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Synthesis of urchin-like NiCo,S, electrode
materials based on a two-step hydrothermal
method for high-capacitance supercapacitors

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 9587

Jingyu Tian, Jingjia Zhang and Xiaofeng L®*

Transition metal sulfides have been considered as promising electrode materials for future super-capacitors
due to their spinel structures and environmentally friendly properties. Among these materials, NiCo,S,4
compounds exhibit high theoretical specific capacity but poor cycling performance. To address this
issue, we synthesize several NiCo,S4 urchin balls. The NCS-1.5 nanospheres demonstrate a specific

capacitance of 1352.2 F g~* at a current density of 1 A g%, and maintain high specific capacity after 10
Received L4th January 2024 000 charge-disch les. A tr it bled with the NCS-1.5 sample as th
Accepted 7th March 2024 charge—discharge cycles. An asymmetric capacitor assembled wi e -1.5 sample as the
cathode and activated carbon as the anode achieve an energy density of 45.5 W h kg™t at 2025 W kg2,

DOI: 10.1039/d4ra00361f The urchin-like nanospheres also facilitate the combination with other materials, providing potential
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Introduction

Due to the rapid advancement of industry and technology, the
demand for energy is steadily increasing. Conventional fossil
fuels are finite resources and detrimental to the ecological
environment. Hence, it is imperative to devise and create
sustainable green energy sources.'” There are different types of
energy storage devices such as capacitors, supercapacitors,
batteries and fuel cells.*” Super-capacitors attract much atten-
tion from researchers due to their high-power density, and cycle
stability.®>*® The current research focus on supercapacitors is on
enhancing their energy density while ensuring high-power and
cycle stability."™** Increasing the specific capacitance and
expanding the voltage window are two important methods to
enhance energy density."*

Currently, the majority of research is concentrated on
developing new materials to enhance specific capacitance.
Among these, transition metal sulfides exhibit numerous
valence states and undergo plentiful redox reactions.” In
particular, ternary transition metal sulfides (such as NiC0,S,,"®
FeCo,S,,"” MnCo0,S,4," and ZnCo,S,," etc.) have been investi-
gated intensively due to their high theoretical capacitance, low
toxicities and costs. Recently, NiCo,S, with spinel structure
have drawn more attention. In AB,S, spinel structure, sulfur
ions as cubic close-packed, where A ions (Ni**, Co®") fill in the
tetrahedral voids and B ions (Co®") in the octahedral voids.?*?!
In addition, NiCo,S, materials possess multiple forms to
improve ion diffusion. For example, Pu et al. prepare NiCo,S,
nanotube arrays with a specific capacitance of 738 F g~ ' at
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insights for the synthesis of supercapacitor electrode materials.

4 A g .2 Hussain S synthesizes zero-dimensional 14-sided (6
squares and 8 rectangles) NiCo,S, cubic hexa-octahedral (NCS-
COH) using a simple hydrothermal route.>® Xie's group use an
one-pot method to compose spinel-type NiCo,S, nanoparticles/
carbon nanotubes (CNT).** Preparation of NiCo,S, layered
nanostructures by  microwave-assisted  hydrothermal/
solvothermal strategy by Li.*

In this study, we utilize a two-step hydrothermal method to
fabricate urchin-shaped nanospheres of NiCo,S,. The resulting
samples exhibit a specific capacity of 1352 F g ' at 1 A g .
Furthermore, the capacitance retention remains at 87.82% after
10 000 cycles. Assembling an asymmetric capacitor with NCS-1.5
NF as the cathode and activated carbon as the anode resulted in
a high energy density of 45.5 W h kg " at 2025 W kg .

Results and discussion

Fig. 1 illustrates NiCo,S, materials synthesis pathway. NiCo,S,
urchin-like nanospheres are grown on a nickel foam substrate
by two-step hydrothermal method. The composition and crystal
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Fig. 1 Synthetic schematic of the NiCo,S,4 urchin-like structure.
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Fig. 2 Structural characterization (a) XRD patterns (b) XPS survey spectra (c) Ni 2p (d) Co 2p (e) S 2p (f) N, adsorption—desorption isotherms (the
insets present the pore size distribution curves and SEM image of the NiCo,S4 nanosheets).

structure of the four samples are first analyzed by XRD spec-
troscopy. As shown in Fig. 2a, the diffraction peaks at 18.91,
31.15, 36.70, 44.62, 59.09, and 64.98° correspond to the (111),
(220), (311), (400), (511), and (440) crystal planes of NiC0,0y,,
phase (JCPDS no. 20-0781) respectively. After the addition of
Na,S-9H,0, the peaks at 26.83, 31.59, 38.32, and 55.33° corre-
spond to the (220), (311), (400), and (440) crystal planes of the
NiCo,S, respectively. The XRD spectra of the samples do not
change for different Na,S-9H,O contents. It illustrates that
impurities are also not generated in the product.

We use XPS to recognize the surface elemental composition
and valence of NiCo,S, samples. Fig. 2b presents the survey
spectra of NiCo,S, materials. The peaks correspond to the Ni,
Co, S, and O elements. Elemental O come from CO, absorbed in
the air or from a small amount of oxidation of the sample.*® The
Ni 2p and Co 2p of XPS spectra be well fitted with two spin-orbit
doublets and two shakeup satellites (marked as “Sat.”). As
shown in Fig. 2c¢, the peaks at 855.7 and 872.4 eV correspond to
Ni 2p3z,, and Ni 2p,),, respectively. The difference of binding
energy between Ni 2p3/, and Ni 2py, is 16.7 eV, indicating the
coexistence of Ni** and Ni*".*” Fig. 2d, depicts the Co 2p XPS
spectrum. The peaks at 779.3 and 795.6 eV are related to Co 2p3,
» and Co 2p,,, respectively, suggesting the coexistence of Co**
and Co®".>® The S 2p spectrum (Fig. 2e) is divided into two main
peaks and one shake-up satellite. The component at 163.4 eV is
typical of metal-sulfur bonds,* while the peak at 162.2 eV can
be attributed to the sulfur ion in low coordination at the
surface. The XPS spectra closely match the theoretical compo-
sition of the NiCo,S, material. Fig. 2f shows the nitrogen
adsorption desorption isotherm of the NCS-1.5 sample. The

9588 | RSC Adv,, 2024, 14, 9587-9593

inset presents the pore size distribution and SEM image of NCS
materials. The specific surface area of NCS samples is 35.311 m>
¢ . The samples show an urchin-like distribution. The large
specific surface area and the porous structure increase the
contact area with the electrolyte, which accelerates the ion
transport.*®

Then we use scanning electron microscopy (SEM) to observe
the sample morphology. Fig. 3a and e present that the NCO
samples are composed of nano-needles arrange closely in rows
and the surface of the nano-needles is smooth. As shown in
Fig. 3b and f, after vulcanization with 1.5 mmol Na,S-9H,0, the
surface of NCS-1.5 nano pins become rough compared to NCO
nano pins. This is attributed to the substitution of oxygen by
sulfur during recrystallisation during vulcanization, resulting in
the formation of nanocrystalline particles.*® This configuration
reveals empty spaces and creates a permeable framework. It
enhances the interaction area with the electrolyte and eases ion
transportation.* Transitional vulcanization changes the
morphology of the samples in Fig. 3d and h. The transformation
of nano-needles into nanosheets and subsequent layer stacking
results in suboptimal electrochemical performance.*> The
element mappings (Fig. 3i-1) also indicate that the composite
material consists of S, Co, Ni.

The electrochemical performances of the samples are eval-
uated using a three-electrode system in 3 M KOH electrolyte.
Fig. 4a presents the CV curves of the electrodes at 100 mV s~ .
Clearly, NCS-1.5 material shows higher peak current density
and larger closed CV curve area. Suggesting that the NCS-1.5
electrode has larger charge storage capacity.®® In Fig. 4d,
distinct redox peaks appear at different scanning speeds. These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Morphology characterization (a—d) low-magnification SEM images (e—h) high-magnification SEM images (i—1) element mappings. SEM,

scanning electron microscope.

distinct peaks can be attributed to the reversible faradaic redox
processes of Co”>'/Co*'/Co*" and Ni**/Ni** based on the
following reactions:"

CoS + OH™ 2 CoSOH + ¢~ 6))]
CoSOH + OH™ 2 CoSO + H,O +e™ 2
NiS + OH™ 2 NiSOH +e™ (3)

In addition, the first pair of redox peaks in CV curves is
related to faradaic reactions of NiCo,S, to form NiSOH and
CoSOH. Whereas, the second pair of peaks is due to the redox
reaction between CoSOH and CoSO.**

According to the GCD curve (Fig. 4b) of current density at
1 A g7, the NCS-1.5 sample has the longest charge-discharge
time of 1600 s. It is proved that NCS-1.5 material has the largest
specific capacitance. Fig. 4e presents the GCD curves of NCS-1.5
product at the current density range of 1-8 A g '. The non-
triangular shapes with obvious plateaus further confirm the
battery-like behavior of the electrodes. And no significant iR
drop is observed at low current densities, indicating that the
NCS-1.5 electrode has good conductivity.?*?*

EIS is also an important parameter to determine the elec-
trochemical properties of the electrode material in Fig. 4c. Rs
represents the internal resistance between the electrolyte and
the electrode. The Rg values for NCO, NCS-1, NCS-1.5, and NCS-2

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

are 0.52 Q, 0.59 Q, 0.56 Q, 0.60 Q, respectively. R is the charge
transfer resistance. In the high-frequency region, the NCO
sample possesses a complete semicircle, indicating a large
charge transfer resistance. W refers to the ion diffusion resis-
tance, in the low-frequency region, the NCS-1.5 sample
possesses a large slope proving its strong ionic diffusion. Fig. 4f
shows the specific capacitance of the sample at different current
densities. The specific capacitance of NCS-1.5 electrode is
1352.2 F g~ ' at a current density of 1 A g~ ', which is superior to
other samples. The capacitive behavior of the sample during
charging and discharging can be obtained according to the
following equation:

I=a’ (4)

v refers to the scanning speed, and a and b are constants. The
surface controls play a dominated role when b is less than 0.5.
The reaction is controlled by diffusion behaviors when b is
equal (more) to 1.*¢ The slope falls within the range of 0.5-1 as
depicted in Fig. 4g. The electrode material exhibits the simul-
taneous presence of surface control behavior and diffusion
control behavior. The capacitance of the sample is mainly
provided by diffusion capacitance and surface capacitance. At
high sweeping speeds, the timeliness of ion diffusion decreases,
causing the surface control's contribution to gradually increase,
as depicted in Fig. 4h.*” The contribution rate of surface control
and diffusion control can be evaluated by the following formula:

RSC Adv, 2024, 14, 9587-9593 | 9589
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Fig. 4 Electrochemical performance (a) CV curves (b) GCD curves (c) Nyquist plots (d) the CV curves of NCS-1.5 sample (e) the GCD curves of
NCS-1.5 sample (f) specific capacitance (g) b values of NCS-1.5 (h) contribution rate of surface-controlled capacitance and diffusion-controlled

capacity (i) cycling stability.

i(v) = kyv + koy'? (5)

The values of k; and &, in the equation can be calculated by
CV curves. In addition, the cycling performance of the sample is
critical. As shown in Fig. 4i the retention rate of NCS-1.5
samples after 10000 charge-discharge cycles still reach
87.82%. It reflects the outstanding cycling performance of the
sample.

To investigate the application of the samples, we assemble
a hybrid capacitor using an NCS-1.5 electrode as the cathode
and an AC as the anode. The CV window of activated carbon is
0-1. Fig. 5a shows that the device reaches 1.6 V at a scanning
rate of 20 mv s~ *. The CV curves remain rectangular shape at the
different scan rates and different voltage windows in Fig. 5b and
c. It indicates a high electrochemical stability and capacitance.®®
The device is discharged for 91 s at a current density of 0.5 Ag™"
(Fig. 5d). From the EIS, the Rg value of the device is 2.36 Q
(Fig. 5e). As shown in Fig. 5f, the capacitance retention of NCS-
1.5//AC is 81.98% after 10000 cycles of charging and

9590 | RSC Adv, 2024, 14, 9587-9593

discharging. It demonstrates the desirable cycling stability and
application of the device. At the same time, LED bulb is
successfully lit via the three devices in series (inset of Fig. 5f).
The energy density of NCS-1.5//AC at 2025 W kg™ is calculated
to be 45.5 W h kg™ !, which is higher than that of the previously
reported devices as shown in Table 1.

Experimental section

All the reagents utilized in the experiment are of analytical
purity. Prior to the synthesis of the material, a 3 x 4 cm? piece
of nickel foam was subjected to repeated washings with ethanol
and deionized water. Then, 2 mmol of Ni(NO3),-6H,0, 2 mmol
of Co(NO3),-6H,0, 9 mmol of urea were dissolved into 60 mL of
deionized water and stirred for 30 min. Next, the pre-treated
nickel foam and the aforementioned solution were transferred
into a 100 mL PTFE lined autoclave and maintained at 120 °C
for 10 hours. After being cooled to room temperature, the nickel
foam was rinsed several times with deionized water and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The energy densities and power densities of several devices

Electrode materials Specific capacity Cyclic performance Energy density Power density Ref.
NCS/NF//N-RGONS/NF 987.2Cg ' (2Ag ) 83.9% (8000 times after) 67.5 850 39
Ni-Co-S/NF//AC 1406.9F g ' (0.5A¢™ ) 88.6% (1000 times after) 24.8 849.5 40
NiC0,S,@NiO//AC 12.2 Fem 2 (1 mA em ?) 88.8% (10 000 times after) 30.38 288 M
NiCo,S,@NiS//AC 1314Cg '(1Ag Y 96.2% (5000 times after) 62.4 800 42
NiCo,S,/NCF//OMC/NCF 1231 Fg ' (2Ag™Y) 90.4% (2000 times after) 45.5 512 43
NiCo0,S,//AC 13522 Fg ' (1Ag™Y) 87.82% (10 000 times after) 45.5 2025 This work

ethanol, and then subjected to a heat treatment at 350 °C for 2
hours. Finally, 1.5 mmol of Na,S-9H,0 with 60 mL of deionized
water and the above precursors was put into an autoclave at
120 °C for 2 h. The nickel foam washed several times and dried
for 4 h, named NCS-1.5. The average mass loading was 1.3 mg
ecm 2. For comparison, without Na,S-9H,0, with 1 mmol of
Na,S-9H,0, and with 2 mmol of Na,S-9H,0 were synthesized in
the above pathways and named NCO, NCS-1, and NCS-2. The
whole formation process is given in the following equation:

Ni?* + 2Co%" + 60H™ — NiCo(OH)g (6)
NICOZ(OH)6 + 1/202 i NiC0204 + 3H20 (7)
NiCo0,04 + S~ — NiCo0,S4 + O*~ (8)

The samples were initially analysed for composition using
a powder X-ray diffraction analyser (XRD, Shimadzu-7000). We
observed the morphology and microstructure of the samples
using a scanning electron microscope (SEM, Gemini 300-71-31).

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

The elemental and valence states of the samples were analysed
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha). Finally, we used Bruner-Emmett-Taylor (BET) to
calculate the specific surface area and pore size of the samples.

The electrochemical experiments of the samples were per-
formed using an electrochemical workstation (Shanghai Chen-
hua, CHI660E). The prepared materials were used as the
working electrode, Hg/HgO as the reference electrode and Pt foil
as the counter electrode. Several devices were assembled to
further explore the practicality of the samples. NCS-1.5 samples
were used as the positive electrodes, AC as the negative elec-
trode, and PVA/KOH gel as electrolyte. The mass ratio of acti-
vated carbon, carbon black and polyvinylidene fluoride (PVDF)
was 7:2:1. N-Methyl-2-pyrrolidone was then added dropwise
until a homogeneous slurry was obtained. It was coated on
nickel foam and dried. According to the charge balance prin-
ciple of an electrode material (¢" = ¢~), the following formulas
are abided by:*

RSC Adv, 2024, 14, 9587-9593 | 9591
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Q0 =1t = CmAV (9)

mim™ = Cm~(AV)"/Cm* (AV)* (10)
where Q, I, ¢, C, m, and AV denote the charge storage capacity,
discharge current, discharge time, specific capacitance, mass of
the materials and voltage window, respectively. The energy
density and power density of the device are calculated using the
following formulas:**

E=12CV? (11)
(12)

where E is the energy density (W h kg™') and P is the power
density (W kg™ ™).

P = 3600E/t

Conclusions

In summary, four samples are obtained by controlling the
amount of Na,S-9H,0. The best electrochemical performance is
obtained with the addition of 1.5 mmol Na,S-9H,0. The
synthesized samples demonstrate a specific capacity of 1352 F
g~ " at a current density of 1 A g~". The capacitance retention
remained at 87.82% after 10000 cycles. The samples form
urchin structures after vulcanization, which increase the
contact area with the electrolyte. It also promotes the occur-
rence of redox reactions and ion transport. The NiCo,S,//AC
ASC device provides high energy density at a power density of
2025 W kg ', These results demonstrate a potential application
of NiCo,S, sample in energy storage fields and provide
a reasonable design approach for highly-efficient electrode
material.
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