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Hollow architectures have great prospects in supercapacitors due to their rich active surface area, good
structural stability and convenient transmission channels for ions/electrons. Herein, we present a self-
engaged template process to prepare hybrid CoNi,S4/NiS, hollow architectures. Ni-Co glycerate solid
spheres are used as templates and transformed to CoNiyS4/NiS, via a sulfidation procedure. The
supercapacitor’s performance evaluation unveils that these CoNi»S4/NiS; hollow architectures manifest a
high capacitance of 1309.2 F g% at 4.0 A g* and remarkable cyclability with 1147.6 F g™* retention (only
4.2% decay) for 5000 cycles at 6.0 A g™*. Furthermore, a two-electrode cell assembly of the CoNi,S4/NiS,
and activated carbon, displays an energy density of 47.5 W h kg™* at 3301 W kg™* and impressively durable
cycle life. These results provide a simple avenue to design an efficient electrode material for
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1. Introduction

Supercapacitors with long cycle lives, ideally large power
density and high reliability, have received intense research
interest in recent years." Exploring potential electrode
materials is crucial to achieve the desirable performance of
supercapacitors.” To date, many explorations have been made
to obtain suitable electrode materials for supercapacitors.
Among the various alternatives, transition metal sulfides are
deemed to be promising candidates due to their abundant
active sites, significant capacity and efficient electric
conductivity.* In comparison with single metal sulfides,
construction of different metal sulfides into one advanced
architecture is valid for promoting the electrochemical
features with boosted conductivity, electroactivity and
structural stability, owing to the synergetic effects of each
metal sulfide.® For instance, Ni;S,@C03S, composites were
designed to exhibit high specific capacitance, exceptional
rate capacity and cycling behavior for supercapacitors.” A
CooSg@Ni3S,/ZnS composite formed via a template assisted
method has been reported; the unique composite and

“ Henan Province Key Laboratory of New Opto-electronic Functional Materials,
College of Chemistry and Chemical Engineering, Anyang Normal University, Anyang
455000, P. R. China. E-mail: chengzhenweichem@126.com

? Henan Province Engineering and Technology Research Center for Aqueous System
Energy Storage and Conversion Electrode Materials, China

¢ Henan Province Engineering Research Center of Chemical Energy-saving Material
Development and Application, China

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5¢e00129c

This journal is © The Royal Society of Chemistry 2025

supercapacitors based on metal sulfides.

architecture endow Co0oSg@NizS,/ZnS with remarkable
electrochemical properties."® As a result, exploring metal
sulfides with complex components is highly significant for
high performance supercapacitors.

Many facts have affirmed that electrode materials with
tunable architectures have a significant effect on
supercapacitor performance."™'* In this context, an effective
way is to fabricate desirable electrode material architectures
for high performance. Hollow architectures possess attractive
features of rich inner space, a short ion permeation channel,
large surface area and incremental electrolyte-electrode
contact area.”®™ For example, a hollow NiC0,S,/C0sSg
spindle electrode material that shows high
pseudocapacitance and energy density has been reported.'®
Zhao et al. explored a NiS,/CuS hollow microsphere that
manifested outstanding pseudocapacitive as well as
exceptional cycling life and rate behavior.'” Therefore, hollow
architectures are considered as versatile electrode materials
for electrochemical energy storage.

Ni-Co sulfides have higher conductivity and richer redox
reactions and are promising candidates for supercapacitor
electrode materials. In particular, CoNi,S, is an outer layer
material,’® which exhibits high conductivity and can boost
electron transport and initiate ionic reactions. Moreover,
NiS,, featuring large theoretical capacity is another promising
candidate for supercapacitors. Therefore, some beneficial
CoNi,S, or NiS, supercapacitor electrode materials have been
reported. However, hybrid CoNi,S,/NiS, hollow architectures
are rarely reported. Herein, we exploit a self-engaged
template method to prepare hybrid CoNi,S,/NiS, hollow
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Scheme 1 Schematic synthesis procedure toward CoNi,S4/NiS; hollow architectures.

architectures, as shown in Scheme 1. As a result of the
architecture and components, the CoNi,S,/NiS, demonstrates
remarkable performance, delivering a high capacitance of
1309.2 F g at 4.0 A g”* and excellent durability with 1147.6
F g retention (only 4.2% loss) over 5000 cycles at 6.0 A g .
Moreover, the constructed two-electrode device with CoNi,S,/
NiS, and activated carbon (AC) shows a high energy density
of 47.5 W h kg™ at 3301 W kg ' and superb cycle life. These

results suggest its great potential for electrochemical energy
storage.

2. Experimental
2.1 Preparation of Ni-Co glycerate precursor

In a typical precursor preparation, Ni(NO;),-6H,O (0.40
mmol) and Co(NO;),-6H,O (0.10 mmol) are solubilized in a

Fig.1 (a and b) FESEM and (c) TEM images of Ni-Co glycerate, (d and e) FESEM and (f and g) TEM images of CoNi,S4/NiS, hollow architectures, (h
and i) HRTEM and TEM elemental mapping images of CoNi;S4/NiS; hollow architectures.
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mixture of 8.0 mL glycerol and 40 mL isopropanol under
stirring. Then the solution is placed into an autoclave and
heated at 180 °C for 6.0 h. Finally, the resulting solution is
centrifuged, purified with ethanol and dried, providing the
precursor of the Ni-Co glycerate.

2.2 Synthesis of CoNi,S,/NiS, hollow architectures

Typically, 30 mg precursor is dispersed in 20 mL ethanol
under stirring. Then 50 mg thioacetamide (TAA) is added into
the dispersion and further stirred for about 30 min. The
solution is sealed in an autoclave and heated at 160 °C for
6.0 h. After centrifugation, purification with ethanol and
drying, the Ni-Co sulfide product is obtained.

2.3 Sample characterization

The architecture observation was performed using a scanning
electron microscope (SEM; Hitachi, SU8010) and
transmission electron microscope (TEM; Tecnai, G2F30). To
acquire the sample composition, X-ray diffraction (XRD)
patterns were obtained wusing a Rigaku D/max 2500
diffractometer. The chemical states of each element in the
Ni-Co sulfide characterized using an X-ray
photoelectron spectrometer (XPS; Thermo, Escalab250Xi).
Nitrogen  adsorption-desorption  characterization

conducted using an ASAP 2020 Micromeritics instrument.
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2.4 Electrochemical tests

Electrochemical tests were performed on a CHI 660D
electrochemical workstation using a three-electrode system in
3.0 M KOH electrolyte, in which Hg/HgO/sat. KCl electrode
and platinum foil acted as the reference electrode and
counter electrode. The Ni-Co sulfide, acetylene black and
polyvinylidene difluoride (mass ratio = 85:10:5) were
polished in isopropanol for about 30 min and further
dropped on a nickel foam as the working electrode. The mass
loading of the CoNi,S,/NiS, hollow architectures electrode
material for the three electrode system is about 5 mg.

The asymmetric supercapacitor tests were measured in 3.0
M KOH electrolyte with a two-electrode system: an AC
negative electrode and Ni-Co sulfide positive electrode. AC,
acetylene black and polyvinylidene difluoride (mass ratio =
85:10:5) were added in isopropanol. After grinding the
mixture for 30 min, the resultant slurry was coated on a
nickel foam to provide the negative electrode. Similarly, the
fabrication of the positive electrode resembles the process for
the negative electrode except the AC was replaced by the Ni-
Co sulfide. The mass ratio between CoNi,S,/NiS, and AC was
around 1:2. The energy density (E) and power density (P) of
the asymmetric supercapacitor can be calculated, as shown
in eqn (1) and (2),
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(a) Ni 2p, (b) Co 2p and (c) S 2p XPS spectra of the CoNi,S4/NiS, hollow architectures; (d) N, adsorption/desorption isotherms and the

corresponding pore size distributions (inset) of the CoNi,S4/NiS; hollow architectures.
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where C (F g™') and AV (V) stand for the specific capacitance
and working voltage, At (s) denotes discharging process time.

3. Results and discussion

As analyzed by FESEM and TEM (Fig. la-c), the Ni-Co
glycerate forms solid spheres with a diameter of about 1.0
pm and smooth surfaces. The obtained Ni-Co glycerate is
subsequently sulfurized by reacting with TAA under
solvothermal conditions. Eventually, the Ni-Co sulfide is
synthesized. The hollow architectures can be distinctly
observed for the Ni-Co sulfide. A careful observation of the
shell of the Ni-Co sulfide, we see that the hollow architecture
is constructed by nanoparticles (Fig. 1d-g). To illustrate the
hollow architecture formation process, samples prepared at
various time intervals were observed by TEM, as shown in
Fig. S1.f The samples still form solid spheres but possess a
rough surface after 0.5 h (Fig. Slaf), demonstrating the
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occurrence of sulfidation reactions on the Ni-Co glycerate
precursor surface. After 1.0 h, a core-shell structured is
formed (Fig. S1bt). Extending the sulfidation time to 3.0 h,
the core becomes smaller (Fig. Sict). Further increasing the
sulfidation time to 6 h, the core is consumed completely, and
the hollow architecture is finally formed (Fig. 1f and g).The
XRD result (Fig. S2t) proves that the derived Ni-Co sulfide
includes CoNi,S, (JCPDS No. 24-0334) and NiS, (JCPDS No.
11-0099). A high resolution TEM (HRTEM) image shows
lattice distances of 0.15 nm and 0.33 nm (Fig. 1h), which
conform to the (321) plane of NiS, and (220) plane of CoNi,-
S4, respectively. As shown in the elemental mapping images
of a Ni-Co sulfide (Fig. 1i), the Co, Ni and S elements are
evenly distributed in the hollow architecture. Moreover, the
electronic states of Ni, Co and S elements in the CoNi,S,/NiS,
were further characterized using XPS. In the Ni 2p spectra
(Fig. 2a), peaks at 853.5 and 871 eV are associated with Ni*"
Ni 2p;, and 2py,,"® while peaks emerging at 856.3 and 874.4
eV, are attributed to the Ni** Ni 2p;, and 2p;,,.>° The Co 2p
spectra (Fig. 2b) shows pronounced peaks at 778.6 and 793.6
eV, which ascribe to Co®*" Co 2psz, and 2p1/2.21 Another two

a 0.15 n b
— somvst , 0.9
0.104 — 10mvs’ —
— 15mvs’? = -1.0 9 peakl b=0.546
3 0.05 4 — 20mvs’ .:r @ peak2 b=0.575
c 30mvs? g 11
o -
£ 0.00 2
o S 1.2
2
-0.054 5 <
7 g S a3
-0.10 B
2 -1.4 4
e / Y y y ' 06 08 10 12 14 16
0.0 0.1 0.2 0.3 0.4 0.5 : : y ; 3 .
Potential (V vs. Hg-HgO) Log (scan rate, mV s™)
C lonic diffusion W Capacitive d b
100 ‘ 1 — a.0Ag*
- -_— I / -1
g soallll | /| 6oAg!
< 80 F I/ /| — 10Ag
,% 5':0 v/ »\ —_ lSAg':
.3 20Ag"
T 60 g 2 o
€ > 25Ag
8 2
2 a0 5 024
3 £
2 ]
Q. -
S 204 8 0.1

5 10 15 20 30
Scan rate (mV's™)

T

0 50 100 150 200 250 300 350
t(s)

@ 1400 f 1300
“an 1200 .:;
o
b w1200 -
Y 1000 -
c o
© [
£ 800 s
4 S 1100 -
8 600 g
o o
£ o
g 4001 £ 1000 |
Q. Q
Y 200 &
0 T T T T T 900 T T T T T
5 10 15 20 25 30 0 1000 2000 3000 4000 5000
Current density (Ag?) Cycle number (n)

Fig. 3 Electrochemical behavior of the CoNi,S4/NiS, hollow architectures as supercapacitors: (a) CV curves at scanning rates of 5.0 to 30 mV st
(b) the linear relationships between log (peak currents) and log (scanning rates); (c) capacitive contribution ratios at various scanning rates; (d)
GCD; and specific capacitance profiles (e) at various current densities; (f) continuous cycling performance at 6.0 A g™* after 5000 cycles.
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peaks at 781.5 and 797.3 eV are assigned to Co>" Co 2p;,
and 2p;,.>* The S 2p spectra of the Ni-Co glycerate derivative
presents the peaks at 162.6 and 168.5 eV, which are
correlated with Co/Ni-S and S-O bonds (Fig. 2c).>* These
above analyses confirm the successful preparation of the
CoNi,S,/NiS, hollow architecture.

Due to the special structural characteristics, a large
surface area of 75.4 m> g with mesoporous structure for
Ni-Co sulfide hollow architectures illustrates the existence
of considerable active sites that can boost the
electrochemical performance (Fig. 2d). The supercapacitor
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i=av’ (3)

where 7 corresponds to the current response at oxidation/
reduction peaks and v represents the scan rate, while a and b
stand for the experimental parameters. The parameter b is
0.5, signifying that ionic diffusion is dominant. A b value of
1.0 denotes the electrochemical reaction is mainly due to
capacitive behavior. As shown in Fig. 3b, b values of 0.546
and 0.575 for Ni-Co sulfide suggest the charging process is
governed by both ionic diffusion and capacitive behavior.
The Faradaic redox process could be expressed using the

behavior of the Ni-Co sulfide electrode material is firstly — following equations:'®*®
studied in the three-electrode cell. Fig. 3a shows the cyclic
voltammetry (CV) curves of the Ni-Co sulfide electrode CoNi,S, + OH™ + H,0 = CoSOH + 2NiSOH + e~ (4)
measured at a scan rate of 5.0-30 mV s '. The distinct
redox peaks can be discerned, revealing the Faradaic CoSOH + OH™ = CoSO + H,0 + e~ (5)
features of the Ni-Co sulfide. The capacitive effect analysis
is further evaluated using eqn (3):>* NiSOH + OH™ = NiSO + H,0 + e~ (6)
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Fig. 4 Electrochemical performance of the two-electrode system: (a) CV profiles at scanning rates of 5.0 to 100 mV s™%; (b) GCD profiles in
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NiS, + OH™ = NiS,OH + e~ (7)

To further quantitatively analyse the contribution fraction of
ionic diffusion and capacitive behavior , the following eqn (8)
is applied:

i(V) = kyv + kpp™? (8)

where i(V) is the response current versus operating voltage of
V, kv and k2 represent the capacitive and ionic diffusion
in the redox processes, with k; and k, acquired from the
relationship i(V)v"'* versus v'/>.%° As illustrated in Fig. 3¢ and
Fig. S3,i a 52.8% capacitive contribution for Ni-Co sulfide is
obtained at 5.0 mV s™', and the capacitive contribution
increases from 60.3 to 86.3 as the scan rate varies from 10 to
30mvs.

Representative galvanostatic charge/discharge (GCD)
profiles of the Ni-Co sulfide at current densities from 4.0
to 25 A g ' are displayed in Fig. 3d. Also, Ni-Co sulfide
electrode shows charge/discharge platforms, further
indicating the Faradaic behavior of the material,”” which is
in accordance with the CV characterizations. As shown in
Fig. 3e, the Ni-Co sulfide electrode acquires a high
capacitance of 1309.2 F g™* at 4.0 A g™'. At 25 A g/, a
capacitance of 525 F g ' still remains. Certainly, results of
cycling measurements uncover that the Ni-Co sulfide
exhibits remarkable electrochemical stability (Fig. 3f), and
1147.6 F g is retained after 5000 cycles at 6.0 A g™*. The
decay of electrochemical stability after cycling can be
ascribed to the hollow architecture volume variation
associated with repeated charge/discharge. The impedance
plots of the CoNi,S,/NiS, hollow architectures are shown in
Fig. S47 The Ry values for before and after 5000 cycles are
determined to be 0.17 and 0.55 Q, confirming that the R,
changed slightly after the cycles. Moreover, there is not
much change in the CV and GCD curves after the cycles
(Fig. S5t). Of note, the CoNi,S,/NiS, electrode with hollow
architecture structure is preserved after continuous cycles
(Fig. S6T), demonstrating the stability of the CoNi,S,/NiS,
hollow architectures electrode material for long term
cycling. So it is assumed that the desired cycling of CoNi,-
S4/NiS, is attributed to the unique hollow architectures that
store electrolytes and shorten ion diffusion routes, and
enhance the conductivity and optimize electron transfer of
the material. Also, compared with previously reported
hybrid metal sulfide electrodes for supercapacitors, the Ni-
Co sulfide hollow architectures show comparable or obvious
superiority (Table 1).'*2%737

To delve into its practical application, we assembled a
two-electrode configuration in which 3.0 M KOH, Ni-Co
sulfide and AC served as the electrolyte, positive and
negative electrodes, respectively. The CV profiles were
performed at different scan rates from 0 to 1.6 V. As is
noticeably displayed in Fig. 4a, the profiles feature an
asymmetrical rectangle-like shape with broad and weak
redox peaks, confirming that the device has double layer

3234 | CrystEngComm, 2025, 27, 3229-3237

View Article Online

CrystEngComm

capacitive and pseudocapacitive peculiarities. Moreover, the
original shape of the CV profiles is retained at scan rates
from 5 to 100 mV s, unveiling the remarkable rate
capabilities.®® The GCD profiles (Fig. 4b) are virtually
symmetric in the current densities of 4.0 to 20 A g ', which
implies its excellent electrochemical reversibility.>® Fig. 4c
reveals that the device achieves 125.6, 118.6, 100.6 and 67.8
F g* from 4.0 to 20 A g™*. The determined Ragone plots
show that the energy density of the device is 47.5 W h kg '
at 3301 W kg', and reaches 26 W h kg™ at 16481 W kg™*
(Fig. 4d), which 1is better than reported asymmetric
supercapacitor devices, such as Co3S;@FeCo0,S,/NF//NF/rGO
(43.6 W h kg™ at 770 W kg™),** C/NiCo-LDH/C0oSg//CNT
(39.0 W h kg™ at 2400 W kg™),*" Fe-Ni-S/rGO//AC (30.5 W
h kg™ at 800 W kg™*),** Ni-Co-S@NC//AC (43.6 W h kg™
at 770 W kg™),** Sn,Ni; ,S,//AC (29.13 W h kg™ at 700 W
kg™),** NiC0,S4/ACC//AC/ACC (30.1 W h kg™ at 800.2 W
kg™),*® NiC0,S4//AC (35.3 W h kg™ at 750 W kg™),"® and
NiC0,S,@CC//NC@CC (37.5 W h kg™' at 2250 W kg ').*’
Remarkably, as shown in Fig. 4e, the device retains its
performance over 3000 charge/discharge cycles with about a
3.0% decline, under 6.0 A g'. Moreover, the device can
retain a Coulombic efficiency of ~99.6% during the cycles,
suggesting its remarkable reversibility. Above all, these
results show that the developed hybrid CoNi,S,/NiS, hollow
architecture has very promising application potential in
energy storage.

The remarkable capacitive behaviors can be accounted for
by the following advantages. First, the hollow architectures
with structural stability not only endow considerable
electroactive sites but also provide convenient transmission
channels for ions/electrons, which generate the high
capacitance and excellent cyclability. Second, the synergistic
effect combining the advantages of CoNi,S, and NiS, renders
the hybrid CoNi,S,/NiS, with the desired electrochemical
performance. In short, profiting from its architecture and the
properties of its component parts, the hollow architecture of
CoNi,S,/NiS, is deemed to be an ideal candidate for
supercapacitor materials.

4. Conclusions

In summary, hybrid CoNi,S,/NiS, hollow architectures are
developed as a potentially excellent supercapacitor material.
The CoNi,S,/NiS, is obtained via a self-engaged template
route to synthesize Ni-Co glycerate, followed by a sulfidation
procedure. Profiting from the hollow architectures and
complex components, the CoNi,S,/NiS, shows a high
capacitance of 1309.2 F g™' at 4.0 A g™', and remarkable
durability with 1147.6 F g ' maintained over 5000 cycles
under 6.0 A g”'. Furthermore, a two-electrode configuration
with the CoNi,S,/NiS, and AC achieves a high energy density
of 47.5 W h kg™ at 3301 W kg™" and excellent cycle life. This
work would offer a valid avenue to design high performance
supercapacitor materials.
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Table 1 Comparison of the electrochemical performance of the CoNi,S4/NiS, hollow architectures with previously reported counterparts
Electrode materials Morphology Current density Specific capacitance Capacitance retention Reference

Mo-doped CoS hollow nanocages 05Ag"

Hollow dodecahedral Co,S;/MoS,/MnS 1.0 A gﬁl

Hollow MnS@MoS, cubes B 1.0Ag"
K

Hollow CuCo,S, cages @ 0.5Ag"

Hollow urchin-like CuCo,S, * 1.0 A gfl

Hollow NiCo,S, ellipsoids . 10Ag™"

Carbon coated NiCo,S, hollow spheres ‘ 1.0 A g’1
|

Hollow core-shell NiC0,S,@Mo0S, % 1.0Ag"

Rod-shaped CoNi,S, ; i 2.0 mA cm ™2

Yolk-shell (NiC0)oSg/GC spheres ' 1.0Ag™"

1

Double-shelled hollow MnCo,S,/C0S; o97 spheres ’° 1.0Ag™"
.

Hollow CoNi,S,/NiS, hollow spheres 4.0Ag™"
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