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Renowned for their exceptional specific capacity, high rate performance and good cycling stability,
nickel—cobalt sulfides (NCSs) are highly promising electrode materials for supercapacitors. Unlike pre-
vious hydrothermal or solvothermal techniques that rely on solvents with strong polarity, high coordina-
tion ability and good solubility for synthesizing NCSs, this study employs solvents with low coordination
and solubility ability for metal ions. These differences subsequently influence the macroscopic character-
istics of the resultant materials. Specifically, the common solvent 1,4-dioxane with low coordination
ability was employed. NCSs were synthesized using a straightforward one-step solvothermal method at
different temperatures. NCS-180, synthesized at 180 °C, displays a sea urchin-like crystalline structure
with aggregated linear nickel cobalt sulfide and demonstrates superior electrochemical performance. At
a current density of 1 A g%, it exhibits a specific capacity of 664.30 C g~. Moreover, after enduring

Received 22nd July 2025, 5000 cycles at 10 A gfl, its capacity retention rate remains at 97.99%. Additionally, a dual-electrode

Accepted 30th August 2025 configuration was constructed, utilizing NCS-180 as the cathode and activated carbon (AC) as the
anode. The findings reveal that the NCS-180//AC system demonstrates a notable energy density of

50.35 Wh kg™t at a power density of 750 W kg~*. Furthermore, after enduring 6000 cycles at 10 A g2,
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Introduction

In recent years, metal sulfides have emerged as a novel class of
nanomaterials with widespread applications in energy storage.
Their significant advantages (including high power density,
prolonged cycle life, and environmental benignity) have
enabled their extensive utilization in electrode materials for
supercapacitors. Among the various metal sulfides, bimetallic
sulfides exhibit superior performance compared to their mono-
metallic counterparts.' Studies have demonstrated that multi-
component compounds can effectively narrow the optical band
gap width of materials, thereby enhancing their conductivity.
Moreover, synergistic interactions among the different compo-
nents further amplify the electrochemical activity of these
compounds.>® For instance, nickel-cobalt sulfides (NCSs),
notable bimetallic sulfides, exhibit high specific capacity,
exceptional rate performance and robust cycling stability, ren-
dering them promising candidates for supercapacitor electrode
materials. Therefore, the development of synthetic methods
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the system retains a capacitance retention rate of 93.30%.

for bimetallic sulfides has emerged as a focal point of research
in this field.

In prior research endeavors, NCSs exhibiting diverse
morphologies have been synthesized utilizing either hydrothermal
or solvothermal techniques.” And these studies suggest that
differences in the physico-chemical properties of solvents,
including polarity, coordination ability and solubility for metal
ions, can significantly impact crystal growth,®’ leading to
notable variations in the morphologies and electrochemical
properties of NCSs. In 2013, Jiang and colleagues pioneered
the preparation of sea urchin-like nickel-cobalt sulfide via a
two-step hydrothermal process, which is first conducting
hydrothermal synthesis of cobalt-nickel hydroxide, followed by
sulfidation.® Employing a method similar to the aforemen-
tioned synthesis process, Dong and colleagues successfully
synthesized NiCo,S, with various morphologies (tube-like,
flower-like, sea urchin-like and cubic-like) by adjusting the
ratio of deionized water to ethanol or ethylene glycol.’ Different
from the above methods, Mu’s group synthesized sea urchin-
like NiCo,S, via a one-step solvothermal process using poly-
ethylene glycol.'® The polyethylene glycol is an efficient shape-
control agent for nanoparticle formation because of its two —
OH groups, which can be selectively adsorbed on certain faces
of a crystal to increase the growth rate of these faces.
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Additionally, Huang’s group synthesized the flaky attached
hollow-sphere structure NiCo,S, using a mixed solvent of
isopropanol and triethylene glycol."' Recently, Mohamed’s
group synthesized nickel-cobalt sulfide nanoparticles through
a one-step solvothermal process, employing ethylene glycol as
the solvent."” However, all the solvents employed in the past
exhibited strong polarity, high coordination ability and good
solubility for metal ions, such as deionized water, ethanol,
ethylene glycol, polyethylene glycol, isopropanol and triethy-
lene glycol.”®7'® In contrast, there has been a significant lack of
research studies on the utilization of solvents with low coordi-
nation ability and poor solubility for metal ions. Within these
solvents, due to the weak coordination effect of the solvent,
metal ions exhibit a limited tendency towards solvation, leading
to a decreased solubility of the metal ions. As a result, during the
solvothermal synthesis of nickel-cobalt sulfides (NCSs), NCSs
are present in the solvent at a low level of supersaturation. It has
been proven that at this low supersaturation, anisotropic low-
dimensional growth may be preferable.®”° Consequently, the
effort to use these solvents in the synthesis of NCSs will provide
additional synthetic routes for fabricating NCSs with specific
structures and properties.

Based on the above idea, we utilized 1,4-dioxane with weak
coordination ability as the solvent, with thiourea serving as the
sulfur precursor, to synthesize NCSs via a one-step solvothermal
process (Fig. 1). Fortunately, linear nickel cobalt sulfide was
successfully synthesized and subsequently aggregated to form a
sea urchin-like morphology. The nickel-cobalt sulfide synthesized
at 180 °C (NCS-180) exhibits a higher degree of crystallinity,
subsequently demonstrating superior electrochemical perfor-
mance. In detail, NCS-180 possesses a specific capacity of
664.30 C g ' at a current density of 1 A g~ . It retains a capacity
retention rate of 97.99% after 5000 cycles at a current density of
10 A g~'. Furthermore, the dual-electrode system, which com-
prises NCS-180 as the cathode and activated carbon as the anode,
demonstrates a remarkable energy density of 50.35 Wh kg™ * when
operated at a power density of 750 W kg™ '. Notably, this system
retains a capacity retention rate of 93.30% even after undergoing
6000 cycles at a current density of 10 A g~ ', highlighting its long-
term performance stability.

Experimental

0.5 mmol of NiCl,-6H,0, 1 mmol of CoCl,-6H,0, and 2 mmol
of thiourea were added to 25 mL of 1,4-dioxane. After stirring at
room temperature for 30 minutes, the mixture was transferred
to a 100 mL Teflon-lined stainless steel autoclave and reacted at
140 °C, 160 °C and 180 °C for 12 hours, respectively. Upon
completion of the reactions, the products were collected,
washed with ethanol and water, and dried in an oven at 60 °C
for 12 hours. The obtained products were denoted as NCS-140,
NCS-160 and NCS-180, respectively. To highlight the perfor-
mance of nickel-cobalt sulfides, nickel sulfide (designated as
NS) and cobalt sulfide (designated as CS) were synthesized
using the same solvent under conditions of 180 °C.
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Fig. 1 Schematic of the formation process of NCS-180.

Results and discussion

The surface morphology of the materials was investigated using
field emission scanning electron microscopy (FESEM). Fig. 2a
and b exhibit the SEM images of NCS-140, which clearly
demonstrate that the product synthesized at 140 °C comprises
two distinct morphologies: needle-like structures and bulk
structures. In contrast, NCS-160 and NCS-180 exhibit a consis-
tent morphology, both displaying urchin-like structures formed
by the aggregation of nanoneedles. This unique structure serves
to enhance the material’s specific surface area, increase the
number of active reaction sites, and improve its specific capa-
city. As illustrated in Fig. S1-S3, NCS-140, NCS-160 and NCS-
180 all contain the elements Ni, Co, and S.

To further elucidate the morphological and microstructural
characteristics of the synthesized cobalt-nickel sulfide materials,
transmission electron microscopy (TEM) analyses were per-
formed on NCS-180 and NCS-160, as illustrated in Fig. 3 and
Fig. S6, respectively. Fig. 3a shows the electron diffraction
pattern of NCS-180, clearly revealing multiple diffraction rings
that correspond to the (111), (220), (311), (400), (511) and (440)

Fig. 2 (a) and (b) SEM images of NCS-140; (c) and (d) SEM images of NCS-
160; and (e) and (f) SEM images of NCS-180.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electron diffraction pattern (a); HRTEM images (b)—(e); TEM image
(f1); EDS elemental mapping images (f2)-(f4) of NCS-180.

crystal planes of NiCo,S, (JCPDS No. 20-0782). The high-
resolution image of NCS-180 further exhibits distinct lattice
fringes with measured interplanar spacings of 0.53, 0.33, 0.28,
0.23, 0.18 and 0.164 nm, aligning with the crystal planes of
NiCo,S.."” Fig. 3f1 illustrates that NCS-180 possesses a sea
urchin-like morphology, which is consistent with the observa-
tions from scanning electron microscopy. Fig. 3f2-f4 present the
elemental mappings of Ni, Co and S, respectively, demonstrating
a clear and homogeneous distribution of these elements. Fig. S6
displays the transmission electron microscopy results of NCS-
160. In comparison to NCS-180, the electron diffraction pattern
exhibits fewer and darker diffraction rings, corresponding solely
to the (400) and (440) crystal planes of NiCo,S,. Furthermore, the
high-resolution image of NCS-160 reveals the presence of par-
tially amorphous regions, indicating a relatively lower crystal-
linity compared to NCS-180. This indicates that in 1,4-dioxane,
although cobalt-nickel sulfide can already be synthesized at a
lower temperature (160 °C), its crystallinity is relatively poor. By
further increasing the reaction temperature to 180 °C, cobalt-
nickel sulfide with higher crystallinity can be obtained.
Subsequently, further verification of the samples’ structural
features was conducted using X-ray powder diffraction (XRD).
Fig. 4a presents the XRD patterns of NCS-140, NCS-160 and
NCS-180, revealing distinct diffraction peaks for products
synthesized at varying temperatures. Specifically, the diffraction
peaks of NCS-180 at angles of 16.35°, 26.86°, 31.53°, 38.23°, 50.33°
and 55.11° align with the (111), (220), (311), (400), (511) and (440)
crystal planes of NiCo,S, (JCPDS No. 20-0782),"®'® respectively,
and the absence of additional peaks indicates a homogeneous
material composition. In comparison to NCS-180, NCS-160 exhi-
bits an absence of the diffraction peak corresponding to the (111)
crystal plane. While the positions of the remaining peaks remain
largely unchanged, the diffraction peak intensity of NCS-160
is notably weaker than that of NCS-180, suggesting a superior
crystallinity for NCS-180. This observation aligns with the findings

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) XRD patterns of NCS-140, NCS-160, NCS-180; (b)—(d) XPS
spectra of NCS-180.
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derived from transmission microscopy. The XRD pattern of NCS-
140 enables the identification of characteristic peaks associated
with three substances. Notably, the relatively weak characteristic
peaks of NiCo,S, might be explained by its lower abundance in
the NCS-140 sample. The diffraction peaks at 20.60°, 22.55°
24.94°, 28.45° 35.12° and 46.00° correspond to the (110), (020),
(111), (002), (112) and (040) crystal planes of NiSO, (JCPDS No. 72-
1195),%° whereas those at 15.51°, 18.84°, 31.29°, 32.04°, 32.54°,
33.99°, 40.09° and 49.51° match the (111), (002), (222), (132), (023),
(203), (114) and (115) crystal planes of NiySg (JCPDS No. 22-
1193).>"** These findings indicate that NCS-140 is a mixture,
suggesting that a reaction temperature that is too low is detri-
mental to the formation of NiCo,S,.

To investigate the elemental composition and chemical
valence states of NCS-180, X-ray photoelectron spectroscopy
(XPS) analysis was conducted. The outcomes of this analysis
are depicted in Fig. 4b-d. The results confirm the presence of
nickel, cobalt and sulfur in NCS-180, which is consistent with
the previous EDS analysis. Fig. 4b illustrates the Ni 2p orbital
spectrum, revealing two distinct spin-orbit doublet peaks for
NCS-180. The peaks observed at 852.63 eV and 871.78 eV are
ascribed to Ni**, whereas those at 856.27 eV and 874.27 eV are
attributed to Ni**. This finding suggests the coexistence of
both Ni*" and Ni*" within NCS-180. Additionally, the peaks at
861.56 eV and 879.53 eV are shake-up satellite peaks of the Ni
2p orbital.>*** Fig. 4c displays the Co 2p orbital spectrum. The
peaks observed at 780.94 eV and 797.42 eV in NCS-180 are
characteristic of Co®", while those at 783.73 eV and 801.29 eV
correspond to the characteristic peaks of Co*" within NCS-
180.>>%% Fig. 4d presents the S 2p orbital spectrum, where
the peaks at binding energies of 162.44 eV and 164.36 €V in
NCS-180 represent 2psz, and 2p;, of the metal sulfide,
respectively.””*® These results further confirm that the synthe-
sized material is cobalt-nickel sulfide. However, the spectral
peaks situated at 168.70 eV and 170.04 eV are associated with

Mater. Adv,, 2025, 6, 7427-7435 | 7429
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Fig. 5 (a) N, adsorption/desorption curve; (b) pore size distribution curve

of NCS-180.

metal sulfate.””° This observation can be attributed to the partial
oxidation of sulfur, a commonly encountered phenomenon in the
synthesis process of cobalt-nickel sulfide.*** To further confirm
the generation of sulfate ions, X-ray single crystal diffraction
analysis was conducted on the precipitated single crystals
obtained from the washed NCS-180 crude product solution. The
results identified the crystal structure as cobalt sulfate hexahy-
drate (CoSO,-6H,0) (Fig. S11), indicating that sulfate radicals were
indeed generated during the synthesis of NCS-180.

Additionally, the specific surface area and pore size distribu-
tion of NCS-180 were characterized through N, adsorption/
desorption experiments, with the results illustrated in Fig. 5.
The N, adsorption/desorption isotherm depicted in Fig. 5a dis-
plays a pronounced hysteresis loop, indicating the existence of
mesoporous structures within NCS-180. The experimentally deter-
mined specific surface area of NCS-180 is 17.60 m> g~ '. An
examination of the pore size distribution profile in Fig. 5b reveals
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that NCS-180 exhibits a relatively broad pore size distribution,
with the most probable BJH pore diameter calculated to be
3.49 nm. Collectively, these findings indicate that NCS-180 pos-
sesses a substantial surface area, which can accommodate numer-
ous active reaction sites, and its mesoporous architecture
facilitates the provision of transport pathways for electrolyte ions.

After confirming the morphology and microstructure of the
synthesized material, we proceeded to investigate its electro-
chemical properties. These properties were evaluated using a
three-electrode system. This setup included a 1 em® platinum
plate serving as the counter electrode, an Hg/HgO electrode
functioning as the reference electrode, and 3 M KOH as the
electrolyte solution. A series of electrochemical measurements
were performed on the samples, including cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) testing and electro-
chemical impedance spectroscopy (EIS).

Fig. 6a and b show the cyclic voltammetry (CV) curves of
NCS-140, NCS-160, NCS-180, NS and CS, respectively, at a scan
rate of 5 mV s~ '. The presence of a pair of redox peaks in all five
materials clearly indicates their pseudocapacitive characteris-
tics. Notably, as the reaction temperature increases, the area
enclosed by the CV curves for these materials expands. Given
that the specific capacitance of a material is directly propor-
tional to the area of its CV curve, it is evident that NCS-180
exhibits the highest specific capacitance. Additionally, the CV
curve area of NCS-180 surpasses that of NS and CS, indicating
that bimetallic sulfides outperform monometallic sulfides in
terms of performance. XPS analysis reveals that NCS-180 con-
tains Ni**, Ni**, Co®" and Co®" ions, suggesting the occurrence

——NS
—CS
——NCS-180

——NCS-140

@"
——NCS-160

204 ——NCS-180

(b),,]

20

-10

Current density (A g")
=
I

Current density (A g*)

-10
=20 -
=20 -
=30 T T

(C)yo—

w a
-3 3
L L

Current density (A g™)
°
!

-30

—-60 -

T T T T
0.0 0.1 0.2 03 0.4 0.5 0.0 0.1
Potential vs. Hg/HgO (V)

Potential vs. Hg/HgO (V)

T T T T
03 0.4 0.5 0.0 0.1 02 03 0.4 05

@ Anodic
1.3 @ Cathodic

Log current density (A g™)
Contribution (%)

0.6 T T T T T T T T
0.0 0.1 0.2 03 04 0.5 0.6 0.7

Log scan rate (mV s™)

Fig. 6

- diffusion controlled
- capacitive controlled

Scan rate (mV s™)

Potential vs. Hg/HgO (V)
( f) 30

20

0 Capacitive

-
S
L

Current density (A g*)
|
1 o
: .

-20

0.0 0.1 0.2 0.3 0.4 05
Potential vs. Hg/HgO (V)

(a) CV curves of NCS-140, NCS-160, NCS-180 at 5 mV s™%; (b) CV curves of NS, CS, NCS-180 at 5 mV s~ (c) CV curves of NCS-180 at different

scan rates; (d) dependence of log current on the log scan rate for NCS-180; (e) contribution ratio of capacitance and diffusion-controlled parts to the

NCS-180 electrode at different scan rates; (f) capacitive contribution of NCS-180 at 5 mV s™~.

7430 | Mater. Adv, 2025, 6, 7427-7435

1

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00795j

Open Access Article. Published on 02 September 2025. Downloaded on 4/7/2026 11:29:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

of reversible conversions among Ni**/Ni*", Co**/Co®" and Co®'/
Co™" in NCS-180." Fig. 5c illustrates the CV curves of NCS-180
at various scan rates. As the scan rate increases, the anodic
oxidation peak shifts towards a higher potential, while the
cathodic reduction peak shifts towards a lower potential. The
integral area of the CV curves augments with the scan rate, and
redox peaks remain observable even at high scan rates, demon-
strating the material’s exceptional rate capability.

As depicted in eqn (1), an in-depth investigation of the
energy storage mechanism of NCS-180 was conducted by examin-
ing the linear relationship between the logarithm of current and
the logarithm of scan rate.> The slope b in eqn (1) is indicative of
electrode kinetics. Prior research study has established that a b-
value of 0.5 signifies that the electrode material is predominantly

View Article Online
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for the cathodic peak (Fig. 6d), respectively. These b-values,
situated between 0.5 and 1, indicate that the energy storage
mechanism of NCS-180 encompasses both capacitance control
and diffusion control. The proportions of capacitance control and
diffusion control at scan rates ranging from 1 to 5 mV s~ " were
computed using eqn (2) and (3), with the outcomes presented in
Fig. 6e.>® As the scan rate escalates, the capacitance contribution
progressively increases. This phenomenon can be attributed to
the diminished diffusion capacity of the material at elevated
current densities. As shown in Fig. 6e and f, the notably higher
proportion of capacitance contribution, in comparison to diffu-
sion control, suggests that the primary capacity contribution of
NCS-180 stems from surface capacitance.

o N logi = blogv + loga 1
controlled by diffusion, whereas a b-value of 1 implies full & & & (1)
capacitance control. By analyzing the peak currents of the CV i=ky+ kp*® @
curves at scan rates spanning from 1 to 5 mV s, the calculated i os
b-values were determined to be 0.79 for the anodic peak and 0.85 )05 kv + ko (3)
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To further validate the electrochemical characteristics of the
materials, galvanostatic charge-discharge tests were con-
ducted. Fig. 7a presents the charge-discharge profiles of NCS-
140, NCS-160 and NCS-180 at a current density of 1 A g~*. All
three materials demonstrate distinct charge-discharge plat-
forms, indicative of redox reactions occurring during the char-
ging and discharging processes. Consequently, these materials
are classified as battery-type materials, which aligns with the
findings obtained from cyclic voltammetry curves.***” The spe-
cific capacities of NCS-140, NCS-160 and NCS-180, calculated at a
current density of 1 A g ', are 301.07 C g~ ' (602.14 F g ),
589.17 C g ' (1178.34 F g~ ") and 664.30 C g ' (1328.60 F g™ 1),
respectively. An increase in reaction temperature results in a
gradual enhancement of the materials’ specific capacities, sug-
gesting that temperature plays a significant role in influencing
electrochemical performance. Specifically, a sharp increase in
specific capacity is observed when the reaction temperature rises
from 140 °C to 160 °C. This may be attributed to the unfavorable
conditions at 140 °C for the formation of NiCo,S,, as evidenced
by the presence of numerous impurity peaks in the XRD data for
NCS-140, indicating an inhomogeneous composition. In contrast,
NCS-160 and NCS-180 exhibit only the characteristic peaks of
NiCo,S,;. When the reaction temperature further increases from
160 °C to 180 °C, the specific capacity increase is relatively modest.
This could be due to the fact that uniform NiCo,S, can already be
formed at 160 °C, and any further increase in temperature
primarily enhances the crystallinity of the material without alter-
ing its morphology and composition significantly, leading to
comparable specific capacities. Fig. 7b depicts the galvanostatic
charge-discharge curves for NS, CS, and NCS-180, with NCS-180
exhibiting the longest discharge time. Compared to single-metal
sulfides, bimetallic sulfides possess a greater number of reactive
sites, which translates to higher specific capacities.

The charge-discharge curves of NCS-180 at different current
densities, as well as the specific capacitance and specific
capacity of several materials at various rates, are shown in
Fig. 7c—e. Specifically, the specific capacities of NCS-180 at current
densities of 1, 2, 4, 6, 8, 10 and 20 A g~ ' are 664.30 C g "
(1328.60 F g7 1), 625.80 C g " (1251.60 F g 1), 592.53 C g "
(1185.06 F g 1), 564.40 C g ' (1128.80 F g™ "), 541.87 C g *
(1083.74 F g 1), 514.33 C g ' (1028.66 F g ') and 448.67 C g "
(897.34 F g™ 1), respectively. When the current density increases to
10 A g7, the specific capacity of NCS-180 is nearly identical to that
of NCS-160. At a high current density of 10 A g™ ', the capacity
retention rates for NCS-160 and NCS-180 are 83.56% and 77.42%,
respectively. The high crystallinity of NCS-180 leads to a decreased
diffusion rate, whereas NCS-160 contains amorphous structures
which lack long-range order, allowing ions to diffuse in multiple
directions and thus exhibiting higher rate performance. In com-
parison to previously reported studies, the nickel-cobalt sulfides
synthesized in this work demonstrate superior electrochemical
performance, as summarized in Table 1.

Fig. 7f illustrates the Nyquist plots for NCS-140, NCS-160
and NCS-180. These plots were analyzed through equivalent
circuit fitting using the commercial software ZSimpWin to
assess the impedance performance of the materials. The ohmic
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Table 1 A comparison of electrochemical storage performance of nickel
cobalt sulfides

Current

density Specific
Materials (Ag™") Electrolyte capacitance Ref.
NiCo,S, 1 6 MKOH 1224 Fg* 38
NCS 1 6 MKOH 899 F g’ 39
NiC0,S,/rGO 1 6 MKOH 1072Fg ' 40
NiCoS/CNFs 1 1MKOH 763F g71 41
NiC0,S4/C0,C 1 6 MKOH 970 F g ! 42
NiCo,S, NCAs/3D Gr 1 6 MKOH 948.9Fg! 43
NiCo,S;@NiFe LDH 1 3MKOH 827F g71 44
NiC0,S,@NGO/CMC 2 3MKOH 767Fg*' 45
NiCo,S, 5 3MKOH 55454Fg ' 46
NiCo,S, NSs 1 2MKOH 957Fg! 47
NCS-180 1 3 M KOH 664.30 C gf1 This work

(1328.60 F g 1)

internal resistance (R,) of the three-electrode system, which
encompasses the electron transport impedance within the
electrode and solution resistance, is represented by the inter-
cept of the capacitive reactance arc in the high-frequency region
with the real axis. Specifically, the R, values for NCS-140, NCS-
160 and NCS-180 were determined to be 2.67, 2.77 and 2.59 Q,
respectively. In the mid-to-high frequency region, the capacitive
reactance arc can be modeled as a capacitor in parallel with a
resistor, where the resistor signifies the charge transfer resis-
tance (R.) of the material. The fitted R . values for NCS-140,
NCS-160 and NCS-180 were found to be 1.34, 0.29 and 0.22 Q,
respectively, with NCS-180 demonstrating the lowest charge
transfer resistance. High crystallinity promotes electron con-
duction and subsequently enhances the conductivity of the
material. Consequently, NCS-180 demonstrates the lowest
charge transfer resistance among the samples. The oblique
line observed in the low-frequency region indicates the diffu-
sion impedance of electrolyte ions within the electrode mate-
rial. This diffusion impedance is correlated with the slope of
the line, where a steeper slope corresponds to a smaller diffu-
sion impedance.”® As can be observed from the graph, the
diffusion resistance of NCS-160 is smaller than that of NCS-180,
which corroborates the conclusion that materials with lower
crystallinity exhibit superior diffusion properties. This observa-
tion aligns well with the outcomes of the rate capability
assessments.

To assess the stability of the materials, cyclic stability tests
were conducted on both NCS-160 and NCS-180. Galvanostatic
charge-discharge tests, employing a current density of 10 A g™,
were executed on these materials, and the results are presented
in Fig. 7g and h. The capacity retention rate of NCS-180
displayed a trend of initial increase followed by a decline,
ultimately reaching 97.99% after 5000 cycles. This observation
underscores the material’s excellent cyclic stability. Conversely,
the capacity retention rate of NCS-160 exhibited a consistent
decline, culminating in a retention rate of 77.48% after 2000
cycles. The variation in stability observed between the two
materials can be ascribed to their differing crystallinity. NCS-
160, with its lower crystallinity and poor structural stability,
undergoes irreversible phase transformations during cycling,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ultimately leading to capacity degradation.**”° Conversely,
NCS-180 exhibits higher crystallinity and anisotropic crystalline
structures, which impede ion diffusion, causing ions to diffuse
slowly within NCS-180 and resulting in an initial increase in
capacity during cycling. Furthermore, materials with elevated
crystallinity possess a more robust lattice structure, rendering
them resistant to structural collapse during cycling, and thus
contributing to superior cycle stability.

Finally, to explore the energy storage properties of NCS-180,
an asymmetric supercapacitor was constructed utilizing NCS-
180 as the cathode, activated carbon as the anode, and a 3 M
KOH solution as the electrolyte (Fig. 8). By considering the
voltage windows of both activated carbon and NCS-180, the
optimal voltage window for the NCS-180//AC asymmetric super-
capacitor was established at 1.5 V (Fig. 8a). Analysis of the cyclic
voltammetry (CV) curves of NCS-180//AC at varying scan rates
revealed no notable polarization within the voltage range of 0 to
1.5 V (Fig. 8b). Fig. 8c depicts the galvanostatic charge-

Table 2 Comparison of energy density and power density between NCS-
180//AC and other reported works

Energy density Power density

Devices (Wh kg™ Wkg™) Ref.
C-NCS/CC//AC 28 1105 42
NiC0,S, NSs//N-C 26.9 375 47
CNCS-3//ACNFs 38.73 800 51
C0S,/NiC0,8,/RGO//N-RGO 21.6 594.1 23
NiC0,S,/CNs-2//AC 49.7 818 52
NiC0,S,@Mn0,-V3//AC 39.7 775 25
Cu-NCS-10//KAC-5 46.3 775 53
NCS-180//AC 50.35 750 This work

© 2025 The Author(s). Published by the Royal Society of Chemistry

discharge (GCD) curves of NCS-180//AC at different current
densities, from which the specific capacitances were calculated
to be 161.11, 132.62, 117.42, 106.00, 100.09, 95.56 F g ' at
current densities of 1, 2, 4, 6, 8 and 10 A g, respectively. At a
current density of 1 A g~ ", the energy density and power density
of NCS-180//AC were determined to be 50.35 Wh kg ' and
750 W kg™ ', respectively. When compared to recently reported
asymmetric capacitors based on related nickel-cobalt sulfides,
NCS-180//AC demonstrated higher or comparable energy den-
sities, as illustrated in Fig. 8e and Table 2. The cycling stability
of NCS-180//AC was evaluated at a current density of 10 A g~ *
(Fig. 8f), revealing a capacity retention rate of 93.30% after 6000
cycles, which underscores the excellent cycling stability of NCS-
180//AC.

Conclusions

In conclusion, this paper presents a one-step solvothermal
method to synthesize nickel-cobalt sulfides using 1,4-dioxane
as the solvent. The study explores the potential of this solvent
with low coordination ability for creating bimetallic sulfides
and identifies the optimal reaction temperature. The findings
revealed that NiCo,S, could be successfully synthesized at both
160 °C and 180 °C. The NiCo,S, synthesized at 180 °C exhibited
superior crystallinity and demonstrated enhanced cycling sta-
bility. The research results indicate that NCS-180 possesses a
specific capacity of 664.30 C g~ ' at a current density of 1 Ag™*,
with a capacity retention rate of 77.42% at a current density of
10 A g~ ". Notably, it retains a capacity retention rate of 97.99%
after 5000 cycles at a current density of 10 A g~ '. An asymmetric
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supercapacitor was constructed employing NCS-180 as one
electrode and activated carbon (AC) as the counter electrode.
When operated at a power density of 750 W kg™ ', this device
exhibited an energy density of 50.35 Wh kg™ '. Furthermore,
following 6000 charge-discharge cycles at a current density of
10 A g7, the NCS-180//AC asymmetric supercapacitor retained
a remarkable capacity retention rate of 93.30%. In comparison
to NCSs described in prior literature, NCS-180 synthesized in
this study exhibit different morphologies and good electroche-
mical performance. These findings underscore the viability of
employing 1,4-dioxane as a solvent in the synthesis of NCSs,
thereby contributing to the expansion of methodologies for the
synthesis of such materials.
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