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a b s t r a c t   

Due to its wide diffusion channels and high electronic conductivity, conversion-type transition metal-based 
chalcogenide cathode materials are endowed greater potential to implement high capacity in Mg-based 
batteries. However, large coulombic interactions and sluggish kinetics at high charge density perplex its 
electrochemical performance, and application of which is also seriously hindered by large volume expan
sion. Herein, we design a facile approach to in-situ fabricate ultrafine and well-dispersive carbon en
capsulated NiS nanoparticles anchored on carbon cloth (NiS@C NPs/CC) through one-step carbonization and 
sulfuration of benzoate anion-intercalated Ni(OH)2 on CC. The as-prepared NiS@C NPs/CC is employed as 
the binder-free cathode material for hybrid Mg2+/Li+ batteries (MLIBs), whose energy storage capability is 
largely enhanced due to well-dispersive NiS nanoparticles. The MLIB assembled with NiS@C NPs/CC cathode 
implements a superior reversible capacity of 437 mAh g−1 at 100 mA g−1 and exhibits long lifespan. Its small 
diameter of 13.2 nm greatly shortens the ion transport pathway, and traits of carbon confinement and self- 
assembly synergistically boost electric conductivity at the same time, which contribute to the impressive 
electrochemical performance. This work not only realizes favorable synthesis of ultrafine and well-dis
persive nanoparticles materials derived from the intercalation of organic-anion, but inaugurates a novel 
avenue for the rational design of carbon coated binder-free electrode for applications. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Secondary batteries have become an indispensable energy 
source, providing a more environmentally friendly option to elec
tronic systems than primaries, since they can be recharged rather 
than requiring new batteries, which are discarded when they are 
exhausted [1–4]. In recent years, however, highly safe and earth- 
abundant alternatives of lithium-ion batteries (LIBs) appeal to in
vestigation, because a number of safety accidents of LIBs and on- 
going lack of Li resource. Magnesium ion batteries (MIBs) are 
therefore emerging as a promising post-lithium energy storage 
system on account of high security (lower reducibility and much 
higher melting point) and high abundance (about 1000 times more 
than Li) of Mg metal [5–7]. In addition, Mg metal with two-charge 
carrier exhibits higher volumetric capacity and has the advantages of 
few dendrite and low reduction potential (−2.37 V vs. SHE), which all 
facilitate development of MIBs [8,9]. However, the exploration of 

suitable and effective cathode materials is still the foundation to 
meet the development of MIBs. 

The diffusion kinetics of divalent Mg2+ is a crucial factor de
termining the electrochemical performance of MIBs. Unlike the 
sluggish Mg2+ kinetics in metal oxide lattices, Mg2+ migrates faster 
inside metal chalcogenides cathode materials [10–12]. For instance, 
the mobility of Mg2+ shows obvious difference in a system that 
employs MX2 (where M = Mo, Ti, V; X = O, S, Se). Mg2+ transfers 
much more easily when the anion systematically alters from O2

2- to 
Se2-. Such phenomenon can be well explained by following three 
aspects. First, larger ion radii result in huger diffusion channel size; 
Second, the non-metallicity of the same group of non-metallic ele
ments weakens as the number of periods increases, leading to an 
enhancement in electrical conductivity; Finally, the strength of the 
coulombic interaction between Mg2+ (hard acid) and softer anions 
(S2− and Se2−) is reduced, which generates a lower barrier for Mg2+ 

diffusion. Therefore, metal chalcogenides present potential to boost 
the kinetics of MIBs systems, thus attracting great attention as 
promising cathode materials for MIBs. Moreover, the hybrid Mg2+/Li+ 

batteries (MLIBs) constructed by incorporating Li+ into the electro
lyte can not only fully utilize the fast kinetic of Li+ to insert into 
cathode, but also bypass the deposition of Li metal at the anode  
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[13–16]. Such configuration has the ability to achieve higher re
versible capacity and longer cycle life, and has been widely reported 
in various mental chalcogenides, such as V [17,18], Ti [19,20], Mo  
[21,22], Cu [13,23–26], Fe [27], Co [16,28,29], Ni [30] based materials. 
Among these typical conversion cathode materials, nickel-based 
sulfides stand out with merits of price moderate, environmental 
compatibility, diverse synthesis methods and high theoretical ca
pacity, which lead to an extensive employment as electrode mate
rials in various batteries [31–34]. U Unfortunately, the large volume 
expansion nature of nickel-based sulfides in conversion reactions 
gives rise to its low material utilization and poor capacity retention 
in MLIBs systems. In consequence, modifications that rationally de
sign such materials and alleviate volume expansion are indis
pensable, as a result of which, the MLIBs system could implement an 
eminent electrochemical performance. 

Recently, we report a series of size-controllable NiS nanoparticles 
embedded in carbon nanofibers via electrospinning technique and 
subsequent thermal treatment [30]. Excellent rate capability is ac
complished in MLIBs through the optimization of particle size and 
carbon ratio, and corresponding conversion mechanism is also 
clearly demonstrated. To be more specific, the conversion of NiS in 
MLIBs involves two parts, including an irreversible conversion from 
NiS to Ni3S2 (3(x + y)NiS + xMg2+ + y2Li+ + 2(x + y)e-→ (x + y)Ni3S2 

+ xMgS +yLi2S) and a reversible reaction from Ni3S2 to Ni (0.5(x + y) 
Ni3S2 + xMg2+ + 2yLi+ + 2(x + y)e- ↔ 1.5(x + y)Ni + xMgS + yLi2S), 
where MgS product is generated during each transformation, in
dicating the involvement of Mg2+ in cathodic reaction. This study 
elucidates the feasibility of such materials in MLIBs and the im
provement of kinetic properties via the tactic of carbon limitation. 
Meanwhile, the approaches of carbon encapsulation and the sources 
of carbon are characterized by diversity, including ex situ and in situ 
encapsulation [35–39]. As for ex situ fabrication, carbon products 
(such as carbon nanotubes, graphite, graphene, carbon fibers, carbon 
spheres, etc.) are generally fully mixed with materials. The most 
common method is ball milling, where plasma milling is a newer 
strategy that also effectively strips materials [40,41]. In terms of in 
situ synthetic method, carbon sources generally exist in precursors 
in the form of organic matter. Frequently, when using metal organic 
frame as a precursor for heat treatment, corresponding organic li
gand is applied as a carbon source to realize high-conductivity 
carbon coated on the surface of active material. For a precursor with 
a layered structure, some organic anions of moderate size acted as 
carbon source can be inserted into the interlayer to accomplish 
carbon limitation after heat treatment, in which the diversity of 
organic anions makes this method plenty of unknown possibilities. 

Nickel hydroxide is well known to be a layered structure with a 
layer spacing of 0.48 nm, into which benzoate (0.7 nm in length) also 
can be easily inserted [42]. Such size evaluations promise the fea
sibility to fabricate carbon-coated nanoparticles after thermal 
treatment. The raw material of benzoate anion is usually sodium 
benzoate, which is stable in air, easily soluble in water, low in cost 
and high in yield. It is also widely used as a food preservative, fea
turing its safety and abundance. Besides, direct grown binder-free 
materials circumvent employment of insulating binders, which fur
ther boost electrical conductivity. Herein, we report a scalable 
strategy to in-situ synthesized ultrafine and well-dispersive carbon 
wrapped NiS nanoparticles anchored on carbon cloth (NiS@C NPs/ 
CC), where the preponderance is that the configuration of well- 
dispersive nanoparticles with a small diameter vastly shortens ion 
transport pathway and enlarges expansion space, and the char
acteristics of carbon confinement and self-assembly synergistically 
accelerate electric conductivity. The as-obtained NiS@C NPs/CC de
livers a superior reversible capacity of 437 mAh g−1 at 100 mA g−1 

and displays long lifespan with a high capacity of 162 mAh g−1 after 
500 cycles (337 mAh g−1 after 50 cycles) at 400 mA g−1. 

2. Materials and methods 

2.1. Materials synthesis 

2.1.1. Synthesis of the electrolyte 
All-phenyl complex (APC)-based hybrid electrolyte was prepared 

according to reported method [43]. 

2.1.2. In situ generation of benzoate-Ni(OH)2 on CC 
0.2 M Ni(NO3)2 solution (24 mL) and 0.267 M C6H5COONa solu

tion (36 mL) were adequately mixed at room temperature. 
Subsequently, the green solution and a piece of CC (2 cm × 4 cm) 
were transferred to a 50 mL Teflon-lined stainless steel autoclave. 
The autoclave was sealed and maintained at 95 °C for 2 h. After the 
autoclave cooled down at room temperature, the resulting Benzoate- 
Ni(OH)2/CC was taken out and washed with distilled water and 
ethanol, followed by drying at 80 °C under vacuum to obtain 
Benzoate-Ni(OH)2/CC with a loading of ~1.8 mg cm−2. 

2.1.3. Synthesis of NiS@C NPs/CC 
The NiS@C NPs/CC was synthesized by utilizing benzoate anion 

as carbon source and Benzoate-Ni(OH)2-templated sulfuration. 
Typically, the resulting Benzoate-Ni(OH)2/CC precursor and appro
priate sulfur powder were put into two separate porcelain boats. 
After flushed with Ar, the temperature was elevated to 500 °C at a 
rate of 2 °C min−1 and then maintained for 2 h, and then naturally 
cooled to ambient temperature. The mass loading for NiS@C NPs/CC 
was about 1.0 mg cm−2. 

2.1.4. Synthesis of NiS NSs/CC 
NiS NSs/CC was fabricated via employing pure Ni(OH)2 as pre

cursor. In a typical synthesis, Ni(NO3)2·6H2O (1.45 g) and 
Hexamethylenetetramine (HMT; 1.4 g) were dissolved in 36 mL of 
water under vigorous stirring. Then, the homogenous solution was 
transferred to a 50 mL Teflon-lined stainless-steel autoclave in which 
a piece of treated CC was immersed into the solution. The autoclave 
was sealed and maintained at 100 °C for 10 h to obtain the Ni(OH)2/ 
CC product with a loading of 1.6 mg cm−2. Finally, Ni(OH)2/CC pre
cursor with appropriate sulfur powder were heated to 400 °C for 2 h, 
and then naturally cooled to room temperature. 

2.1.5. Synthesis of NiS@C powder and NiS NSs powder 
For TGA analysis, we also prepared corresponding powder sam

ples. Specifically, the synthetic method of powder materials is ana
logous with binder-free cathodes but without CC substrate. 
Attentively, the preparation of NiS@C powder is in accord with 
NiS@C NPs/CC apart from varying the hydrothermal time to 4 h. 

2.2. Materials characterizations 

The phase structures were studied by XRD (D8 Advance, Bruker 
AXS) with Cu Kα radiation and Jobin Yvon Horiba Raman spectro
meter model HR800, with a 10 mW helium/neon laser at 632.8 nm 
excitation in the range of 100–2000 cm−1. FTIR (Magna-IR 550 II, 
Nicolet) analysis was used to verify the functional groups in 
Benzoate-Ni(OH)2 and the composite. X-ray photoelectron spectro
scopy (XPS) was conducted on a Thermo Scientific™ K-AlphaTM+ 

spectrometer equipped with a monochromatic Al Kα X-ray source 
(1486.6 eV) operating at 100 W. Samples were analyzed under va
cuum (P  <  10−8 mbar) with a pass energy of 150 eV (survey scans) or 
25 eV (high-resolution scans). All peaks would be calibrated with 
C1s peak binding energy at 284.0 eV for adventitious carbon. The 
morphology of the samples was analyzed using a field emission 
scanning electron microscope (FE-SEM; JEOL7500FA, Tokyo, Japan). 
Elemental analysis was performed with an Elementar Vario EL3 
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elemental analyzer. Energy-filtered TEM (JEOL 2011 F, Tokyo, Japan) 
was used to investigate the microstructure and for elemental map
ping. Thermogravimetic analysis (TGA, Netzsch STA 449 F3) con
nected to a mass spectrometer (MS, Hiden HPR 20) was carried out 
at a ramp rate of 10 °C min−1 in air. 

2.3. Electrochemical measurements 

The electrochemical performances were tested with the use of 
2032 coin-type cells in an argon-filled glove box. As-obtained ma
terials were punched into a 12 mm disk as working electrodes. 
Additionally, the powder electrode was fabricated by coating slurries 
containing NiS@C active material (80% wt%), Super-P acetylene 
carbon (10% wt%) and polyvinylidene fluoride (PVDF; 10% wt%) on 

stainless steel foil. The areal mass loading of active material is about 
1 mg cm−2. Magnesium metal and glass fiber were used as counter 
electrode and separator, respectively. APC-LiCl with high coulombic 
efficiency, which is widely used in magnesium-based hybrid bat
teries, was employed as electrolyte. The electrolyte amount for as
sembling a battery is about 120 μL. Galvanostatic charge/discharge 
measurements were performed on a multichannel battery testing 
system within a potential range of 0.1–1.95 V vs. Mg/Mg2+. Cyclic 
voltammetry (CV) was tested by a CHI 660D electrochemical work
station between 0.1 and 1.95 V vs. Mg/Mg2+. Electrochemical im
pedance spectroscopy (EIS) was also conducted using a CHI 660D 
electrochemical workstation. The amplitude was 10 mV, and the 
applied frequency range was from 100 kHz to 0.01 Hz. All of the tests 
were carried out at ambient temperature. 

Fig. 1. (a) Schematic illustration of the fabrication for NiS@C NPs/CC. The SEM images of (b,c) bare CC, (d,e) Benzoate-Ni(OH)2/CC and (f,g) NiS@C NPs/CC.  
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3. Results and discussion 

Fig. 1a elucidates a facile synthetic process of NiS@C NPs/CC 
schematically. Benzoate anion-intercalated Ni(OH)2 on CC 
(Benzoate-Ni(OH)2/CC) was uniformly encapsulated on CC substrate 
by a scalable hydrorhermal reaction. It is worth mentioning that the 
flexible and inactive features of CC substrate are preferred for 
practical uses in technological devices. Monodisperse NiS nano
particles with a well-wrapped carbon (NiS@C NPs) was fabricated 
via one-step carbonization and sulfuration of Benzoate-Ni(OH)2/CC 
precursor, where intercalated benzoate anion directly carbonized as 
a maskant to facilitate electric conductivity and suppress agglom
eration. Fig. 1b and c show the scanning electron microscopy (SEM) 
images of pristine CC, demonstrating a fiber-like morphology and a 
smooth surface. After a facile hydrorhermal reaction, the as-pre
pared precursor displays an unchanged morphology (Fig. 1d and e). 
Intriguingly, the fibrous shape of the CC is well maintained after 

undergoing pyrolysis and sulfuration process, while the overall 
surface is uniformly dispersed with ultrafine NiS nanoparticles 
(Figs. 1f, g and S1). Such feature enables more available superficial 
area, more complete contact between cathode and electrolyte, larger 
room for expansion space, and shorer transport distance of ions/ 
electrons, which are all favorable to a better electrochemical per
formance. For the sake of revealing the advantages of the binder-free 
electrode, the corresponding powder sample was synthesized by 
prolongating the hydrothermal time. The SEM images are shown in  
Fig. S2, suggesting the carbon fiber structure embedded with NiS 
particles. 

Fig. 2a displays the histogram of the NiS size distributions, 
manifesting an average diameter of 13.2 nm. Fig. 2b depicts the 
transmission electron microscopy (TEM) image of as-synthesized 
NiS@C NPs scraped down from NiS@C NPs/CC, suggesting that the 
monodisperse NiS particles on the CC surface are crosslinked by 
carbon rather than being separated. The corresponding high- 

Fig. 2. (a) Corresponding histogram of the NiS size distributions. (b) TEM image of NiS@C NPs scraped down from NiS@C NPs/CC. (c) TEM image of a single NiS particle wrapped by 
carbon. (d) HRTEM image and (e) SAED pattern of NiS@C NPs. (f) EDS line scan of NiS@C NPs on a STEM image and (g) the corresponding element distributions of Ni, S, and C, 
respectively. (h) STEM image of NiS@C NPs. (i) STEM image and the corresponding elemental mapping of (j) Ni, (k) S and (l) C. 
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resolution TEM (HRTEM) image shown in Fig. 2c explicitly illustrates 
that the size of carbon layer in NiS surface is approximately 3–4 nm, 
and such carbon confinement enhances the electrical conductivity, 
inhibits aggregation between particles and alleviates the volume 
expansion. Moreover, the HRTEM image also affirms the character
istics of crystallization and shows lattice fringe of 0.296 nm, indexing 
to the (100) plane of NiS phase (Fig. 2d). The structure of NiS was 
also confirmed by selected area electron diffraction (SAED), as 
shown in Fig. 2e. Specifically, the confirmation of carbon coating in a 
single NiS@C particle can be further verified by the elemental line- 
scan profile (Fig. 2f and g), which explains why the diameter of C 
element in the scan area is larger than that for Ni and S elements. 
Besides, Fig. 2h-l depict the scanning transmission electron micro
scopy (STEM) image and the elemental mapping images of Ni, S and 
C, furnishing more evidence for the homogeneous distribution of 
NiS@C. For comparison, the SEM images of benzoate anion-free Ni 
(OH)2/CC are presented in Fig. S3a and b, which reveals that CC is 
densely packed with thin and smooth Ni(OH)2 nanosheets. Notably, 
the nanoarchitecture is well preserved after undergoing a sulfura
tion process. Nanosheets also integrate on the CC substrate perfectly. 
(Fig. S3c and d). 

Fig. 3a shows the X-ray diffraction (XRD) patterns of Benzoate-Ni 
(OH)2/CC and NiS@C NPs on CC (NiS@C NPs/CC), where a broad and 
strong diffraction peak at 25.4° can be assigned to CC substrate. The 
precursor presents characteristic peaks at 11.3°, 14.6°, 15.8°, 17.0°, 
28.4°, 29.5° and 31.4°, corresponding to crystalline Ni 
(C6H5COO)1.17(OH)0.83 0.59 H2O phase (JCPDS no. 42-1835), and the 
schematic drawing for Benzoate-Ni(OH)2 is shown in Fig. 3b. Com
bined with the SEM result, it was uncovered that a flat Benzoate-Ni 
(OH)2 film was evenly coated on CC. After experiencing carboniza
tion and sulfuration process, the as-prepared sulfide product is well 
in accordance with pure NiS phase with the space group of P63/mmc 
(JCPDS no. 02-1280). To probe the role of the benzoate anion, pure Ni 
(OH)2 was also utilized as a precursor for sulfurization treatment to 
fabricate pure NiS phase (Fig. S4). Fourier transform infrared (FTIR) 

measurement was also performed to further confirm the structure of 
Benzoate-Ni(OH)2/CC and NiS@C NPs/CC. As illustrated in Fig. 3b, the 
FTIR spectrum of Benzoate-Ni(OH)2 displays a band at 3615 cm−1, 
indexing to the O-H stretching vibration of free OH groups from a 
brucite-like structure. The existence of mono-substituted aromatic 
ring can be well verified by the in-plane skeletal vibration at 
1602 cm−1 and the two adsorption bands at 712 and 687 cm−1 [44]. 
Two sharp and intense bands located at 1549 and 1389 cm−1 are 
attributed to the asymmetric and symmetric vibrations of the C-O 
bonds from intercalated benzoate anions. It is noteworthy that there 
is no corresponding bonds of benzoate anion in the FT-IR spectrum 
of sulfide product, implying a fully reactive carbonization and sul
furation process. The thermogravimetric analysis (TGA) uncovers 
that the content of carbon in the Benzoate-Ni(OH)2-derived NiS was 
determined to be 24.1%, while pure Ni(OH)2-derived NiS was a 
carbon-free material, indicating a successful conversion from 
benzoate anion to carbon (Fig. 3c). 

The chemical composition and valence states on the surface of 
NiS@C NPs/CC were investigated by X-ray photoelectron spectro
scopy (XPS). The XPS survey spectrum (Fig. 3d) manifests the ex
istence of Ni, S, C and O elements in NiS@C NPs/CC. In the case of 
high-resolution Ni 2p spectrum (Fig. 3e), the binding energies (BEs) 
located at 851.9 and 869.1 eV can be assigned to Ni 2p3/2 and Ni 2p1/2 

in NiS [45]. Other peaks at 854.8 and 872.3 eV with two satellite 
peaks (sat.) can be identified to Ni 2p3/2 and Ni 2p1/2 in nickel oxide/ 
hydroxide, which is due to the inescapably surface oxidation of as- 
obtained material [46]. The fitted spectrum of S 2p in Fig. 3f has two 
peaks with the BEs at 160.4 and 162.7 eV, corresponding to S 2p3/2 

and S 2p1/2, respectively. The BEs located at 161.5 and 163.9 eV can 
be ascribed to S2- and C-S-C bond in the composite, while an extra 
peak at 167.5 eV is indexed to the formation of sulfur oxide  
[45,47,48]. The BE at 283.6 eV can be attributed to non-oxygenated C 
(C-C). All results above affirm the as-fabricated material is NiS@C. 

First, a simple test of the electrochemical performance of NiS@C 
NPs/CC in pure MIBs was performed. As can be seen from the Fig. S6, 

Fig. 3. (a) XRD patterns for Benzoate-Ni(OH)2/CC and NiS@C NPs/CC. (b) FTIR spectra for Benzoate-Ni(OH)2 and NiS@C powder. (c) TGA curves for NiS NSs powder and NiS@C 
powder. (d) XPS survey spectrum for NiS@C NPs/CC. XPS spectra for NiS@C NPs/CC in the (e) Ni 2p and (f) S 2p regions. 
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NiS@C NPs/CC exhibits poor performance in pure Mg2+ electrolyte. 
Subsequently, the performance of as-prepared cathode materials are 
investigated in MLIBs. Figs. 4 and S7 underlines the electrochemical 
performance of NiS NSs/CC and NiS@C NPs/CC cathodes in MLIBs. 
The typical charge/discharge profiles for NiS NSs/CC and NiS@C NPs/ 
CC with a voltage of 0.1–1.95 V and a current density of 200 mA g−1 

are shown in Figs. 4a and S7a, respectively. The discharge plateau 
voltages for NiS NSs/CC are 0.78 V and 0.6 V and the initial discharge 
capacity is 342 mAh g−1. After three cycles, the plateau 

corresponding to 0.78 V disappeared, and the discharge specific ca
pacity was declined to 203 mAh g−1, suggesting a small plateau ca
pacity and low reversible discharge capacity. Homoplastically, the 
NiS@C NPs/CC has two obvious plateaus at 0.8 V and 0.6 V in the first 
cycle at the same current density, and delivers an initial discharge 
capacity of 647 mAh g−1. Attentively, in subsequent cycle, the only 
discharge plateau is still located at about 0.6 V, implementing an 
eminent discharge capacity of 538 mAh g−1 in third cycle. In addi
tion, the charge-discharge voltage profile of NiS@C NPs/CC after 

Fig. 4. Galvanostatic charge-discharge voltage profiles of (a) NiS@C NPs/CC and (b) NiS@C NPs powder. (c) Cycling performance and coulombic efficiency at a current density of 
200 mA g−1. (d) Rate performance and coulombic efficiency of NiS@C NPs powder and NiS@C NPs/CC. (e) Comparison of reversible capacity of the state-of-the-art cathodes for 
reported Mg2+/Li+ hybrid battery systems. 
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200th cycles is also demonstrated in Fig. S8. Importantly, compared 
with NiS NSs/CC, NiS@C NPs/CC exhibits a much higher initial cou
lombic efficiency (CE; 64% and 88% for NiS NSs/CC and NiS@C NPs/ 
CC, respectively). The markedly increased specific capacities of 
NiS@C NPs/CC can be ascribed to the uniquely ultrafine and homo
geneous nanoparticle feature and the in situ coated carbon. In terms 
of NiS@C NPs powder electrode, the charge-discharge curves display 
the same shape as the corresponding binder-free electrode, but ex
hibits faster capacity decay (Fig. 4b). As the cyclic stability is the 
overriding consideration for conversion materials, Figs. 4c and S7b 
underlines the comparison between NiS@C NPs powder, NiS@C NPs/ 
CC and NiS NSs/CC at 200 mA g−1. The CEs of NiS NSs/CC and NiS@C 
NPs/CC are stabilized at above 99% other than the first 10 cycles. The 
NiS NSs/CC shows low discharge capacities and attains 110 mAh g−1 

after undergoing 100 cycles, whereas the NiS@C NPs/CC reveals su
perior capacity retention over that for NiS NSs/CC, with much higher 
specific capacities of 235 and 214 mAh g−1 after 100 and 250 cycles. 
Obviously, NiS@C NPs powder has a much shorter lifespan, which 
can be mainly ascribed to the introduction of binders during the 
fabrication of such powder electrodes. A biggish difference of ca
pacities between NiS NSs/CC and NiS@C NPs/CC is undoubtedly 
morphologic discrepancy and the addition of carbon, but both of 
which exhibit excellent durability. By comparing the cycling curve of 
corresponding powder cathode, we owes this to the utilization of 
binder-free cathodes. 

Even more significantly, rate capability is a more vital method to 
evaluate the practical availability of cathode materials. In con
sequence, the rate performance of as-fabricated two cathodes was 
tested at various current densities (Fig. 4d), realizing discharge ca
pacities of 209, 152, 100, 77, 52 and 23 mAh g−1 at 100, 200, 300, 400, 
500 and 1000 mA g−1, respectively for the NiS NSs/CC sample. 
Amazingly, the NiS@C NPs/CC delivers more outstanding perfor
mance, which can accomplish discharge capacities of 437, 366, 301, 
253, 214 and 103 mAh g−1 at the same current densities. Fig. 4e 
extrudes the exceptional reversible capacity and the admirable rate 
capability of this work in comparison with other reported hybrid 
batteries [17,20,21,30,49–60]. Moreover, two kind of binder-free 

cathodes were also investigated at 400 mA g−1 and the electro
chemical activity of NiS@C NPs/CC can be well maintained even 
experiencing 600 cycles (Fig. S9), verifying an excellent lifespan. The 
SEM images of NiS NSs/CC and NiS@C NPs/CC in Fig. S10 display that 
morphology of NiS@C NPs/CC is also well kept after undergoing 50 
cycles, but particle size of which grows up obviously after 500 cycles. 
In contrast, the architecture of NiS NSs/CC emerges tremendous 
change, where the original thin nanosheet are aggregated laterally 
and the thickness is increased to 280 nm after 50 cycles. However, 
the horizontal space is still maintained in the whole structure. It is 
worth noting that the morphology of NiS NSs/CC is severely da
maged after 500 cycles, indicating that one-dimensional nano
particles have more lateral expansion space than two-dimensional 
nanosheets and the carbon encapsulation can better restrain the 
aggregation. 

Fig. 5a shows the electrochemical impedance spectra (EIS) ana
lysis, which was conducted to intrinsically investigate the ion dif
fusion kinetics of NiS NSs/CC and NiS@C NPs/CC. The equivalent 
circuit in the inset of Fig. 5a is applied to fit the EIS plots, where the 
Rs is employed to denote the ohm impedance between electrolyte 
and cell components and Rct signifies the charge-transfer resistance. 
From the fitting calculation, the values of Rs for NiS@C NPs/CC and 
NiS NSs/CC are 12.6 and 17.1 Ω, respectively, suggesting small dif
ference in this category of impedance for binder-free cathode. At
tentions are worth to paid to the results of Rct, which are calculated 
as 21.4 and 118.5 Ω for NiS@C NPs/CC and NiS NSs/CC, respectively, 
clarifying lower charge-transfer resistance and easier ion diffusivity 
within NiS@C NPs/CC electrode. Moreover, other EIS fitting results 
are demonstrated in Table S2. These results can be ascribed to the 
uniform coating of highly conductive carbon and the short ion dif
fusion distance of one-dimensional particles. In addition, the EIS plot 
of NiS@C NPs powder sample in MLIBs presented in Fig. S11 verifies 
faster electron/ion transport in binder-free electrode material, which 
can be attributed to the avoidance of inactive binders. For the sake of 
furnishing further insight for excellent conductivity of NiS@C NPs/ 
CC, the Li+/Mg2+ solid-state diffusion in NiS@C NPs/CC was probed 
via galvanostatic intermittent titration technique (GITT) [61–64]. 

Fig. 5. (a) EIS plots of NiS NSs/CC and NiS@C NPs/CC. (b) GITT profile of NiS@C NPs/CC at 50 mA g−1. (c) Corresponding calculated Mg2+/Li+ diffusion coefficients. (d) CV curves at 
various scan rates from 0.1 to 0.8 mV s−1. (e) Separation of capacitive and diffusion contribution at 0.8 mV s−1. (f) Percentages of capacitive contribution at different scan rates. 
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From the voltage profile of a single step in Fig. S12, an equilibrium 
state has been extremely approached after an open-circuit relaxa
tion for 30 min at 50 mA g−1. Therefore, the GITT curves in Fig. 5b 
were conducted at an unaltered current pulse of 50 mA g−1 for 
30 min followed by an open-circuit relaxation for 30 min. The NiS@C 
NPs/CC cathode implements a discharge specific capacity of 
432 mA h g−1 in the second cycle. Whereafter, the Mg2+/Li+ diffusivity 
DGITT can be calculated according to recorded GITT curves using the 
following formula: 

=D
m V
M S

E
E

4GITT B M

B

S
2 2

(1) 

where τ, mB, VM, MB, and S are on behalf of the pulse time, mass 
loading, molar volume, molar mass and electrode–electrolyte in
terface area, respectively. ΔEs and ΔEt are the voltage change in
duced by the pulse current and galvanostatic discharging-charging.  
Fig. 5c demonstrates the calculated diffusion coefficients at different 
voltages during discharge and charge process, and the calculated 
values of NiS@C NPs/CC go from 10−10 to 10−12 and back to 10−10 cm2 

s−1 during the discharge stage and an analogous pattern is occurred 
at charge process, indicating an average diffusion coefficient of 
5.8 × 10−11 cm2 s−1. 

Electrochemical reaction kinetics of NiS@C NPs/CC was also re
searched via CV measurement under diverse scan rates ranging from 
0.1 to 0.8 mV s−1 within 0.1–1.95 V. All the CV curves depicted in  
Fig. 5d have a similar shape, but present a significantly enhanced 
oxidation peaks and greater polarization. Specifically, before testing 
the CV curves in Fig. 5d, multiple cycle tests were performed. As a 
result, the redox peaks in Fig. 5d can be well corresponded to the 
voltage plateau in Fig. S8. The charge-storage mechanism can be 
estimated by i = avb [65], in which b value fitted by the slope of log(v) 
vs log(i) is calculated between 0.5 and 1.0. Reaction is diffusion- 
controlled if the value is close to 0.5, while considered to be a ca
pacitive behavior if close to 1.0. Fig. S13 displays that the b values for 
reduction and oxidation peaks are 0.73 and 0.77, respectively, elu
cidating the combination of the diffusive and capacitive controlled 
the reaction. Additionally, the quantified capacitive and diffusion 
contribution can be determined at a fixed scan rate via the equation 
i = k1v + k2v1/2 (where k1v signifies the capacitive current and k2v1/2 

is on behalf of the diffusion-controlled current). The calculation re
sult indicates that the capacitive contribution at 0.1, 0.2, 0.3, 0.4 and 
0.8 mV s−1 enhances from 37.6% to 75.6% (Fig. 5f). The pseudocapa
citive contribution of NiS@C NPs/CC in Fig. 5e accounts for 75.6% at 
0.8 mV s−1 and such high capacitive contribution avails to the charge 
transfer kinetics and to good rate performance. Moreover, the elec
trode kinetics of NiS@C NPs/CC after 10, 20 and 50 cycles are shown 
in Fig. S14, uncovering a decreased semicircle diameter and an in
creased line slope with the cycles increasing. This analysis elucidates 
that the interface between electrolyte and cathode greatly reduces 
the impedance and such interface has an impressive stability, which 
accounts for the good cycling performance of NiS@C NPs/CC clearly. 

4. Conclusions 

In summary, ultrafine and well-dispersive carbon encapsulated 
NiS nanoparticles were successfully fabricated via one-step carbo
nization and sulfuration of organic anion-intercalated precursor. 
Such material synergistically shortens diffusion distances, alleviates 
volume expansion and prevents material pulverization by max
imizing the merits of fine nanoparticles, carbon conductive net
works and binder-free electrodes. Consequently, the as-obtained 
binder-free conversion cathode material exhibits excellent Mg2+/Li+ 

storage behavior, gaining a high reversible capacity of 437 mAh g−1 

at 100 mA g−1 and excellent cycle stability. This finding not only 

affirms the feasibility of a novel binder-free cathode material in 
MLIBs except for copper based chalcogenide, but would also open up 
a new avenue for the rational design of well-dispersive nanoma
terials derived from intercalated organic-anion for applications. 
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