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A B S T R A C T

In this study, an ultrafast Joule heating method is employed to efficiently synthesize nickel sulfide and nickel 
oxide nanoparticles on buckypaper (Ni3S2-NiO@BP) as high-performance supercapacitor electrode materials. 
The thermal shock effect was tuned by adjusting the temperature of Joule heat through voltage regulation. The 
resulting composite material exhibits battery-like energy storage kinetics, boasting a specific capacity of 2278F 
g− 1 at a current density of 1 A g− 1. Ex-situ X-ray diffraction and Raman spectroscopy measurements showed that 
Ni3S2-NiO gradually transforms into Ni(OH)2 during cycling, and then to highly reactive NiOOH. Density 
functional theory (DFT) calculations confirm the enhanced conductivity and OH− adsorption of the heteroge
neous structures. Furthermore, flexible hybrid asymmetric supercapacitors assembled from these electrodes 
exhibit a high energy density of 71.55 Wh kg− 1 with a power density of 1124.8 W kg− 1, and stable electro
chemical performance even under varying bending angles. The efficient synthesis approach presented here offers 
new insights into the rational design and engineering of electrode materials for high-performance, flexible 
supercapacitors.

1. 1.Introduction

Supercapacitors bridge the gap between high-energy–density batte
ries and high-power-density conventional capacitors, offering rapid 
charge–discharge rates, exceptional specific capacitance, superior 
power density, and ultra-long cycle life. These qualities make them 
highly promising for applications in electric vehicles, backup power 
supplies, and particularly wearable electronic devices [1–3]. In this last 
direction, flexible supercapacitors that meet both performance and 
mechanical demands are essentia. In this context, composite electrodes 
with a high load of active material on a porous structure that enables 
both high electronic and ionic conductivities while accommodating 
volume changes are needed. However, traditional slurry coating 
methods for electrode fabrication, which rely on solid current collector 
supports, present limitations. These include restricted electrode 
porosity, limited flexibility of the relatively thick metal supports that 
enable proper processing, and reduced energy density due to the addi
tion of binders necessary for particle adhesion. These binders not only 

add inactive weight and volume but also hinder electron and ion 
transport both at the redox particle surface and across the electrode, 
reducing electrolyte penetration and, consequently, redox activity 
[4–8]. Additionally, slurry-based processes often require toxic organic 
solvents, posing environmental and health concerns [9].

To address these limitations, cost-effective strategies for depositing 
active materials on highly porous conductive networks are required. 
One approach involves impregnating the porous network with metal 
salts, facilitating effective ion infiltration throughout the structure, and 
subsequently annealing the produced material to fixate and crystallize 
the desired phase [10]. However, this strategy is often time-consuming 
and energy-intensive, and can lead to uncontrolled growth and aggre
gation of the active phase, diminishing redox performance. In terms of 
electrode materials, Ni-based compounds are particularly promising as 
the redox-active phase for their rich oxidation states, high theoretical 
capacity, and low toxicity [11,12]. Among Ni compounds, NiO offers the 
lowest density and cost, while incorporating sulfur can enhance elec
trochemical activity and redox reaction rates due to the higher electrical 
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conductivity of the sulfide and the higher electronegativity of sulfur that 
promotes electron transfer. For the conductive matrix, buckypaper (BP), 
a multi-walled carbon nanotube material, provides an ideal substrate 
due to its exceptional electrical conductivity, structural stability, and 
large surface area for loading large amounts of active electrode materials 
to meet the design requirements of one-piece flexible electrode materials 
[13–16].

In this study, we propose a novel method for processing super
capacitor electrodes using energy-efficient, ultrarapid Joule thermal 
shock. Joule heating, which generates heat by passing an electric current 
through a material, offers several advantages: rapid processing time, 
elimination of solvents and catalysts, and the ability to act directly on 
the carbon matrix without requiring specialized gas environments 
[17–20]. Using this technique, herein we produce nickel sulfide-nickel 
oxide heterostructured nanoparticles on BP as electrode materials for 
flexible supercapacitors, demonstrating the potential of this ultrafast 
processing approach to enhance supercapacitor performance.

2. Experimental

2.1. Synthesis of Ni3S2-NiO@BP samples

Multi-walled carbon nanotube BP was purchased from Nanjing 
Jicang Material Science and Technology Co. and carbon cloth was 
bought from Suzhou Sinero Technology Co.. Nickel acetate and thiourea 
were sourced from Aladdin Reagent Co.. Before its use, the BP was 
soaked in absolute ethanol and acetone, followed by ultrasonic cleaning 
for 10 min to eliminate surface impurities. To produce the electrodes, 
first, a 0.1 M solution of thiourea and nickel acetate was prepared by 
dissolving them in a 1:1 mixture of ethanol and water, which was then 
magnetically stirred until complete dissolution of the Ni and S pre
cursors. Subsequently, the solution was dropped onto the BP at a con
centration of 333 μL cm− 2 and left to dry in the air.

In the rapid Joule heating device with a vacuum environment (HTS- 
7026D from Shenzhen Joule IC Technology Co.), the BP-based precursor 
was directly clamped on the sample stage. The synthesis temperature 
was adjusted by controlling the thermal shock voltage. Samples were 
prepared at different temperatures, 1300 K, 1400 K, and 1500 K, and 
denoted as Ni3S2-NiO@BP-1300, Ni3S2-NiO@BP-1400, and Ni3S2- 
NiO@BP-1500, respectively. The final mass of active material was 
determined to be approximately 2 mg cm− 2 by measuring the weight of 
the BP before and after the metal loading.

2.2. Materials characterization

The morphology and internal structure of the samples were charac
terized using scanning electron microscopy (SEM, Quanta FEG 250) and 
transmission electron microscopy (TEM, JEOL jem-2100f). X-ray 
diffraction (XRD) patterns of the obtained product were collected using 
a Rigaku D/max 2500 diffractometer with Cu-K-α radiation (λ =
1.54178 Å) in the range of 100 ~ 80 (2θ) and a step size of 0.020. X-ray 
photoelectron spectroscopy (XPS) analysis was performed on a Thermo 
ESCALAB 250. Raman spectroscopic characterization was carried out 
using a LabRAM HR800 spectrometer (HORIBA Jobin Yvon 
Corporation).

2.3. Electrochemical tests

The electrochemical properties of the prepared materials including 
cycling voltammetry (CV), galvanostatic charge–discharge (GCD), and 
electrochemical impedance spectroscopy (EIS) in the frequency range 
between 100 kHz and 0.01 Hz were conducted using a three-electrode 
system by CHI 760E electrochemical workstation (Shanghai Chenhua 
Instrument Corp., China) and cycling stability was performed using a 
Neware CT-4008 battery test kit. The three-electrode setup consisted of 
Ni3S2-NiO@BP directly as the working electrode, Hg/HgO as the 

reference electrode, Pt foil as the counter electrode, and 6 M KOH as the 
electrolyte. In the two-electrode system, the asymmetric supercapacitor 
(ASC) was fabricated with Ni3S2-NiO@BP-1400 and active carbon (AC) 
as the electrodes, glass filter paper as the separator, and a 3 M KOH 
solution as the electrolyte. For the preparation of the AC electrode, 
acetylene black and polyvinylidene fluoride were mixed in a mass ratio 
of 8:1:1, and an appropriate amount of n-methylpyrrolidone was added 
to form a uniform slurry. The slurry was evenly coated on the cleaned 
carbon cloth and dried in vacuum at 60 ◦C for 24 h. The mass ratio of 
Ni3S2-NiO@BP to AC was determined using the calculation m+C+ΔV+

= m− C− ΔV− , where m (g), C (F g− 1), and ΔV (V) represent the mass, the 
specific capacitance, and the potential window of the positive (Ni3S2 
− NiO@BP) and negative (AC) electrodes. The flexible two-electrode 
device uses polyethylene terephthalate as the outer shell and a nickel 
sheet as the electrode ear. According to the GCD measurements, the 
specific capacitance of as-made samples and the hybrid supercapacitor 
were calculated using the equation: 

c =
iΔt

mΔV
(1) 

in which i represents the discharge current (A), Δt is the discharge time 
(s) and ΔV is the potential window. The mass of active material in a 
single electrode was approximately 2 mg. The energy density (E, Wh 
kg− 1) and power density (P, W kg− 1) of the hybrid supercapacitor were 
determined by the following formulas: 

E =
CΔV2

2
(2) 

P =
3600E

Δt
(3) 

2.4. Computational method

Spin-polarized density functional theory (DFT) calculations were 
performed by using the Vienna ab initio simulation package (VASP) 
[21]. The generalized gradient approximation (GGA) of the Perdew- 
Burke-Ernzerhof (PBE) functional was employed as the exchange and 
correlation functional [22,23]. The projector-augmented wave (PAW) 
method was used to describe the electronic structure with a cutoff en
ergy of 500 eV [24]. The 4 × 4 × 1 Monkhorst–Pack k-point mesh was 
applied to sample the Brillouin zone for all structures [25]. All atoms 
were allowed to relax until the forces converged to less than 0.015 eV 
Å− 1 and the energy change dropped below 1 × 10− 6 eV. A vacuum re
gion of 15 Å was introduced along the z-axis for all samples to eliminate 
the potential interaction between the model and its mirror image.

The three-layer slab models of Ni3S2(111) and NiO(111) were 
chosen to represent pristine Ni3S2 and NiO, respectively. A composite 
model comprising two layers of NiO and two layers of Ni3S2 was 
designed for the Ni3S2-NiO(111) heterostructure. The adsorption en
ergy (Eads) of OH− on the sample was calculated according to the 
equation: 

Eads = Esample+OH− − EOH− − Esample (4) 

where Esample+OH− , EOH− , andEsample represent the total energy of the 
samples after the OH− adsorption, the energy of free OH− , and the 
energy of clean NiO(111), Ni3S2(111), or Ni3S2-NiO(111) hetero
structure, respectively.

3. Results and discussions

3.1. Characterization

Fig. 1a schematically shows the process of producing Ni3S2-NiO@BP 
electrodes from the soaking of BP with thiourea and nickel acetate and 
their posterior thermal shock processing in vacuum. The surface of the 
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carbon nanotubes (CNTs) of the BP is first covered with a layer of 
thiourea and nickel acetate by drop coating and dried under natural 
conditions to obtain a carbon-based precursor, which is then in-situ 
rapidly reacted using a Joule heating device in a vacuum environment 
that eliminates the need for chemical gases. For the thermal processing, 
as shown in Fig. 1b, the ends of the BP are clamped through copper 
sheets. The synthesis temperature is controlled by adjusting the power 
supply. As an example, when a thermal shock voltage of 20 V was 
applied, the carbon-based precursor reached 1400 K in 750 ms, with an 
estimated heating rate of 1150 K s− 1 and a cooling rate of 350 K s− 1, as 
illustrated in Fig. 1c. The thermal shock leads to the instantaneous 

decomposition of thiourea and evaporation of sulfur which reacts with 
Ni2+ ions to create nickel sulfide. Besides, NiO particles are formed by 
the decomposition of nickel acetate and the partial reaction of Ni2+ ions 
with oxygen traces in the vacuum ambient [26,27]. The rapid process 
prevents significant crystal growth and agglomeration, while also 
retaining the tubular structure of the BP.

Fig. 1d displays the pristine BP made of smooth carbon nanotubes 
with a diameter of about 20 nm. After the metal loading and the thermal 
processing (Fig. 1e), the BP appears filled with a large density of small 
particles, with no fracture of the BP or obvious aggregation of the par
ticles observed. The particle size distribution histogram (Fig. S1) 

Fig. 1. (a) Schematic diagram of the process of preparation of Ni3S2-NiO@BP; (b) Optical images of the Ni3S2-NiO@BP before and during the Joule-heating synthesis 
process; (c) Temperature evolution during the 0.6 s of the thermal shock; (d) SEM image of the pristine BP; (e) SEM image of Ni3S2-NiO@BP; (f) TEM and (g) HR-TEM 
images of Ni3S2-NiO@BP; (h) EDS elemental mapping of Ni3S2-NiO@BP; (i) XRD pattern and (j) XPS spectra of Ni3S2-NiO@BP.
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revealed an average size of 14 ± 3 nm. As shown in Fig. S2, the size of 
the nanoparticles in the samples was adjusted by the thermal shock 
temperature. The relationship between particle size and temperature 
was non-linear. At moderate temperatures, such as 1300 K, a moderate 
density of nuclei is formed, leaving a substantial amount of precursor 
available for particle growth. This leads to the formation of relatively 
large particles. At higher temperatures, nucleation is promoted, which 
reduces the precursor available for further particle growth. Neverthe
less, at sufficiently high temperatures, particle aggregation and Ostwald 
ripening occur, ultimately resulting in larger particles once again.

TEM characterization (Fig. 1f) exposes the hollow structure and open 
architecture of the interconnected nanotubes and the homogeneous 
distribution and tight bonding of Ni3S2-NiO heterostructures with the 
carbon nanotube backbone. High-resolution TEM (HRTEM) analysis 
(Fig. 1g) shows lattice spacings of the nanoparticles at 0.2404, 0.1832, 
and 0.238 nm, corresponding to the (111) plane of NiO and the (210) 
and (111) crystal planes of Ni3S2, respectively. Notably, the tight lattice 
connection between Ni3S2 and NiO indicates the formation of hetero
structure interface, which synergistically combines their properties, 
introducing a charge modulation effect and accelerating charge carrier 
transport by generating internal electric fields. The EDS results of the 
Ni3S2-NiO@BP composite in Fig. 1h and Fig. S3 confirm the presence of 
Ni, O, and S on the surface of the CNTs. As shown in Fig. 1h, the con
centrations of Ni and S elements are relatively higher in some regions, 
indicating that the Ni3S2 particles are unevenly distributed on the BP 
substrate, likely due to localized aggregation during the rapid thermal 
shock process. In contrast, O is more uniformly distributed throughout 
the sample, which correspond to the homologous origin of Ni and O from 
nickel acetate. Additionally, the 3D network structure of the BP sub
strate may cause variations in nanoparticle adherence during synthesis, 
further contributing to the uneven distribution.

The XRD pattern in Fig. 1i shows several sets of diffraction peaks. A 
first set at 37.33◦ and 43.38◦ is associated with the (111) and (200) 
planes of NiO. A second set at 21.75◦, 31.10◦, 37.80◦, 44.35◦, and 50.11◦

is assigned to the (100), (110), (111), (200), and (210) planes of the 
Ni3S2 phase. Besides the characteristic broad band at about 21◦ belongs 
to the amorphous carbon peak of BP, and a sharp diffraction peak near 
26.15◦ for the sample after thermal shock proves the presence of crys
talline graphitic carbon, revealing that the Joule heating process en
hances the BP crystallinity. The Raman spectra of the different samples 
(Fig. S4) display two characteristic peaks at 1351 cm− 1 and 1598 cm− 1, 
corresponding to the characteristic defective (D) and graphitic (G) bands 
of carbon, respectively. The intensity ratio between D and G bands (ID/ 
IG) for the pristine BP is 1.103, and it decreases to 1.045, 1.006, and 
1.010 after the rapid annealing at 1300 K, 1400 K, and 1500 K, 
respectively [28]. The lowest ratio reached at 1400 K denotes the 
highest degree of graphitization, similar to that obtained at 1500 K. As 
shown in Fig. 1j, the Ni 2p XPS spectrum of the Ni3S2-NiO@BP-1400 
sample was fitted with two doublets at 853.8 eV and 855.3 eV (Ni 2p3/2) 
and the corresponding satellite peaks, assigned to Ni within Ni-S and Ni- 
O environments [29]. The S 2p XPS spectrum also displayed two dou
blets at 163.4 eV and 168.1 eV (S 2p3/2) assigned with sulfur within the 
metal sulfide lattice and oxidized sulfur, respectively [30]. The O 1 s XPS 
spectrum exhibited was deconvoluted with bands associated with Ni-O 
bonds at 531.5 eV, S-O bonds at 529.8 eV, and a minor amount of 
OH− adsorbed on its surface [31].

3.2. Electrochemical performance in the three-electrode system

The electrochemical performances of BP and Ni3S2-NiO@BP elec
trodes was systematically evaluated in a three-electrode setup using 
aqueous 6 M KOH as the electrolyte. CV and GCD curves and the EIS 
spectra were recorded to investigate the impact of the Joule heating 
temperature on the electrochemical properties of materials. All samples 
were directly employed as working electrodes without incorporating 

binders or electrically conducting additives. The CV curves of the orig
inal BP, Ni3S2-NiO@BP-1300, Ni3S2-NiO@BP-1400, and Ni3S2- 
NiO@BP-1500 in the voltage interval of − 0.1 V to 0.6 V vs.Hg/HgO are 
illustrated in Fig. 2a. The typical rectangular-like shape of the CV curve 
of BP in Fig. S5a suggests its double electric layer capacitive energy 
storage process. In contrast, the CV curves of the Joule-heated samples 
exhibit distinct Faraday redox peaks associated with the redox of the Ni 
ions during charging and discharging, underscoring its pseudocapaci
tance nature. Among the different electrodes, Ni3S2-NiO@BP-1400 ex
hibits the largest capacitance, and the broadest reduction peak reflects a 
more gradual and extended reduction process. This can be attributed to 
the uniform distribution of nanoparticles providing more electrochem
ically active sites.

The GCD curves in Fig. 2b show a charge–discharge plateau which 
confirms the presence of redox reactions. Fig. 2c presents the CV curves 
of the Ni3S2-NiO@BP-1400 at scanning rates ranging from 1 to 100 mV 
s− 1. At low scan rates, the area of the CV curves increases as the scan rate 
rises, which is attributed to charge storage being predominantly 
diffusion-controlled at low scan rates, allowing ions sufficient time to 
reach active sites and produce larger capacitance. However, as the scan 
rate continues to increase, the CV area change becomes less pronounced. 
This is because the charge storage mechanism transitions from diffusion- 
controlled to surface-controlled processes, where Faradaic reactions 
primarily occur on or near the surface of the nanoparticles. Additionally, 
the fast charge–discharge behavior at high scan rates minimizes the 
contribution of the slower diffusion-controlled redox reactions, resulting 
in the disappearance of the oxidation peak. The notable alteration in 
redox peak potential with increasing scanning rate may be attributed to 
increased resistance between the electrolyte and the active electrode 
[32]. GCD curves at various current densities (Fig. 2d) display clear 
charge/discharge plateaus that confirm the pseudocapacitance, a rapid 
charging/discharging capacity, and an excellent Coulomb efficiency 
[33–35]. The specific capacitance of Ni3S2-NiO@BP-1400 is calculated 
to reach 2278F g− 1 at 1 A g− 1, and it remains 1080F g− 1 even at 10 A 
g− 1, demonstrating its excellent high-rate performance. The GCD curve 
of BP in Fig. S5b shows a symmetrical triangular shape with a capacity of 
3.2F g− 1 at a current density of 1 A g− 1, which can be neglected 
compared with those of the Ni-containing electrodes. The specific 
capacitance data for the samples at various current densities are pre
sented in Fig. 2e. Notably, the specific capacitance of Ni3S2-NiO@BP- 
1400 at 1 A g− 1 surpasses its counterparts Ni3S2-NiO@BP-1300 (1698F 
g− 1) and Ni3S2-NiO@BP-1500 (1430F g− 1). Even at a higher current 
density of 5 A g− 1, Ni3S2-NiO@BP-1400 retains a remarkable 67 % of its 
initial capacitance, while Ni3S2-NiO@BP-1300 and Ni3S2-NiO@BP-1500 
retain only 12 % and 13 %, respectively. These results highlight the 
impact of thermal shock temperature on the structure of Ni3S2-NiO and 
its energy storage performance, consistent with CV analysis [36,37].

To further analyze the energy storage mechanism of Ni3S2-NiO@BP- 
1400, capacitance-controlled and diffusion-controlled contributions 
were quantified using Dunn’s method with CV curves at slow scan rates. 
The current response (i) was separated into capacitance-controlled (k1v) 
and diffusion-controlled (k2v1/2) contributions, expressed as i = k1v +
k2v1/2. The CV profiles of the samples at 5 mV s− 1 are depicted in Fig. 2f, 
where the blue region represents the capacitive contribution. The 
diffusion-controlled contribution on the Ni3S2-NiO@BP-1400 ap
proaches nearly 20 %, underscoring its role in the total capacitance of 
the battery-like capacitor electrode [38]. Fig. 2g demonstrates the dis
tribution of capacity between diffusion-controlled and capacitance- 
controlled processes at varying scan speeds, with the capacitance 
contribution escalating from 49 % to 80 % as the scan rate increases 
from 1 mV s− 1 to 5 mV s− 1. The ultrarapid Joule heating process allows 
for inhibiting particle growth, retaining a small particle size of nickel 
sulfide and nickel oxide, enlarging the exposed area, and shortening ion 
diffusion path length, which is primarily manifested by the contribution 
of the capacitance-controlled procedure. Comparisons with other in
vestigations reveal that the Ni3S2-NiO@BP-1400 composites prepared 
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by the Joule heating method possess excellent capacity and are better 
than most of the previously reported results, as shown in Table S2. It is 
worth mentioning that the prepared Ni3S2-NiO@BP electrode not only 
exhibits better capacitance performance, but its preparation method is 
more energy-efficient.

To elucidate the reaction kinetics and conductivity of the electrodes, 
Fig. 2h presents the Nyquist plots of the samples obtained at different 
heating temperatures. The equivalent circuit model inset in Fig. 2h aids 
in fitting the Nyquist curves to determine intrinsic ohmic resistance (Rs), 
originating from the electrolyte ionic resistance and electrode resis
tance, and the charge transfer resistance (Rct). Fitting results in Table S3 
show a Rs value of 3.8 Ω for Ni3S2-NiO@BP-1400, which is very similar 
to that of Ni3S2-NiO@BP-1500 (3.7 Ω) and Ni3S2-NiO@BP-1300 (3.9 Ω). 
In contrast, a significantly lower Rct value of 3.4 Ω was obtained for 
Ni3S2-NiO@BP-1400, compared with Ni3S2-NiO@BP-1300 (8.0 Ω) and 
Ni3S2-NiO@BP-1500 (12.9 Ω), indicating that Ni3S2-NiO@BP-1400 
exhibited superior charge transfer capability compared the other sam
ples. This can be attributed to the optimized graphitization of the BP 
substrate enhancing conductivity, the smallest and most uniformly 
distributed nanoparticles increasing the electrochemical active surface 
area and reducing ion diffusion resistance. The straight lines observed in 

the low-frequency region of the Nyquist plots depict the ion diffusion 
resistance from the electrolyte solution to the electrode interface. 
Notably, all samples display straight lines with an inclination angle 
greater than 45 degrees, indicating favorable electrolyte ion transport. 
The stability of the Ni3S2-NiO@BP-1400 electrode was analyzed through 
7000 consecutive charge–discharge cycles at 5 A g− 1, as reflected in 
Fig. 2i. The electrode exhibites notable cycling stability, with the ca
pacity consistently increasing during the pre-activation phase, as elec
trolyte ions gradually penetrate deep into the electrode structure and 
activate additional electrochemical sites, reaching 1000 cycles with a 
100 % capacity retention [39]. Subsequently, the capacitance decreased 
to 90 % of the initial value between 1000 and 3000 cycles and to 80 % by 
7000 cycles. The minimal variation observed between the initial three 
cycles and the last three cycles of the GCD curves in the inset of Fig. 2i 
further indicates the excellent electrochemical stability of the electrode. 
Fig. S6 presents the SEM images of the Ni3S2-NiO@BP-1400 electrode 
after cycling. In Fig. S6a, partial damage to carbon nanotubes can be 
observed, likely caused by mechanical vibrations during long-term 
cycling, while the overall framework of the BP substrate remains 
intact (Fig. S6b). Additionally, nanoparticle aggregation and detach
ment are evident, reducing the utilization of active materials and 

Fig. 2. (a,b) CV (a) and GCD (b) curves of BP and Ni3S2-NiO@BP samples obtained at different heating temperatures; (c) CV curves of Ni3S2-NiO@BP-1400 at 
different sweep rates; (d) GCD curves of sample Ni3S2-NiO@BP-1400 at different current densities; (e) Corresponding specific capacitance calculated based on the 
GCD results of Ni3S2-NiO@BP samples at 1–5 A g− 1; (f) Separation of current contribution at 5 mV s− 1; (g) Contribution diffusion controlled capacities at slow scan 
rates; (h) Nyquist plots of Ni3S2-NiO@BP samples and the chosen equivalent circuit; (i) Cycle performance and coulombic efficiency of Ni3S2-NiO@BP-1400 at a 
current density of 5 A g− 1.
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contributing to the decline in electrochemical performance during 
cycling. EDS results after cycling (Table S4) reveal significant sulfur loss 
from the Ni3S2 phase, reducing active redox sites and causing perfor
mance decline. Overall, these results indicate that the Ni3S2-NiO@BP 
electrodes possess favorable cycling stability and can be considered a 
promising candidate for supercapacitor applications.

3.3. Energy storage mechanism analysis

To gain deeper insights into their energy storage mechanism, ex-situ 
XRD and Raman spectroscopy analyses were carried out during the 
charge and discharge of the device, as shown in Fig. 3a. The charac
teristic XRD peaks of Ni3S2 gradually disappear as the voltage increases, 
while the characteristic diffraction peaks of Ni(OH)2 (PDF#14-0117) at 
25.95◦ and 37.93◦, and NiOOH (PDF#06–0075) at 33.06◦ and 62.73◦

were detected. This suggests that at the early stages of charging, Ni3S2 
reacts with OH− in the electrolyte to form NiOOH. Combined with the 
Raman spectra shown in Fig. 3c, the pronounced peak at 518 cm− 1 

attributed to the Ni-O stretching mode of NiO disappears as the voltage 
rises further to 0.5 V, indicating the complete conversion to NiOOH 
[40]. The XRD results confirm this transformation, as the diffraction 
peaks of NiO and Ni3S2 gradually disappear with increasing voltage. 
Both XRD and Raman results during the discharge process reveal that 
NiOOH is reduced back to Ni(OH)2, NiO, and Ni3S2, releasing the stored 
energy. No new peaks appeared during the charge and discharge pro
cess, indicating that no new phase was formed. However, due to the 
slower reduction rate compared to oxidation, the reduction process is 
not fully completed when the voltage drops to 0 V [41]. As the cycle 
proceeds, NiOOH could be completely converted to Ni3S2-NiO during 

the fast charge–discharge process [42]. The analysis indicates that the 
charge storage and release mechanisms are primarily governed by the 
redox reactions involving Ni2+ and Ni3+ ions. The reactions can be 
summarized as follows [43,44]:

Ni3S2 + 3OH− ↔ Ni3S2(OH)3 + 3e− (5)
Ni3S2(OH)3 + OH− + e− ↔ NiOOH + H2O + S2− (6)
NiO + OH− + H2O ↔ Ni(OH)2 + e− (7)
Ni(OH)2 + OH− ↔ NiOOH + H2O + e− (8)
The above results verify the mutual conversion of Ni3S2 and NiO with 

hydroxide and hydroxyl oxide respectively when Ni3S2-NiO@BP un
dergoes electrochemical reactions in alkaline electrolyte. Based on the 
above structural and capacitive performance characterization, the 
structural evolution of the electrode during charge and discharge is 
illustrated in Fig. 3d.

Furthermore, DFT calculations were conducted comparatively for 
pristine NiO(111), Ni3S2(111), and Ni3S2-NiO(111) heterostructure to 
analyze their performance enhancement mechanism. As illustrated in 
Fig. 4a, the top-view and side-view models of OH− adsorption on the 
samples were established and optimized to simulate the participation of 
an alkaline electrolyte in the electrochemical reaction. Fig. 4b shows 
that the OH− adsorption energy on NiO is − 1.21 eV, while on Ni3S2 it 
becomes − 1.38 eV. The largest adsorption energy of − 2.16 eV can be 
determined on Ni3S2-NiO heterostructure, representing the most stable 
OH− adsorption. The underlying reason can be explained by the partial 
density of states (PDOS) shown in Fig. 4c. The d-band center of Ni3S2- 
NiO (− 1.86 eV) shifts closer to the Fermi level than that of NiO (− 2.23 
eV) and Ni3S2 (− 2.04 eV), indicating that the Fermi level on the Ni3S2- 
NiO surface more readily facilitates the adsorption process. Further
more, the upward shift of the d-band enhances electron conductivity, 

Fig. 3. (a) GCD curves of Ni3S2-NiO@BP at a current density of 1 A g− 1; (b) XRD patterns and (c) Raman spectra of Ni3S2-NiO@BP obtained from different potentials 
during charge and discharge process; (d) Schematic diagram of the structural evolution of Ni3S2-NiO during charge and discharge.
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which also significantly facilitates both redox activity and electron 
mobility [45]. This confirms that constructing a heterostructure en
hances redox reaction kinetics. In addition, the differential charge 
density was calculated to simulate rapid charge transfer at the boundary 
of the heterogeneous interface, as shown in Fig. 4d. Dissipating electron 
regions are highlighted in cyan, while accumulating regions are in yel
low. Differential charge density analysis indicates that the electrons will 
transfer from the Ni atom to the OH species after OH− adsorption on 

various samples. The electron interaction occurs between the p orbitals 
of the oxygen atom and the d orbitals of the Ni atom, with electrons 
hybridizing and transferring between the two orbitals, leading to a 
redistribution of the electron density distribution around the Ni atom. 
Due to the electronic interaction at the Ni3S2 and NiO heterogeneous 
interface, the Ni3S2-NiO structure exhibits a richer electronic state, 
where the largest electron accumulation around OH species is observed, 
consistent with the highest adsorption energy. These calculations 

Fig. 4. (a) Top-view (upper) and side-view (lower) models of OH− adsorption on optimized pristine NiO (111), Ni3S2 (111), and Ni3S2-NiO (111) heterostructure, 
respectively. The grey, pink, red, and white spheres represent Ni, S, O, and H atoms, respectively. (b) Adsorption energy of OH− of the above three samples. (c) Partial 
density of states (PDOS) of active Ni atom in pristine NiO, Ni3S2, and Ni3S2-NiO heterostructure; (d) Differential charge density of OH− adsorbed on pristine NiO, 
Ni3S2, and Ni3S2-NiO heterostructure. Yellow and cyan regions represent electron accumulation and depletion, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Y. Tian et al.                                                                                                                                                                                                                                     Chemical Engineering Journal 507 (2025) 160765 

7 



further verify that the construction of the heterostructure benefits the 
enhancement of redox reaction kinetics, in agreement with the elec
trochemical experimental results.

3.4. Device application in two-electrode system

To evaluate the potential practical applications of the Ni3S2-NiO@BP 
electrode, Ni3S2-NiO@BP//AC HSC devices were assembled as shown 
schematically in Fig. 5a. Fig. 5b compares the CV curves of AC and 
Ni3S2-NiO@BP electrodes at 20 mV s− 1 in a three-electrode system, 
showcasing potential windows of − 1 ~ 0 V and − 0.1 ~ 0.6 V, respec
tively. This extension allows the theoretical optimal potential window 
for the HSC device to extend to 1.6 V. As the operational voltage window 
is increased to 1.6 V, the CV curves show a sharp polarization, as shown 
in Fig. 5c. Therefore, CV tests of the device were performed at various 
sweep speeds within the voltage range of 0–1.5 V [46,47]. The obtained 
CV curves in Fig. 5d exhibit a clear redox peak and a rectangle-like 
shape, reflecting that the capacitive response of the device results 
from a combination of redox reactions and capacitive behavior.

The GCD curves in Fig. 5e demonstrate approximate symmetry, 
indicating high Coulombic efficiency and excellent electrochemical 
reversibility. Based on the discharge curves, the specific capacitance of 
the HSC is 153F g− 1 at 1 A g− 1 (Fig. 5f). Even at a higher current density 
of 10 A g− 1, the specific capacitance remains at 53 F g− 1, showcasing the 
excellent rate capability of the device. The power and energy densities of 

the HSC devices are summarized in the Ragone plot [48–53] in Fig. 5g, 
where the HSC can deliver an energy density of 72 Wh kg− 1 at a power 
density of 1125 W kg− 1. This maximum energy density is comparable to 
or exceeds that of most previously reported transition metal sulfide- 
based HSC devices [54]. The cycling stability at a current density of 
15 A g− 1 is depicted in Fig. 5h, where the specific capacitance remains at 
83 % of the initial value after the Ni3S2-NiO@BP//AC device undergoes 
10,000 cycles. The Coulomb efficiency remains stable throughout the 
cycling process, demonstrating excellent charge–discharge reversibility 
of the electrode material. Additionally, the inset in Fig. 5(h) illustrates 
the slight variation in the charging and discharging times of the HSC 
device during the initial and the last several cycles further indicating 
superior cycling stability.

As illustrated in Fig. 6a, to confirm the flexible application perfor
mance of the material, electrochemical tests were carried out under 
different bending angles. The CV curves of Ni3S2-NiO@BP//AC HSC 
device performed at different bending angles (0, 60, 90, 120◦) at 20 mV 
s− 1 are displayed in Fig. 6b. The results indicate that the shape of the CV 
curve presents almost no variation, and there was negligible loss of ca
pacity upon bending, thus confirming its good flexibility and excellent 
stability [55]. Further validation of its capabilities is demonstrated in 
Fig. 6c where the electronic watch remained illuminated for more than 
30 min, showcasing the impressive energy storage performance of the 
Ni3S2-NiO@BP//AC HSC. To showcase its applicability, after being 
charged, the flexible device was attached to a wristband and utilized as a 

Fig. 5. (a) Schematic diagram of the as-fabricated Ni3S2-NiO@BP//AC HSC device; (b) comparative CV curves of Ni3S2-NiO@BP and AC electrodes performed in a 
three-electrode configuration; (c) CV curves of the HSC device in different operation windows scanned at a scan rate of 10 mV s− 1; (d) CV curves of the HSC device at 
different sweep rates; (e) GCD graphs of the HSC device at different current densities; (f) Study of specific capacities with current density; (g) Ragone plots; (h) 
Cycling performance of the Ni3S2-NiO@BP//AC device.
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flexible energy device to power an electronic watch, as depicted in 
Fig. 6d. Overall, these results demonstrate the flexible energy storage 
device exhibited excellent mechanical stability and significant potential 
for integration into a diverse range of wearable devices.

4. Conclusions

In the present work, we have demonstrated the successful synthesis 
of Ni3S2-NiO composites on BP using an innovative Joule heating 
method. This approach has proven to be both efficient and effective, 
offering a rapid synthesis route that eliminates the need for organic 
solvents, thus enhancing the sustainability of the process. By leveraging 
the exceptional properties of BP as a substrate, the prepared composites 
maintained the structure of multi-walled carbon nanotubes and ach
ieved a uniform dispersion of active materials, significantly boosting the 
rapid faradic reactions. Moreover, DFT results show that Ni3S2-NiO@BP 
exhibits the best conductivity and OH− adsorption energy. Based on the 
synergistic effect between Ni3S2 and NiO, the Ni3S2-NiO heterostructure 
demonstrates remarkable specific capacitance and rate properties, 
obtaining a capacitance of 2278F g− 1 at a current density of 1 A g− 1. The 
phase transformation of Ni3S2-NiO during charge and discharge in 
alkaline electrolyte was confirmed by ex-situ XRD and Raman spec
troscopy analyses, suggesting potential reaction pathways. The mate
rials provided abundant active sites for reversible redox reactions, 
leading to enhanced charge storage capacity and fast redox kinetics. The 
Ni3S2-NiO@BP//AC device has an energy density of 71.55 Wh kg− 1 at 
1124.8 W kg− 1. Additionally, the flexible nature of the composite 
electrode ensured stable electrochemical performance under mechanical 
deformation, making it ideal for portable and wearable electronic ap
plications. This study provides a valuable strategy for the rapid synthesis 
of metal sulfides on carbon-based materials and paves the way for the 
development of high-performance, flexible supercapacitors that will 
contribute to the sustainability of the energy industry.
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