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A B S T R A C T   

Ternary transition metal sulfides are extensively considered as supercapacitor electrode materials due to their 
remarkable electrochemical properties. However, inferior electrical conductivity and structural stability severely 
limit their applications. Here, we address these limitations by introducing N-doped carbon dots (N-CDs) into Ni- 
Co-Mn-S nanoflowers via a two-step hydrothermal process followed by electrodeposition. Ni-Co-Mn-S nano
flowers feature a skeleton structure supporting rich ion transfer paths and abundant active sites, while elec
trodeposited N-CDs increase the electrical conductivity and enhance the cycling performance. The resulting Ni- 
Co-Mn-S@N-CDs material demonstrates a remarkable specific capacity of 2267 F g− 1 at 1 A g− 1 and maintains 
96.2 % capacity after 10,000 cycles at 10 A g− 1. Moreover, this electrode material allows the development of 
hybrid supercapacitors with an impressive energy density of 61.6 Wh kg− 1 at 800 W kg− 1 and a superior 
capacitance retention of 89.0 % after 20,000 charge/discharge cycles at 5 A g− 1, alongside an excellent flexibility 
under various deformations. These findings represent a significant advancement in hybrid solid-state super
capacitors with promising implications for flexible energy storage technologies.   

1. Introduction 

Renewable energy sources, such as photovoltaic, wind, and hydro
power, have been extensively developed to deal with the energy crisis 
and environmental pollution arising from the massive consumption of 
fossil energy sources [1]. Given the inherent limitations of these energy 
sources being easily influenced by the climate and geography, reliable 
energy storage becomes essential. Consequently, developing efficient 
and long-lasting energy storage devices is a research priority worldwide. 
Supercapacitors have superior power density than traditional batteries 
and better energy density than traditional capacitors, making them a hot 
research topic in recent years [2]. These devices, due to their high ca
pacity, extended cycle life, rapid charging and discharging rate, and 
wide applicable temperature range are increasingly integrated into daily 
life applications [3]. For instance, supercapacitors play a critical role in 
starting and energy recovery systems of electric vehicles, and in fre
quency regulation for wind and solar power generation systems. Addi
tionally, they are found extensive use in smart water, electricity, and gas 

meters facilitating long-term maintenance-free operation [4]. Super
capacitors also serve as crucial backup power sources for electronic 
devices like smartphones and computers with storage functions [5]. In 
particular, hybrid supercapacitors have the characteristics of pseudo- 
capacitance and double-layer capacitance, which rely on Faraday 
redox reactions and electrostatic adsorption effect, respectively [6]. 
These two energy storage features lead to a substantial enhancement in 
the electrochemical properties of supercapacitors. Meanwhile, the pos
itive and negative electrodes of hybrid supercapacitors have distinct 
voltage windows, resulting in a broad operating voltage range and 
excellent energy density [7]. The demand for efficient and sustainable 
energy storage solutions increasing in the face of global energy chal
lenges drives the need for innovative electrode materials with enhanced 
performance and stability. 

Among different types of electrode materials, transition metal sul
fides (TMSs) have higher conductivity than transition metal oxides and 
hydroxides [8]. Variable valence states of metal ions give TMSs high 
redox activity and theoretical specific capacity [9,10]. TMSs are 
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classified into two categories according to dimension. The MxSy (M = Ni, 
Co, Mn, Zn, Fe, etc.) material with a three-dimensional structure has 
higher electrical conductivity and more redox active sites than MS2 (M 
= W, Mo) with a layered structure [11], and generally exhibits higher 
specific capacity. In particular, ternary metal sulfides have much higher 
redox activity than single or binary transition metal sulfides due to 
multi-element valence and cooperative interaction among metal sulfides 
[12,13]. Yan et al. [14] prepared NiCoMnS on nickel foam (NF) to form a 
self-supporting electrode with a three-dimensional honeycomb struc
ture, which exhibited desirable electrochemical activity due to the 
benefits of complementary multi-component systems. Liu et al. [15] 
introduced Fe dopants into nickel‑cobalt sulfide composites to obtain 
Fe-NiCo-S electrode materials for supercapacitors, showing good charge 
storage kinetics and activity. 

However, the slow reaction rate and volume expansion in the charge 
and discharge process still set TMSs far from ideal specific capacity and 
cycle stability [16]. On the one hand, the structural design of materials 
allows rich ion/electron transport channels to increase redox activity. 
This effective strategy includes designing hollow rod-like structures 
[12], hierarchical structures [14], porous structures [17], and core-shell 
structures [18]. On the other hand, due to the high electrochemical 
stability and strong conductivity, carbon materials are often combined 
with TMSs to buffer the volume change during cycling and improve the 
rate performance by reducing ion transport obstruction [19,20]. For 
instance, porous hollow N-doped carbon dots/NiCoS [21], NiCo/ 
C@NiCoSx core-shell structure [22], and CoS2/NiCo2S4/RGO nano
hybrids [23] were developed to improve capacitance retention. 

Compared with 1D and 2D carbon materials, carbon dots (CDs) with 
a much smaller size are more easily accessible to TMSs as reinforcement 
materials to mitigate volume variation during the cycling process [24]. 
The interior of CDs is mainly composed of highly conductive sp2 hy
bridized carbon, effectively increasing the charge transfer rate and 
improving the rate performance of supercapacitors [25]. Meanwhile, 
CDs are rich in hydrophilic functional groups, which introduces plentiful 
active sites for capacitance increase and enhances electrolyte ions 
penetrating into electrode materials to facilitate redox reactions [26]. In 
addition, the volume expansion of metal compounds can be alleviated 
by CDs during the cyclic process, thus boosting the stability of electrode 
materials [27]. Hydrothermal treatment is often used for combining CDs 
with transition metal materials. Although the cycling stability of com
posites prepared by this method has been improved [28,29], the 
morphology and properties of materials are usually difficult to control. 

In this work, we have meticulously combined the structural design 
with CDs to create electrode materials for supercapacitors, where rose- 
like Ni-Co-Mn-S materials were obtained by a stepwise hydrothermal 
process followed by the introduction of N-doped carbon dots (N-CDs) 
using electrodeposition. Ni-Co-Mn-S nanoflowers composed of nano
sheets have a skeleton structure supporting large ion/electron transfer 
paths and a high specific surface area providing plentiful redox active 
sites. Meanwhile, N-CDs reduce the electrical resistivity and increase the 
capacity retention of the composite material. The hybrid supercapacitor, 
featuring Ni-Co-Mn-S@N-CDs as the positive electrode, demonstrates 
impressive performance characteristics. It achieves an outstanding en
ergy density of 61.6 Wh kg− 1 at 800 W kg− 1 and remarkable durability 
preserving 89.0 % capacity after 20,000 cycles at 5 A g− 1, demonstrating 
its robustness and long-term efficacy. 

2. Experimental section 

2.1. Materials 

Glucose (C6H12O6), metformin hydrochloride (C4H12ClN5), urea 
((NH2)2CO), nickel acetate tetrahydrate (Ni(CH3COO)2⋅4H2O), cobalt 
acetate tetrahydrate (Co(CH3COO)2⋅4H2O), manganese acetate tetra
hydrate (Mn(CH3COO)2⋅4H2O), ammonium fluoride (NH4F), and so
dium sulfide nonahydrate (Na2S⋅9H2O) were acquired from Macklin 

Reagent Co., Ltd. (Shanghai, China). Polyvinylidene fluoride (PVDF), 
polyvinyl alcohol (PVA), active carbon (AC), N-methyl-2-pyrrolidinone 
(NMP), acetylene black, and potassium hydroxide (KOH) were acquired 
from Aladdin Reagent Co., Ltd. (Shanghai, China). All the above 
chemical reagents are analytical grade without additional purification. 

2.2. Preparation of N-CDs 

We prepared N-CDs by using the hydrothermal method. Typically, 
0.050 g of C6H12O6 and 0.500 g of C4H12ClN5 were dispersed in 50 mL of 
deionized water to form a mixed solution. The solution was then heated 
to 180 ◦C at 5 ◦C/min in a 100 mL Teflon-lined stainless steel reactor and 
kept for 4 h. The N-CDs were obtained by filtering the hydrothermal 
products through a 0.22 μm membrane and dialyzing them in deionized 
water for 24 h [30]. 

2.3. Preparation of electrode materials 

Ni-Co-Mn-O/NF was prepared by hydrothermal method. Firstly, 
0.373 g of Ni(CH3COO)2⋅4H2O, 0.125 g of Co(CH3COO)2⋅4H2O, 0.245 g 
of Mn(CH3COO)2⋅4H2O, 0.148 g of NH4F, and 0.600 g of (NH2)2CO were 
dispersed in 70 mL of deionized water and stirred until completely 
dissolved. The obtained solution was diverted to a 100 mL Teflon-lined 
stainless steel reactor, and then a piece of NF (2 cm × 4 cm) was dipped 
into the solution. Ni-Co-Mn precursor on NF was prepared at 120 ◦C for 
5 h. After drying at 60 ◦C for 12 h, the as-prepared sample was heated to 
350 ◦C at 5 ◦C/min and held for 2 h to acquire the Ni-Co-Mn-O/NF. 

A mixed solution was obtained by dispersing 2.08 g of Na2S⋅9H2O in 
60 mL of deionized water and stirring until completely dissolved. Then, 
the solution and the prepared Ni-Co-Mn-O/NF were put in a 100 mL 
Teflon-lined stainless steel reactor. Ni-Co-Mn-S/NF was obtained at 
140 ◦C for 4 h after undergoing the sulfidation process. The mass of the 
Ni-Co-Mn-S sample loaded on the surface of NF is 5.2 mg. 

Electrodeposition was carried out in a system using Ag/AgCl as the 
reference electrode, platinum plate as the counter electrode, and Ni-Co- 
Mn-S/NF as the working electrode. The electrolyte is consisting of 0.1 
mg/mL N-CDs and 0.1 mol/L (NH4)2SO4. Ni-Co-Mn-S@N-CDs/NF was 
prepared by the electrodeposition of N-CDs on Ni-Co-Mn-S at a constant 
voltage of − 1 V for 3 min. 

The assembly process of hybrid supercapacitors is described in the 
experimental section of the Supporting Information (SI). 

2.4. Characterization 

The morphologies and microstructures of samples were character
ized by scanning electron microscopy (SEM, Ultra-55 Carl Zeiss, Ger
many) and transmission electron microscopy (TEM, FEI Tecnai G2, 
USA). The elemental composition and distribution information of ma
terials were obtained by energy-dispersive X-ray spectroscopy (EDX, 
Aztec Live ULTIM, Oxford Instruments). Fourier transform infrared 
spectroscopy (FTIR, TENSOR 27, Bruker) was used to analyze the 
chemical bonding composition of the N-CDs sample. X-ray diffraction 
(XRD, D8-Advance, Bruker) with Cu Kα radiation was applied to study 
the phase and crystallinity of products. The elemental composition and 
chemical states of samples were evaluated using X-ray photoelectron 
spectroscopy (XPS, Thermo Scientific ESCALAB250Xi). 

2.5. Electrochemical measurements 

Electrochemical measurements were conducted on an electro
chemical workstation (Chenhua CHI660E, Shanghai, China) by a con
ventional three-electrode system with 1.0 mol/L KOH as electrolyte. The 
reference, counter, and working electrodes are Hg/HgO, Pt sheet, and 
prepared samples, respectively. For the electrode samples involved in 
this experiment, we used cyclic voltammetry (CV), galvanostatic 
charge/discharge (GCD), and electrochemical impedance spectroscopy 
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(EIS) with Zview software to test and analyze the performance of these 
samples. 

The specific capacitance (Cg, F g− 1) of electrodes and supercapacitors 
is evaluated using the following equation [31]: 

Cg =
I • Δt

m • ΔV
(1)  

where I (A) represents the current in the discharge process, Δt (s) rep
resents the time of discharge, m (g) represents the mass of active ma
terials, and ΔV (V) is the operating voltage. The power density (P, Wh 
kg− 1) and energy density (E, W kg− 1) of supercapacitors are evaluated as 
the following equations [32]: 

E =
0.5CV2

3.6
(2)  

P =
3600E

Δt
(3)  

where C (F g− 1) corresponds to the specific capacitance of super
capacitors, V (V) means the operating voltage, and Δt (s) represents the 
time of discharge. 

3. Results and discussion 

As shown in Fig. 1a, glucose and metformin hydrochloride molecules 
are uniformly heated in a hydrothermal reactor at 180 ◦C to synthesize 
N-CDs. The prepared N-CDs comprise carbon cores and passivation 
layers enriched with functional groups such as –OH and –NH2, which 
can contribute to a large number of redox-active sites [21,30]. The 
preparation process of Ni-Co-Mn-S@N-CDs hybrids is shown in Fig. 1b. 
The hydrothermally synthesized Ni-Co-Mn precursor is dried and 
annealed to obtain the Ni-Co-Mn-O material, and then Ni-Co-Mn-S 
products are obtained by hydrothermal sulfuration. The rose-like Ni- 
Co-Mn-S@N-CDs hybrids are eventually obtained by electrodepositing 
N-CDs on the surface of Ni-Co-Mn-S material. 

Fig. 2a and b displays the SEM images of Ni-Co-Mn-O materials, 
where a flower-like structure with flocculent edges is formed by inter
laced growth of Ni-Co-Mn-O micrometer flakes. After sulfidation, the Ni- 
Co-Mn-S sample in Fig. 2c and d has a rose-shaped structure formed by 
intersecting flat hexagonal lamellae, which provides more active sites 
and smooth ions transport path for enhanced electrochemical perfor
mance, as well as providing the sample with a certain resistance to 
volume expansion and structural deformation during charging and 

discharging [33]. In Fig. 2e and f, after N-CDs electrodeposition on the 
surface of the Ni-Co-Mn-S sample, the obtained Ni-Co-Mn-S@N-CDs 
materials retain the stable rose-like structure. Fig. 2g and Fig. S1 in SI 
present the elemental composition and dispersion of the Ni-Co-Mn- 
S@N-CDs materials. The Ni, Co, Mn, S, C, N, and O elements distribu
tion is consistent with the morphological image, confirming the suc
cessful composite between Ni-Co-Mn-S and N-CDs. 

XRD and XPS measurements were conducted to investigate the 
crystalline structure, elemental composition, and chemical state of the 
Ni-Co-Mn-S@N-CDs sample. In the XRD spectrum of Fig. 3a, the char
acteristic peaks of the Ni-Co-Mn-S sample at 31.6◦, 38.3◦, 50.5◦, and 
55.3◦ are consistent with the (311), (400), (511), and (440) crystal 
planes of NiCo2S4 (JCPDS No. 20-0782), respectively, which indicates a 
cubic phase structure with the Fd3m space group [34]. Moreover, the 
characteristic peaks at 25.8◦, 27.7◦, 29.3◦, and 49.9◦ correspond to the 
(100), (002), (101), and (103) crystal planes of the MnS with hexagonal 
phase (JCPDS No. 89-4089) [35]. The strong diffraction peaks occurring 

Fig. 1. Schematic illustration of the preparation process for (a) nitrogen-doped carbon dots (N-CDs) and (b) Ni-Co-Mn-S@N-CDs materials.  

Fig. 2. SEM images of (a, b) Ni-Co-Mn-O, (c, d) Ni-Co-Mn-S, and (e, f) Ni-Co- 
Mn-S@N-CDs materials. (e) Elemental mapping images of the Ni-Co-Mn-S@N- 
CDs sample. 
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at 44.5◦, 51.8◦, and 76.2◦ come from NF. These results indicate that the 
Ni-Co-Mn-S sample is primarily comprised of NiCo2S4 and MnS. 
Compared with the Ni-Co-Mn-S sample, the XRD pattern of the Ni-Co- 
Mn-S@N-CDs sample shows no significant change, indicating that the 
N-CDs electrodeposition has almost no effect on the phase composition 
of the Ni-Co-Mn-S material. The distinctive peaks of N-CDs can hardly be 
found in the hybrid, which may be due to the low crystallinity of N-CDs. 

The XPS survey spectrum of the Ni-Co-Mn-S@N-CDs sample is shown 
in Fig. S2 in SI, demonstrating the presence of Ni, Co, Mn, S, C and O 
elements in the material. Fig. 3b displays the XPS spectrum for Ni 2p of 
the Ni-Co-Mn-S@N-CDs sample, which exhibits two spin-orbital twin 
peaks of Ni 2p3/2 and Ni 2p1/2, as well as two satellite peaks. The spin 
energy difference between Ni 2p3/2 and Ni 2p1/2 calculated by spin-orbit 
coupling is approximately 17.9 eV, indicating the presence of both Ni3+

and Ni2+ in the Ni-Co-Mn-S@N-CDs. Specifically, the binding energies of 
Ni 2p3/2 at 857.4 eV and Ni 2p1/2 at 875.3 eV confirm the existence of 
Ni3+, and the binding energies of Ni 2p3/2 at 855.6 eV and Ni 2p1/2 at 
873.5 eV belong to Ni2+. [16] For the Co 2p spectrum in Fig. 3c, peaks 
around 781.4 eV and 796.9 eV are related to Co3+, and strong peaks 
around 784.4 eV and 799.9 eV can be attributed to Co2+ [33]. In 
addition, the spin energy difference between Co 2p1/2 and Co 2p3/2 
calculated by spin-orbit coupling is about 15.5 eV, further confirming 
the existence of Co2+ and Co3+ in Ni-Co-Mn-S@N-CDs. In Fig. 3d, peaks 
of the Mn 2p spectrum at 641.0 eV and 650.4 eV belong to the spin- 
orbital of Mn 2p3/2 and Mn 2p1/2, respectively, which indicates the 
presence of Mn2+ [36]. Base on the XPS peak areas of elements Co and 
Mn, it can be evaluated that the molar ratio of NiCo2S4 and MnS in the 
Ni-Co-Mn-S@N-CDs sample is about 0.17:1. The S 2p spectrum is shown 
in Fig. 3f. Peaks at 162.9 eV and 161.5 eV belong to the S 2p1/2 and 2p3/2 
of the metal sulfide, respectively [33]. The S–O bond originates from 
the inevitable surface oxidation and retention of oxidized components 
during synthesis. The XPS spectrum of C 1s is shown in Fig. 3f. The four 
peaks at 284.5 eV, 285.7 eV, 286.7 eV, and 288 eV are consistent with 
C––C, C–C, C–N, and C–OH bonds, respectively [37]. The strong C––C 

peak indicates a high number of carbon atoms in sp2 hybridized form, 
which can enhance the electrochemical activity. The C–C bond con
firms the existence of sp3 hybridized carbon atoms. Moreover, the C–N 
and C–OH bonds demonstrate the abundant reactive functional groups 
on the surface of the N-CDs. 

The TEM image of N-CDs in Fig. 4a demonstrates nearly spherical 
nanoparticles. Thanks to the hydrothermal method, the glucose mole
cules are sufficiently carbonized at a high temperature to obtain the 
“carbon core” of N-CDs [30]. The size distribution of N-CDs in Fig. 4b 
covers a range from 2 nm to 14 nm, with an average size of 7.88 nm. The 
FTIR pattern of N-CDs can be seen in Fig. 4c. The –OH groups that 
appear at 3235–3350 cm− 1 and 1016 cm− 1 are from the carbonized 
glucose [30]. The peaks at 1764 cm− 1 and 1714 cm− 1 belong to the 
C––O stretching vibration of the aldehyde group from glucose. Stretch
ing vibrations C–C at 1200 cm− 1 and C–H at 2935 cm− 1 are due to the 
carbon skeleton of N-CDs core and –CH2 of glucose, respectively [38]. 
C––N and C–N show characteristic peaks at 1616 cm− 1 and 1413 cm− 1, 
which are from the metformin hydrochloride [39]. The results of the 
FTIR analysis suggest that the N-CDs are functionalized by a shell made 
up of –OH and nitrogenous groups, providing more active sites for 
enhancing capacitive performance. 

Fig. 4d exhibits the TEM image of the sample Ni-Co-Mn-S@N-CDs, 
revealing a flower-like structure with a particle size of 4–5 μm in 
agreement with the SEM images (Fig. 3e and f). The lattice fringes of 
0.283 nm and 0.247 nm in high-resolution TEM image of Fig. 4e are 
related to the (311) and (400) planes of cubic NiCo2S4, respectively 
[34]. Meanwhile, the lattice fringes of 0.304 nm and 0.182 nm are 
associated with the (101) and (103) planes of hexagonal MnS [35]. 
These analyses are compatible with the XRD results. In Fig. 4f, the 
selected area electron diffraction pattern further suggests the crystal 
composition of the Ni-Co-Mn-S@N-CDs material. The diffraction rings 
(yellow lines) can be classified as the crystal planes (311) and (400) of 
cubic NiCo2S4, and additional diffraction rings (white lines) are identi
fied as the (101) and (201) crystal planes of hexagonal MnS. 

Fig. 3. (a) XRD patterns of Ni-Co-Mn-S and Ni-Co-Mn-S@N-CDs samples. High-resolution XPS spectra for (b) Ni 2p, (c) Co 2p, (d) Mn 2p, (e) S 2p, and (f) C 1s of the 
Ni-Co-Mn-S@N-CDs sample before charge/discharge cycle. 
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The electrochemical performance of electrode materials was inves
tigated in the three-electrode configuration. Cyclic voltammetry (CV) 
curves of the Ni-Co-Mn-S@N-CDs electrode at different scan rates are 
shown in Fig. 5a. The sample exhibits a pair of distinct oxidation and 
reduction peaks, which is determined by the reversible Faraday redox 
reaction of Ni2+/Ni3+, Co2+/Co3+, and Mn2+/Mn3+/Mn4+ [14]. As the 
scan rate gradually increases to 30 mV s− 1, the oxidation and reduction 
peaks in the CV curves move to higher and lower voltage, respectively. 
This is due to the fact that the higher the peak oxidation/reduction 
current, the higher the energy barrier overcome by the current reaching 
its peak, and the redox potential will tend to overcome the energy 
barrier in the direction of high potential voltage and low voltage, 
respectively. Meanwhile, the closed regions of these CV curves increase 
substantially, while the shape remains unchanged. The results above 
suggest that the Ni-Co-Mn-S@N-CDs electrode is electrochemically sta
ble. For reference, Fig. S3a and S3d display CV curves of Ni-Co-Mn-O 
and Ni-Co-Mn-S electrodes at different scanning rates. In the KOH 
electrolyte, as the charge storage devices, the redox reactions of the Ni- 
Co-Mn-S@N-CDs material during charging and discharging could be 
described as follows [22,35]: 

NiCo2S4 + 4OH− ↔ NiSOH + 2CoSOH + SOH− + 3e− (6)  

NiSOH + OH− ↔ NiSO + H2O + e− (7)  

CoSOH + OH− ↔ CoSO + H2O + e− (8)  

MnS + OH− ↔ MnSOH + e− (9)  

MnSOH + OH− ↔ MnSO + H2O + e− (10) 

We use CV curves for electrochemical kinetic studies of electrode 
materials. The relationship between the peak current (i, mA) and the 
scanning rates (v, mV s− 1) can be described as follows [22]: 

i = avb (11)  

logi = loga+ blogv (12)  

where a and b are tunable variables. The electrode sample is classified as 
battery-type and pseudocapacitive if the value of b is between 0.5 and 1 
[23]. In the inset of Fig. 5a, the b value of the Ni-Co-Mn-S@N-CDs 
electrode is 0.55, which means that the energy storage process of the 
electrode is diffusion-controlled battery-type and surface-controlled 
capacitive. In addition, the b values of Ni-Co-Mn-O and Ni-Co-Mn-S 
samples are shown in Fig. S3b and e in SI. To investigate the reaction 
mechanism of the Ni-Co-Mn-S@N-CDs electrode, the percentage of the 
capacitive behavior (k1v) and the diffusion-controlled behavior (k2v1/2) 
are calculated from CV curves at a given scanning rate as follows [22]: 

i = k1v + k2v1/2 (13) 

Fig. 5b shows the capacitive behavior ratio and diffusion behavior 
ratio of the Ni-Co-Mn-S@N-CDs electrode at different scanning rates. 
The capacitive contribution is as high as 94 % under 30 mV s− 1, meaning 
that the sample shows rapid redox reaction kinetics and superior rate 
capability. In Fig. 5c, the Ni-Co-Mn-S@N-CDs electrode has the highest 
redox current density at 5 mV s− 1. Moreover, the closed region of the CV 
curve for the Ni-Co-Mn-S@N-CDs electrode is much larger than those of 
the Ni-Co-Mn-O and Ni-Co-Mn-S, indicating that the sample has the 
largest electrochemical capacity. The enhanced performance observed 
in these results can be attributed to the role of N-CDs in improving the 
charge transport efficiency of the Ni-Co-Mn-S material. This improve
ment is a key factor in the material's superior electrochemical behavior. 
In addition, the closed region of the CV curve for the pure NF is much 
smaller than those of other electrodes, and the discharge time of the NF 
at 1 A g− 1 is very short (Fig. S4), indicating its negligible capacity 
contribution. 

Fig. 5d displays the GCD curves of the Ni-Co-Mn-S@N-CDs sample at 
different current densities. To compare the capacity of each electrode 
sample, the GCD curves of the other two electrode samples at different 
current densities are shown in Fig. S3c and f, respectively. The apparent 
charge/discharge platforms of the GCD curves in Fig. 5d fully reflect the 
battery-type energy storage characteristic. The discharge time of the Ni- 
Co-Mn-S@N-CDs sample is close to the charge time, demonstrating the 
excellent coulombic efficiency of the electrode. The charge/discharge 

Fig. 4. (a) TME image, (b) size distribution and (c) FTIR spectrum of N-CDs. (d) TME image, (e) high-resolution TEM image, and (f) selected area electron diffraction 
pattern of Ni-Co-Mn-S@N-CDs sample. 
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performance comparison at 1 A g− 1 for the Ni-Co-Mn-O, Ni-Co-Mn-S, 
and Ni-Co-Mn-S@N-CDs samples can be found in Fig. 5e. Combined with 
Table S1, the Ni-Co-Mn-S@N-CDs sample has the highest specific ca
pacity of 2267 F g− 1 among the three samples, proving that the N-CDs 
improve the capacitance performance of Ni-Co-Mn-S. In Fig. 5f, the Ni- 
Co-Mn-S@N-CDs show an impressive capacity retention of 77.99 %, 
significantly surpassing the performance of the Ni-Co-Mn-O sample and 
the Ni-Co-Mn-S sample. This superior performance is due to the higher 
electrical conductivity of Ni-Co-Mn-S than that of Ni-Co-Mn-O and the 
introduction of highly conductive N-CDs, which effectively increase the 
charge transfer rate. 

Nyquist plots for the three samples are shown in Fig. 5g. We fitted 
Nyquist plots using Zview software in conjunction with the equivalent 
circuit diagram (inset of Fig. 5g), and the results are shown in Table S2 in 
SI. The diameter of the semicircular portion and the intercept with the X- 
axis of the fitted curve in the high-frequency region are used to represent 
the charge transfer resistance (Rct) and the equivalent series resistance 
(Rs), respectively. In the low-frequency region, the slope of the diagonal 
portion of the fitted curve is used to evaluate the diffusivity of ions 
through the electrode interface [25]. Compared with the other two 
electrodes, the Rct of the Ni-Co-Mn-S@N-CDs electrode is as low as 0.33 
Ω, indicating that this sample has a remarkable charge transfer rate. 

Meanwhile, this sample has the lowest Rs of 0.68 Ω, which proves that 
the N-CDs improve the conductivity of the Ni-Co-Mn-S. In the low- 
frequency region of the EIS curve, the slope of the Ni-Co-Mn-S@N-CDs 
sample is highest, suggesting the strongest diffusion capability in the 
material. This result can be attributed to the fact that the N-CDs shorten 
the charge transfer path and accelerate the charge transfer rate. 

In addition, we analyzed the carrier concentration (Nd) of samples 
using Mott-Schottky curves (Fig. 5h) based on the following equation for 
P-type semiconductors [40]: 

Nd = − (2/e0εε0)
[
d
(
1
/
C2)/dV

]− 1 (14)  

where e0 is the electron charge, ε is the dielectric constant of samples, 
ε0 is the dielectric constant of free space, C is the space charge capaci
tance, and V is the applied bias at the electrode. The Mott-Schottky 
curves of the three samples demonstrate that these materials all 
belong to p-type semiconductors. The largest slope of the Mott-Schottky 
curve for the Ni-Co-Mn-S@N-CDs suggests that Ni-Co-Mn-S@N-CDs has 
the highest carrier density and electrical conductivity, which is in line 
with the Nyquist plot results. 

The capacitance retention rates of the samples after 10,000 charge/ 
discharge cycles at 10 A g− 1 are shown in Fig. 5i. The Ni-Co-Mn-S@N- 

Fig. 5. (a) CV curves of Ni-Co-Mn-S@N-CDs electrode at different scan rates. The inset shows the calculated b-value from the relationship between sweep rate and 
peak current. (b) Contribution ratio of capacitive and diffusion-controlled processes at different scan rates. (c) CV curves of Ni-Co-Mn-O, Ni-Co-Mn-S, Ni-Co-Mn-S@N- 
CDs, and NF electrodes at the scan rate of 5 mV s− 1. (d) GCD curves of Ni-Co-Mn-S@N-CDs electrode at various current densities. (e) GCD curves of Ni-Co-Mn-O, Ni- 
Co-Mn-S, and Ni-Co-Mn-S@N-CDs electrodes at current density of 1 A g− 1. (f) Specific capacitance of Ni-Co-Mn-O, Ni-Co-Mn-S, and Ni-Co-Mn-S@N-CDs electrodes at 
different current densities. (g) EIS curves and equivalent circuit diagram, and (h) Mott-Schottky curves of Ni-Co-Mn-O, Ni-Co-Mn-S, and Ni-Co-Mn-S@N-CDs 
electrode materials. (i) Stability performance of Ni-Co-Mn-O, Ni-Co-Mn-S, and Ni-Co-Mn-S@N-CDs electrodes after 10,000 cycles at 10 A g− 1. 
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CDs electrode exhibits the highest capacity retention of 96.2 % among 
the three samples. The SEM images of the Ni-Co-Mn-S@N-CDs sample 
before (Fig. S5a and c) and after cycling (Fig. S5b and d) show that the 
sample retains its rose-like structure, reflecting good structural stability. 
This result confirms our hypothesis that N-CDs mitigate the volume 
expansion of Ni-Co-Mn-S and thus improve the cyclic stability. The 
performance comparison between the Ni-Co-Mn-S@N-CDs and other 
reported electrode materials is shown in Table S3 in SI. Overall, the Ni- 
Co-Mn-S@N-CDs electrode exhibits excellent performance in terms of 
mass capacitance and cyclic stability. 

The exceptional electrochemical performance of the Ni-Co-Mn-S@N- 
CDs electrode material is attributed to these four factors: (1) The rose- 
like Ni-Co-Mn-S structure provides rich ion transport channels, and 
the valence transition and synergistic interactions among transition 
metal ions bring about extensive redox activity, which both improve the 
reaction kinetics of the electrode material; (2) The N-CDs have abundant 
hydrophilic functional groups, providing plenty of active sites for the 
capacity improvement of the electrode material; (3) The excellent 
electrical conductivity of the N-CDs is beneficial to shorten the charge 
transfer path, thus enhancing the rate capability of the electrode mate
rial; (4) The N-CDs have a prominent electrochemical stability, which 
can reduce the volume dilatation and strengthen the cycle stability of the 
electrode material [24,27–29]. 

To demonstrate the wide applicability of the Ni-Co-Mn-S@N-CDs 
sample, this positive electrode material is used in a supercapacitor. 
Fig. 6a shows the schematic of an asymmetric supercapacitor (Ni-Co- 
Mn-S@N-CDs//AC), where the negative electrode is NF coated with AC, 
and the solid-state electrolyte is PVA/KOH. The CV curves for AC/NF 

electrode from 1 mV s− 1 to 30 mV s− 1 and the GCD curves from 1 A g− 1 

to 10 A g− 1 are shown in Fig. S6. This hybrid supercapacitor is used as a 
power source to feed a load. Fig. 6b exhibits the CV curves for the Ni-Co- 
Mn-S@N-CDs//AC device at 5 mV s− 1, where the effective voltage 
windows for the device can reach 1.7 V. Fig. 6c presents the CV curves of 
the device for various voltage windows at 20 mV s− 1. Polarization occurs 
when the voltage rises to 1.8 V, so we used 1.6 V as the stable operating 
voltage for the device. The CV curves of the Ni-Co-Mn-S@N-CDs//AC 
supercapacitor at different scanning rates are presented in Fig. 6d. The 
closed regions of the CV curves increase gradually with the scan rate 
increasing and the curve shape maintains well, which indicates the rapid 
reaction rate and the superb electrochemical reversibility of the device. 

The GCD curves of the Ni-Co-Mn-S@N-CDs//AC device at different 
current densities are shown in Fig. 6e. The almost symmetric shape in
dicates adequate redox reaction and superior coulombic efficiency of the 
device. The inset of Fig. 6e and Table S4 in SI show that the device has a 
capacitance of 173.3 F g− 1 at 1 A g− 1, confirming the remarkable ca
pacity of the device. The Ragone plot of the device is shown in Fig. 6f, 
and the energy densities at different current densities are depicted in the 
accompanying diagram of Fig. 6f and Table S4 in SI. According to Eqs. 
(2) and (3), the energy density of the supercapacitor can reach 61.6 Wh 
kg− 1 at a power density of 800 W kg− 1. 

Furthermore, the Ni-Co-Mn-S@N-CDs//AC has an excellent capacity 
retention rate of 89 % and a terrific coulombic efficiency of 98.63 % 
after 20,000 cycles at 5 A g− 1 in Fig. 6g. This is attributed to the fact that 
the N-CDs with high conductivity and excellent electrochemical stability 
can shorten the charge transfer path and mitigate the structure 
destruction during cycling. In the XRD spectrum of Fig. S7, the Ni-Co- 

Fig. 6. (a) Schematic diagram of the Ni-Co-Mn-S@N-CDs//AC supercapacitor. (b) CV curves of AC and Ni-Co-Mn-S@N-CDs at the scan rate of 5 mV s− 1. (c) CV 
curves of the device at different potential windows at the scan rate of 20 mV s− 1. (d) CV curves of the device at different scan rates ranging from 5 to 50 mV s− 1. (e) 
GCD curves of the device at different current densities. The specific capacitances calculated from GCD curves are shown in the inset. (f) The ragone plot of the device 
and the inset is the energy densities of the device at different current densities. (g) Cycling performance of the device at 5 A g− 1 (Inset: a fan powdered by a 
supercapacitor; LEDs powered by three supercapacitors in series). (h) Electrochemical performance comparison among different supercapacitors. 
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Mn-S@N-CDs sample after cycling has the same phase composition and 
crystal planes as the pre-cycling sample. XPS characterizations for the 
Ni-Co-Mn-S@N-CDs sample after charge/discharge cycle is shown in 
Fig. S8. The binding energy positions and spin energy differences of all 
elements are basically unchanged from those of the sample before 
cycling. These results prove that the Ni-Co-Mn-S@N-CDs sample is 
chemically stable. 

In addition, the Ni-Co-Mn-S@N-CDs//AC supercapacitor demon
strates great adaptability to practical applications. As shown in Fig. S9, 
the voltage window of two supercapacitors in series is 3.2 V, and the 
peak current and the charging/discharging time are the same as that of a 
single device. Additionally, the voltage window of two supercapacitors 
in parallel is 1.6 V, and the charging/discharging time are twice that of a 
single device. A fan driven by an electrical motor can be directly pow
ered by one such supercapacitor as shown in the inset of Fig. 6g and 
Video 1. Moreover, as illustrated in Fig. 6g and Video 2, thirty-six LEDs 
can be easily illuminated by three supercapacitors in series. 

To clearly show the highlights of this work, an electrochemical 
performance comparison among the Ni-Co-Mn-S@N-CDs//AC with 
previous works is presented in Fig. 6h. Combined with Table S5, it is 
apparent that the device has a remarkable electrochemical performance 
compared with other transition metal compounds, particularly in energy 
density, specific capacitance, and cycle stability [14,41–43]. 

The optical images of the Ni-Co-Mn-S@N-CD//AC device after being 
folded or twisted at different angles are shown in Fig. 7a. The device can 
function properly under bending, indicating good mechanical stability. 

Fig. 7b is the CV curves of the device at 20 mV s− 1 under different 
bending states. At a maximum folding angle of 180◦, the shape of the CV 
curve is basically unchanged compared with that at 0◦; similar results 
are observed for other deformations. The shape of the GCD curves and 
the charge/discharge time in Fig. 7c under different bending states 
remain almost unchanged, and as shown in Fig. 7d, the specific capacity 
of the device is maintained throughout a bending cycle. These results 
suggest that the device is flexible enough to withstand real-life opera
tions in wearables and soft robotics. 

4. Conclusions 

In summary, this research shows the successful synthesis of rose-like 
Ni-Co-Mn-S materials integrated with N-CDs through a combination of 
the hydrothermal method and electrodeposition. The obtained Ni-Co- 
Mn-S@N-CDs electrode material demonstrates exceptional electro
chemical properties, including ultrahigh specific capacity of 2276 F g− 1 

at 1 A g− 1 and superior cycling performance, maintaining 96.2 % of its 
capacity after 10,000 cycles at 10 A g− 1. Moreover, the assembled 
hybrid supercapacitor using Ni-Co-Mn-S@N-CDs//AC achieves a high 
energy density of 61.6 Wh kg− 1 at the power density of 800 W kg− 1, 
along with an outstanding capacitance retention of 89.0 % after 20,000 
charge/discharge cycles at 5 A g− 1. This work not only marks a signif
icant advance in hybrid solid-state supercapacitors but also highlights 
their potential for flexible and robust energy storage applications. 

Supplementary data to this article can be found online at https://doi. 

Fig. 7. (a) Optical images of the flexible hybrid supercapacitor Ni-Co-Mn-S@N-CD//AC at different folding and twisting states. (b) CV curves of the device at a 
scanning rate of 20 mV s− 1 under various folding conditions. (c) GCD curves of the device at a current density of 1 A g− 1 under various folding conditions. (d) Specific 
capacitances of the device under a bending cycle. 
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