN after plasma sulfurization process; ¢, f) overview conventional TEM micrographs of plasma-designed VCN

and SnS@VCN.

nanostructure obtained exhibits a hybrid, coaxial, core—shell-like
morphology.

To understand the structural organization of the designed coaxial
core—shell structured SnS@VCN hybrids, the nanostructures were fur-
ther evaluated by Raman spectroscopy, and the resulting spectra are
presented in Figure 3a. Both VCN and SnS@VCN featured characteristic
graphitic behavior with peaks around 1358cm™' (D band),
1572cm™" (G band), 2697 cm™' (2D band), and 2938 cm™' (D+G
band).!***! The presence of well-defined D, G, and 2D peaks indicates
a highly ordered graphitic nature, along with some structural defects in
both structures, which could facilitate the ion diffusion during the elec-
trochemical reactions. In addition, the presence of multiple peaks
between 80 and 300 cm ™' corresponds to Raman modes of A, and
Bsg, which are typically observed in layered SnS structures.[w‘mﬁ The
peaks observed at 93 and 199 cm™ ' can be attributed to the wagging
and breathing mode A, vibrations, while the peak around 226 cam™ ' is
attributed to the “NaCl” type vibration in the SnS layered structures. A
few other peaks observed at 164 and 202 am™ " correspond to the Bsg
vibration in the zigzag direction. Such observations indicate that the
formed SnS structures maintain a layered structure, which could signifi-
cantly improve charge storage capabilities and ion diffusion pathways.

Surface composition and chemical bonding of the nanostructures
were further evaluated by XPS. The carbon (~284.8 ¢V) and oxygen
(~531.5 eV) were visible in both structures, along with the peaks cor-
responding to Sn 3d (~486¢V) and S 2p (~161.5€V) in SnS@VCN
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structures (Figure 3b). Compared with VCN structures, carbon signals
are more attenuated in the hybrid structure, which could be due to the
overgrown SnS features. Therefore, the high-resolution C 1s spectra
were compared, and it was illustrated that the C Is in SnS@VCN is
broadened in both the lower- and higher binding-energy regions. This
could be due to the possible interfacial interactions via C-S or C-Sn
bonding, charge-transfer effects, or formation of structural defects,
which are typically observed in the carbon-transition metal sulfide
structures.

The C 1s spectrum of VCN is fitted to various components, includ-
ing sp” C-C at 284.8 eV, sp> C-C at 285.5 eV, C-OH at 286.3 eV, C-O-
Cat 287.3 eV, C=0 at 289.4 €V, a n-1* shake-up satellite at 291.4 €V,
and a small component around 284.1eV, which corresponds to
vacancy defects.**®] High-resolution Sn 3d spectra of SnS@VCN
appeared with two major components, Sn 3ds,, (486.6eV) and Sn
3d3,, (495.1 ¢V), with each of them deconvoluted to two components:
sn®* 3ds,, at 485.5eV, Sn*t 3ds,, at 486.6eV, Sn’t 3d;,, at
493.9 €V, and Sn*" 3d;/, at 495.1 V.22 The corresponding S 2p
spectra deconvoluted with two peaks, attributed to S 2p;,, and S 2p,
peaks located at 161.7 and 162.8 eV, respectively, ascribed to S*~ spe-
cies that could be attached to the Sn oxidation states. All the interpreta-
tions based on the physico-chemical characterizations suggest that
plasma-assisted sulfurization enables rapid conversion of Sn to SnS, sup-
ported by the VCN backbone, forming a coaxial core—shell hybrid
structure that ensures good adhesion, structural integrity, and a
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Figure 2. Microstructure of the SnS—VCN nanostructures: a) conventional TEM micrograph of SnS@VCN, with b) magnified region showing carbon NW core,
overgrown by SnS. ¢) Surface details showing polycrystalline layered sheets of SnS (details in insets), with corresponding FFT and intensity profile graph. d)
Simulated and experimental SAED patterns, indexed for orthorhombic SnS. e) Diffraction pattern intensity profile (red — raw, blue — beam stopper
contribution subtracted) and simulated graph from reference SnS data, with marked crystal planes. f) Results of EDS point analysis showing S and Sn, with
minimum O content (analysis point marked by red circle), and g) STEM-EDS spatial distribution mapping of principal components, visualized using S-Ko,

Ni-Ka, and Sn-La energy lines.

hierarchical morphology with a large surface area for electrode—
electrolyte interaction and rapid ion diffusion, making them promising
electrode materials for SCs.

2.2. Electrochemical Characterization

The electrochemical behavior of plasma-designed binder-free electrodes
was evaluated in a three-electrode setup, with CV, GCD, and impedance
analysis. The binder-free approach ensures excellent interfacial contact,
uniform dispersion of active species, and the removal of non-
conductive polymeric binders, which are often responsible for imped-
ing charge transport. All the plasma-designed electrodes: VCN,
Sn@VCN, and SnS@VCN were compared to see the changes in perfor-
mance due to the unique coaxial core—shell morphology. Initially, all
electrodes were subjected to CV analysis over a potential window of
0-0.5V at scan rates of 10-100mVs~'. A comparison of the CV in
Figure 4a shows that the pristine VCN produced on Ni foam exhibits
limited electrochemical activity. A significant increase in current density
and a notable expansion of the enclosed CV area were observed after
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plasma-assisted anchoring of Sn (Sn@VCN), indicating improved
charge storage capacity. The CV profiles showed distinct redox peaks,
indicating the contribution of faradaic processes. The hybrid SnS@VCN
electrode exhibited the highest current response, possibly due to its
enhanced electrochemical reactivity. Strong electronic interaction
between SnS nanostructures and the VCN scaffold, and altered charge-
transfer kinetics, are suggested by the minor shifts in the anodic and
cathodic peak potentials relative to pure VCN. The reversible redox reac-
tions of SnS species inside the applied potential window could be the
cause of the pseudocapacitive, battery-like behavior.**** The v pro-
file of SNS@VCN at scan rates from 10 to 100 mVs~ ' shows a progres-
sive increase with scan rate, indicating a surface-controlled
pseudocapacitive mechanism (Figure 4c; the corresponding figure for
Sn@VCN is presented in Figure S2a, Supporting Information). It was
also observed a slight shift in their redox peak potentials at high scan
rates due to ion-diffusion constraints and charge-transfer resistance.

To understand the charge storage capacity of electrodes, galvanostatic
charge—discharge (GCD) tests were performed at different current densi-
ties (3-12 A g~ ') for all the electrodes. The GCD curves (Figure 4b)
show that the specific capacitance increases significanty with the gradual

© 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85US017 SUOLLLIOD SAERID 3|qedtjdde auy Ag pausenob afe 9ol VO ‘88N JO'Sa|nJ o AXeiq17 8Ul|UO A1 UO (SUOIPUOO-PUR-SLLLBHWI0D" A3 | 1M Afe.d 18U |UO//SONY) SUOIPUOD PUe SWiia | 84} 835 *[9202/50/.2] Uo AiqITauljuo AB|IM ‘Siniisu| Uejels j5z0r Aq 6270L ZWe/200T 0T/I0p/wod A8 |mAreiq1jeuuo//Sdny Wwol papeojumod ‘0 ‘95805.52



Energy &
Environmental Materials

@ (b) _ ©) .

- o 3 XPS Survey spectra Comparison of C 1s spectra ——VCN
5 |3 s 5 - SnS@VCN
(\3‘ z [a) c9>' 3

=8 2 s 2 081

23 8 - o @

0 |L o w 2 o c

c|e 0 2] N < |

Q Z% o E 9 5 $ (%] s 8 06 Peak broadens after the

C | ® % @ % w w £ ® SnS@VCN o SnS anchoring

Raman shift (cm'™) (2 = st

B A =1 @ 0.4

N M@\/CN <] N

= (@] (]

g E

£ £0.24

5] VCN S

z VCN =

S : L : : : 0.0 R S S
350 1050 1400 17502450 2800 3150 3500 800 600 400 200 0 204 292 290 288 286 284 282 280
Raman shift (cm™) Binding energy (eV) Binding energy (eV)
(d) [cts:ven (e) [sn3d:sns@ven f (f) [s2p: sns@ven
o Sn*3ds,,
sp? C-C S 2pg),

= S [sn*3dy =

s s s

2 2 2

c = c S 2py),

> =] ]

8 8 8

C-OH ™
| [c=0| [c-0-C DeieoE Sn2'3d,,
292 290 288 286 284 282 498 496 494 492 490 488 486 484 482 166 165 164 163 162 161 160 159 158
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 3. Structural and chemical analysis of the nanostructures. a) Raman spectra, b) XPS survey spectra, and c) comparison of the high-resolution C 1s
spectra of the VCN and SnS@VCN; d) deconvoluted C 1s spectra of VCN; e) deconvoluted Sn 3d and f) S 2p spectra of SnNS@VCN hybrid structures.
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Figure 4. Electrochemical evaluation of the electrodes using a three-electrode configuration. a) CV comparison at a scan rate of 100 mV's~' and b) GCD at 3
A g7 of VCN, Sn@VCN, and SnS@VCN; ¢) CV at different scan rates and d) rate capability of SnS@VCN; e) log (i) versus log (v) graph and f) contribution
from different electrochemical storage mechanisms of SnS@VCN.

addition of Sn, followed by sulfurization to prepare SnS@VCN. The VCN  The GCD profiles gradually change into nonlinear, battery-type curves
electrode displayed a linear-type discharge curve with a capacitance of ~ with discrete potential plateaus upon Sn incorporation and the subse-
128 Fg~ ', which can be ascribed to the electric double-layer capacitance.  quent addition of $nS, demonstrating dominating faradaic redox

Energy Environ. Mater. 2026, 0, e70429 5 of 10 © 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85US017 SUOLLLIOD SAERID 3|qedtjdde auy Ag pausenob afe 9ol VO ‘88N JO'Sa|nJ o AXeiq17 8Ul|UO A1 UO (SUOIPUOO-PUR-SLLLBHWI0D" A3 | 1M Afe.d 18U |UO//SONY) SUOIPUOD PUe SWiia | 84} 835 *[9202/50/.2] Uo AiqITauljuo AB|IM ‘Siniisu| Uejels j5z0r Aq 6270L ZWe/200T 0T/I0p/wod A8 |mAreiq1jeuuo//Sdny Wwol papeojumod ‘0 ‘95805.52



Energy &
Environmental Materials

processes. The specific capacitance of the prepared Sn@VCN and
SNS@VCN at a current density of 3 A g~ ' is 392 Fg™ ' (164 C g~ ') and
577Fg ' (242 C g "), respectively. Considering that the SnS@VCN
electrodes demonstrated the highest current response and charge storage
performance, further electrochemical features were characterized to assess
the electrode potential. The capacitance retention of the electrode at
higher current densities was evaluated at multiple current densities and
calculated to be 577 Fg~' (242 Cg N at3Ag 'and 414Fg ' (174
Cg ')at12 A g ' (Figure 4d, corresponding studies on Sn@VCN are
presented in Figure S2b, Supporting Information). The rate capability
comparison of electrodes indicates that the SnS@VCN electrode retained
approximately 72% of its initial capacitance, whereas the Sn@VCN elec-
trode maintained only 52% at a higher current density of 12 A g”'. In
addition, both elecrodes maintained excellent coulombic efficiencies
above 90%, with SNS@VCN achieving 99% at 12 A g~ (Figure S3, Sup-
porting Information). As the charge storage mechanism of SnS@VCN is
primarily governed by reversible faradaic reactions of Sn-based species in
alkaline electrolyte, which can be represented as:

Sn*" + 20H = Sn (OH), (1)
S$nS + 20H™ = Sn (OH), +S*~ + 2e~ (2)

These reversible surface redox reactions, coupled with the conduc-
tive electrostatically charging VCN backbone and binder-free architec-
ture, result in enhanced capacitive behavior. Therefore, a quantitative
analysis of the charge-storage mechanism in the SnS@VCN electrode
was performed using Dunn’s method, distinguishing between
diffusion-controlled and capacitive contributions at different scan rates.
The power-law equation describes the relationship between the mea-
sured current (i) and scan rate (v):

i=a 3)

where a and b are adjustable parameters. The slope of the linear fit
of the log(i) vs log(v) plot was used to get the b-value, estimated
as 0.72, indicating a combined contribution of both surface-
controlled and diffusion-limited processes (Figure 4e). To further
understand the charge storage mechanism and evaluate the contri-
bution quantities, the total current response at a fixed potential
was determined by:

i(V) =Ky + Kpv'/? (4)

where i corresponds to the current (A) at a specific potential, K;
corresponds to the linear regression slope, and K, corresponds to
the intercept of the i(v)/vl/ * vs v'/? (Figure S4, Supporting Infor-
mation). At different scan rates, the relative contributions of capac-
itive and diffusion-type mechanisms were calculated and presented
in Figure 4f. The analysis reveals that capacitive processes contrib-
ute around 29.9%, while diffusion-controlled processes dominate
at 70% at lower scan rates, with the contribution increasing pro-
gressively at higher scan rates due to enhanced surface redox prop-
erties. This behavior confirms that the SnS@VCN electrode exhibits
a synergistic charge storage mechanism arising from the combined
contributions of surface-controlled and diffusion-controlled pro-
cesses. The VCN network enhances electrical conductivity and
mainly contributes to electric double-layer capacitance, while the
SnS component provides pseudocapacitive behavior with an
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additional diffusion-controlled contribution, leading to the
observed mixed kinetics.

In addition to charge storage, the remarkable electrochemical stabil-
ity of the SnS@VCN electrode is a crucial characteristic that ensures reli-
able operation in cutting-edge supercapacitor devices. To ensure long-
term durability and economic viability in energy storage applications,
supercapacitors must withstand thousands of charge—discharge cycles
without significant loss of capacitance. Therefore, continuous GCD
measurements were used to assess the coulombic efficiency and long-
term cycling performance of SnS@VCN at a high current density of 12
A g™, as presented in Figure 5a. After 10 000 cycles of stability testing,
the electrode demonstrated exceptional capacitance retention of 115%
and nearly 100% coulombic efficiency. It was observed that stability
decreased slightly in the first few cycles, followed by a gradual increase,
which may be due to electrochemical activation of the electrode surface
and progressive electrolyte infiltration into previously inaccessible active
areas. To assess electrode behavior and charge transfer during electro-
chemical stability testing, the impedance characteristics of the material
were evaluated before and after the stability test. The EIS analysis reveals
that the electrode solution resistance remains nearly unchanged before
and after the stability studies, at approximately 0.95 and 1.0 €, respec-
tively (Figure 5b), indicating stable electrolyte conductivity and pre-
served electrode integrity. It was also observed that the charge-transfer
resistance (R.) did not increase with extended cycling, from ~0.6 Q
before cycling to 0.4-0.5Q after stability, which could lead to the
enhanced 115% retention and points to electrochemical activation
rather than deterioration. Following stability testing, the R, remained
constant or slightly decreased, indicating enhanced interfacial electron
transfer kinetics, which can be attributed to surface remodeling or
enhanced electrolyte accessibility.**) The Bode plots further clarify the
interfacial dynamics, which exhibit a broad phase angle maximum at
intermediate frequencies before stability, indicative of capacitive charge
accumulation and faradaic processes (Figure S5, Supporting Informa-
tion). The phase angle distribution changes and becomes more
frequency-dispersed after stabilization, signifying changes in the surface
heterogeneity and interfacial capacitance. A decrease in pure capacitive
dominance and an increase in faradaic contribution are suggested by
a decrease in the maximum phase angle at intermediate
frequencies.””**! Finally, no inductive loop or phase inversion is seen,
indicating the electrode’s structural soundness even under extended
use. The capacitance retention suggests progressive electrode activation
during long-term cycling. This behavior can be attributed to gradual
electrolyte penetration into the porous structure, improved wettability
of the electrode surface, and enhanced accessibility of initially less-
utilized redox-active sites.***° The EIS results collected at different
cycles show a reduction in interfacial/charge-transfer resistance, sup-
porting improved reaction kinetics during cycling (Figure S6, Support-
ing Information). The reduced intercept at the high-frequency region
and the steeper slope in the low-frequency region indicate a decrease in
internal/charge-transfer resistance and an improvement in ion diffusion
behavior. This change suggests that repeated cycling promotes better
electrolyte penetration into the electrode structure and enhances the
accessibility of electroactive sites. Meanwhile, the high coulombic effi-
ciency indicates that the charge-storage process remains highly revers-
ible, suggesting that the capacitance increase is mainly related to
electrode activation rather than irreversible side reactions. All the elec-
trochemical studies ensure that the fabricated SnS@VCN electrode
exhibits one of the best rate capability stabilities among the variously
reported SnS-based electrodes, as shown in Figure 5c¢ and Table S1,

© 2026 The Author(s). Energy & Environmental Materials published by
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BT and S (Figures S7 and S8, Supporting Informa-
tion). The crystal structures of the electrode
materials after cyclic stability, as determined
from the SAED patterns, were compared with
those of pristine SnS@VCN electrodes and the
simulated SnS pattern, showing no detrimental
changes (Figure 5f, Figures S7 and S8, Support-
ing Information). In addition, the EDS spectra
of the cycled electrodes obtained from the SEM
demonstrate a significant presence of potassium
and oxygen, while the presence of sulfur and
Sn is diminished, indicating the excellent
electrode—electrolyte interaction (Figure S9,
Supporting Information).

rate capability performance of the SnS@VCN electrode materials to the state-of-the-art peer materials,
along with the comparison of cyclic performance inset. d) A possible charge storage pathway in

SnS@VCN electrodes. Post-mortem analysis of the electrode material after the stability testing. e)
HAADF-STEM micrograph showing homogenous distribution of principal elements (uniform contrast),

2.3. Fabrication of SnS@VCN//AC
Asymmetric Supercapacitors

and f) experimental SAED patterns: simulated pure SnS, before, and after the cycling testing, with

reference SnS simulated pattern. The morphology of the individual SnS@VCN is preserved, and no

detrimental changes in the crystal structure were observed.

Supporting Information.!'**'~**! The enhanced charge storage and
ultra-stable performance of SnS@VCN can be ascribed to the synergistic
interaction between uniformly overgrown SnS and VCN within the
well-defined coaxial core—shell architecture. By buffering the volume
change of SnS during repeated redox reactions, the mechanically strong
and highly conductive VCN backbone prevents structural pulverization
and particle agglomeradon.[54’55] The binder-free electrode design,
achieved by direct growth of SnS@VCN on the conductive substrate,
ensures close interfacial contact and continuous electron transport,
unlike traditional slurry-coated electrodes with polymeric binders such
as PVDF, which can block active sites and raise internal resistance.°®°7]

Energy Environ. Mater. 2026, 0, e70429

7 of 10

To assess the real-time applicability of the
SnS@VCN electrodes, an aqueous asymmetric
full cell was fabricated utilizing SnS@VCN as
the positive electrode and activated carbon (AC) as the negative elec-
trode. The corresponding CV curves and GCD of activated carbon are
presented in Figure S10, Supporting Information. The SnS@VCN//AC
device was fabricated using the mass-balance method, and CV curves at
varying scan rates over a potential range of 0-1.6 V are presented in
Figure 6a. The CV profiles displayed both quasi-rectangular and distinct
redox peaks, confirming a hybrid storage mechanism where the EDLC
behavior arises from the AC and a mixed capacitance performance from
SnS@VCN electrodes. Fast charge propagation and good rate capability
are indicated by the current response increasing proportionately with-
out a change in curve shape as the scan rate increases from 10 to

© 2026 The Author(s). Energy & Environmental Materials published by
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the binder-free VCN design, which provides
strong electrical contact and rapid electron
transport. The ASC fabricated in this work
provided a competitive balance of energy
and power density of 6.32Whkg™' and
410 Wkg™', respectively, which positions
them as comparable to similar materials as pre-
sented in the Ragone plot (Figure 6d).
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Figure 6e, where the stability curve clearly
indicates electrochemical activation rather than
deterioration, with a rise in capacitance reten-
tion to ~140%. The porous coaxial core—shell
networks in SnS@VCN enhance cycle life by
promoting greater ion accessibility and active
surface Additionally,  during
extended cycling, the coulombic efficiency
remains close to 100%, indicating that the
device exhibits a highly reversible charge-
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Figure 6. Electrochemical performance of the fabricated SnNS@VCN//AC full cell. a) CV at different
scan rates; b) at different voltages; c) GCD at different current densities; d) Ragone plot comparison of
the fabricated device with other SnS-based supercapacitors; e) long-term stability of the fabricated full

cell for 5000 cycles.

100mVs~'. The overall reversibility remains substantial, indicating
steady kinetics and excellent conductivity enabled by the conductive
VCN scaffold. It is observed that the enclosed CV area increases signifi-
cantly when the operating window is enlarged from 1.0 to 1.6V,
allowing the device to retain more charge at higher voltages
(Figure 6b). The charge—discharge curves display a quasi-triangular
profile with minor deviations from linearity, reflecting the coexistence
of both EDLC behavior from the VCN and pseudocapacitive/faradaic
contributions from SnS (Figure 6c). The calculated specific capacitance
values for the SnS@VCN//AC device were 17.8, 14.6, 11.2, and
9.6 Fg~" at current densities from 0.5 to 3 A g~ '. As anticipated, the
discharge time decreases with increasing current density; however, the
curves maintain their optimal shape, suggesting strong reversibility and
structural integrity under rapid cycling. Low internal resistance is
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5000 improved accessibility of redox-active sites,
facilitated by enhanced electrolyte penetration
into previously less accessible regions. The
GCD curves at early stages (lst, 10th, 50th,
100th, and 1000th cycles) show a slight
decrease during the initial cycles (10th—50th),
then  gradually
1000 cycles. This behavior suggests that an ini-
tial stabilization process occurs, followed by
electrode activation, leading to enhanced capacitance. Besides, the
highly conductive VCN backbone, along with the presence of voids
and structural defects observed between SnS@VCN structures, could
also facilitate ion transport and buffer volume changes, thereby enhanc-
ing electrochemical stability and enabling the potential of the material
for long-standing applications.

increase from 100 to

3. Conclusion

In this work, a metal sulfide—carbon nanostructure-based coaxial core—
shell hybrid electrode was fabricated for high-performance supercapaci-
tor applications. A rapid plasma-assisted, soft-chemistry, dry approach
was used to synthesize vertical nanocarbon (VCN) uniformly

© 2026 The Author(s). Energy & Environmental Materials published by
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overgrown with a SnS layered structure. The designed SnS@VCN elec-
trode demonstrated battery-type charge-storage performance for super-
capacitors, delivering a capacitance of 577 Fg~' (242 C g ') at a
current density of 3 A g~ and an excellent rate capability of 72% at 12
A gfl, placing it among the best-performing SnS-based electrodes
reported to date. Remarkably, the electrode demonstrates exceptional
electrochemical stability, with capacitance retention of ~115% after
10 000 cycles, indicating progressive activation and outstanding struc-
tural robustness. These outstanding performances stem from the unique
coaxial core—shell morphology of the electrode, which provides abun-
dant electroactive sites and efficient charge transport pathways. An
asymmetric device fabricated using the SnS@VCN//AC delivered a
capacitance of 17.8 Fg~' at 0.5 A g~ ', with competitive energy and
power densities of 6.32 Wh Kg~' and 410 Wkg ™', respectively. Nota-
bly, the device maintains 140% capacitance retention with nearly 100%
coulombic efficiency, underscoring its superior long-term durability.
The electrode fabrication technique demonstrated in this work is one of
the fastest methods (<2h) and ensures minimal chemical residues
owing to its plasma-assisted, dry processing. The excellent rate capabil-
ity and ultrahigh stability of SnS@VCN represent a substantial advance-
ment over conventional SnS-based battery-type electrodes, which
typically exhibit low-rate capability and stability. In this regard, this
work addresses a critical challenge in battery-type electrodes and opens
a pathway for designing ultra-durable high-rate supercapacitors for
next-generation energy-storage devices.

4. Experimental Section

Synthesis of vertical nanocarbon structures (VCN): Vertical nanocarbon struc-
tures (VCN) were directly deposited on a 1.5 X 1.5 cm? 300 pm-thick nickel foam
(purchased from Xiamen Zopin New Material Limited, China) using a low-
pressure radiofrequency PECVD system. VCN structures were synthesized using
the previously reported low-pressure plasma discharge protocols.?®*® In brief, the
plasma system used for VCN synthesis consists of a cross-type glass tube with an
8 cm diameter, and each arm is 40 cm long. A Nagoya type-lll coil was used to
inductively couple the system to a radiofrequency generator, which was externally
air-cooled. The nickel substrate was placed into the plasma discharge region using
a grounded stainless steel substrate holder. Later, the system was pumped down
to 2—4 Pa before the experiments, and methane was fed into the reactor with a
maintained total pressure of 20 Pa. Lastly, the plasma was ignited at 800 W, and
carbon deposition was maintained continuously for 10 min. The substrate holder
was not externally heated; however, the temperature during the growth process
was monitored at 750-800 °C due to plasma heating.

Synthesis of hierarchical SnS@VCN hybrid nanostructure: The VCN, directly
grown on nickel foam, served as a conductive matrix for the design of a hybrid
nanoarchitecture with SnS. As the first step, a thin Sn layer was deposited by
magnetron sputtering at low pressure for 10 min to achieve a uniform thickness
of 100 nm. Later, the as-obtained VCN/Sn was converted to SnS@VCN via a rapid
plasma conversion process using H,S as the reactive gas. The plasma conversion
process was conducted in a low-pressure radiofrequency (RF) plasma system con-
sisting of an 80 cm-long glass tube with a 4 cm diameter.*”) An internally water-
cooled inductive coil was used to couple the RF generator to the plasma cham-
ber. The VCN/Sn samples were placed in the post-glow region of the chamber,
10 cm downstream from the plasma discharge region. The plasma chamber was
pumped down to 2Pa prior to the experiments, and the reactive gas H,S
(Ar + 2% H,S) was fed into the system at a flow rate of 100 sccm. The total pres-
sure during the treatment was 25 Pa, the plasma was ignited at 200 W, and the
treatment lasted 5 min. This low-power plasma approach ensures a low surface
temperature and prevents any detrimental alterations to the hierarchical
morphology.

Material characterization: Surface and structural analysis—Various surface
and structural analysis techniques were used to characterize the final hybrid
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SnS@VCN nanostructures. Surface morphology of the plasma-designed VCN and
SnS@VCN hybrid nanostructure was examined by scanning electron microscope
(SEM, Verios 4G HP, Thermo Fisher Scientific) equipped with an energy-dispersive
X-ray spectrometer (EDS, UltimMax SDD, Oxford Instruments).

The chemical and phase composition of the nanostructures was assessed by a
transmission electron microscope (S/TEM, Talos 200X G2, Thermo Fisher Scien-
tific). The samples were sonicated in ethanol (abs) to release the nanostructures
from the nickel foam substrate, and the dispersion was drop-casted onto com-
mercial Cu-supported amorphous carbon grids for the TEM analysis.

The changes in the structural quality of the VCN and SnS@VCN and in their
chemical fingerprints were analyzed using Raman spectroscopy (NT-MDT SI, Mos-
cow, Russia). The spectra were recorded at multiple points on the samples using
a laser with an excitation wavelength of 488 nm.

The surface chemistry and chemical composition of the samples were exam-
ined by X-ray photoelectron spectroscopy on a Genesis XPS spectrometer from
ULVAC-PHI, equipped with an Al monochromatic source. The analyzed area was
0.1 mm in diameter. A low-energy electron flood gun and a low-energy Ar-ion
beam were used during measurements to reduce charging.

Electrochemical characterizations—The plasma-designed VCN-based hybrid
nanostructures, directly deposited on nickel foam, were used as a binder-free elec-
trode material for electrochemical studies without using any conductive carbon
or polymeric binders. To compare the effect of different components in the
hybrid electrode, VCN, Sn@VCN, and SnS@VCN were used as the active elec-
trodes. The initial electrochemical performance was assessed using a conventional
three-electrode setup, with the plasma-designed electrodes as the working elec-
trodes, Ag/AgCl as the reference electrode, and a platinum wire as the counter
electrode. The three-electrode measurements were conducted in 3m KOH, and
cyclic voltammetry (CV) was acquired at different scan rates (10-100mV's™ ")
within a potential window from 0 to 045V (vs Ag/AgCl); the galvanostatic
charge—discharge (GCD) was conducted at different current densities (1-12 A
g "); impedance features of electrodes were analyzed by electrochemical imped-
ance spectroscopy (EIS), and the measurements were performed between the fre-
quency ranges of 0.01 Hz—100 kHz by applying an open circuit potential with an
AC amplitude of 5 mV.

An asymmetric two-electrode Swagelok device was fabricated using SnS@VCN
as the positive electrode and activated carbon (AC) as the negative electrode,
with 3M KOH as the electrolyte. A 10 mm disc was cut from the SnS@VCN
binder-free electrode and used directly as a positive electrode without any further
treatment. Similarly, a 10 mm disc of AC electrode was used as the negative elec-
trode, prepared by slurry coating of AC and conductive carbon black with a poly-
vinylidene fluoride (PVDF) binder. All electrochemical reactions, including CV,
GCD, and stability tests, were conducted on a multichannel potentiostat (Model
CS310X).
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