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Abstract
Nickel sulfide (Ni3S4) has been recognized as one of the most advanced anode
materials for sodium-ion batteries (SIBs) on account of its cost effectiveness,
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commendable redox reversibility and high theoretical capability. However, like other
metal sulfide (MS) anodes, the Ni3S4 suffers from poor cycle life and inferior rate
capability owing to large volume changes during the repeated Na+ de/insertion

SC

process and unsatisfied electronic conductivity. Herein, we fabricated porous
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Ni3S4/carbon aerogels (Ni3S4/CAs) using carrageenan-Ni hydrogels as the precursor
via the pyrolysis route. The sulfate groups located uniformity and confinement for
Ni2+ ions in carrageenan double-helix structures converted into uniform Ni3S4
nanoparticles (NPs) embedded in porous carbon through the decomposition.

TE
D

Remarkably, the as-prepared Ni3S4/CAs-1 sample as the anode material for SIBs
exhibits a high reversible capacity of 297 mAh g-1 at a current density of 1 A g-1 after
100 cycles. This work develops a facile way to synthesize Ni3S4/CAs as a promising
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anode material for SIBs from marine biomass resources.

Keywords: Ni3S4/Carbon Aerogels, Carrageenan-Ni Hydrogels, Anode Material,
Sodium-ion Batteries Anode.
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1. Introduction
Sodium-ion batteries (SIBs) have become increasingly attractive energy storage
device to substitute for lithium-ion batteries (LIBs) due to their low economical cost,
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metal activity and natural abundance of sodium [1]. However, Na+ ions with a large
radius can’t be intercalated into typical graphite anode materials. The electrode
materials have been deemed to the main challenge which restricts the practical
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application of SIBs. Ideal electrode materials can accommodate Na+ ions via
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insertion/extraction to the interlayers with a high capacity and long cycle life [2,3].
Hence, developing anode materials with outstanding performance and excellent
durability to meet the recent progress of communication devices and electronics is
urgent [4].
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Transition metal sulfides (TMS) [5], such as FeS [6,7], CoS [8], and NiS [9,10]
with the merits of cost effectiveness and high activity, are considered as promising
anode materials [11]. Among them, Ni3S4 drew attention by virtue of commendable

EP

redox reversibility and high theoretical capability. However, Ni3S4 materials suffered
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from unsatisfied electronic conductivity, poor cycle life and inferior rate capability
owing to large volume changes during the repeated Na+ de/insertion process [12-15].
To address these problems, it is an effective strategy to disperse nano-sized TMS
particles into a carbon matrix. Based on this, many special morphologies with high
specific surface have been designed, such as nanospheres [16], anotubular [17,18] and
nanorod [19,20]. These distinctive structures can evidently increase the specific
surface area and shorten Na+ ions diffusion distance. In addition, these composites can

ACCEPTED MANUSCRIPT
enhance their electrochemical property since carbonaceous materials reinforce
electrical conductivity and restrain the volume expansion of composites during the
charge/discharge cycling [21]. Up to now, various strategies have been designed to
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construct TMS nanoparticles (NPs) and carbonaceous composites as conductive
substrates. For example, Pan et al. [22] obtained CoS2@MCNFs material with a high
specific capacity and excellent cycle life through electrospinning method. Jin et al.
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[23] fabricated a high-performance anode material by growing MoS2 onto
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multi-walled carbon nanotubes via hydrothermal treatment. However, these traditional
synthesis methods were far from large-scale application owing to its high cost and
complex process. Thus, it is still a challenge to find simple and cost-effective method
to construct high-performance TMS/C anode materials.
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Herein, we utilized abundant and renewable carrageenan as the precursor to
prepare Ni3S4/carbon aerogels (CAs) as SIBs anode materials. Carrageenan as a type
of seaweed biomass is composed of alternating disaccharide repeating sulfate groups

EP

units. Specifically, the added Ni2+ ions can interact with sulfate groups belonging to
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different double-helix, generating carrageenan-Ni2+ hydrogels [24-26]. On one hand,
carrageenan-Ni2+ hydrogels can generate the porous aerogel structure with a high
surface area after freeze-drying process. On the other hand, the sulfate groups located
uniformity and confinement for Ni2+ ions in carrageenan double-helix structures
converted into uniform Ni3S4 NPs embedded in porous carbon. While evaluated as
anode materials in SIBs, the prepared Ni3S4/CAs-1 sample exhibited a reversible
capacity of 297 mAh g-1 after 100 cycles at 1 A g-1. The excellent properties can be
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contributed to the porous carbon network architecture derived from aerogels. It offers
a buffer space to decrease the effect of volume expansion during the process of
charge/discharge and endows abundant pathways to promote ion transportation as

shorten the path of Na+ ions transports.

2. Experimental

SC

2.1 Materials
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well as enhances the conductivity of the anode material. Furthermore, Ni3S4 NPs also
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The ι-carrageenans were purchased from Bright Moon Seaweed Group (Qingdao,
China). Nickel chloride hexahydrate (NiCl2·6H2O), poly (vinylidene fluoride) (PVDF),
and N-methyl-2-pyrrolidone (NMP) were bought from Sinopharm Chemical
(Shanghai, China). The ethanol was of analytical grade and purchased from

TE
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Sigma-Aldrich. The chemicals which did not require further purification were used.
2.2 Preparation of Ni3S4/CAs

Firstly, we prepared the mass ratio of 2 wt% ι-carrageenan solution at 85 ºC for 55

EP

minutes. Then, the above solution was dripped into the 0.2 M NiCl2·6H2O ethanol
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solution stirring under a high speed at room temperature to form carrageenan-Ni2+
hydrogel. Secondly, the obtained carrageenan-Ni2+ hydrogel was washed in deionized
water and frozen -40 ºC, generating carrageenan-Ni2+ aerogel. Thirdly, the aerogel
was pyrolyzed at 700 ºC for 1 hour with the heating rate of 4 ºC under N2 atmosphere.
Then, the pyrolyzed sample was kept at 600 ºC for t h with a heating rate of 8 ºC
under CO2 atmosphere to reduce the content of carbon. The Ni3S4/CAs samples were
obtained. In the preparation of the samples, the samples were named as Ni3S4/CAs-t,

ACCEPTED MANUSCRIPT
where t presents the reaction time in CO2 atmosphere. Samples, namely Ni3S4/CAs,
Ni3S4/CAs-1 and Ni3S4/CAs-2 were prepared successively.
2.3 Characterization
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The crystalline structures were examined with X-ray diffraction (XRD, DX2700,
China) at the scan rate (2θ) of 2 min-1 with an applied current of 30 mV, operating
with Cu Kα radiation at 40 kV. X-ray photoelectron spectroscopy (XPS) was carried
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out with ESCALab250 electron spectrometer (Thermo Scientific Corporation) to
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characterize the chemical composition of obtained material. Raman spectroscopy
were investigated on a Renishaw 1000 Raman spectrometer with the 514.5 nm
excitation line of an Ar ion laser. Thermogravimetric analysis (TGA) measurement
was obtained on an EXSTAR TG/DTA 6300 instrument (Seiko Instruments, Japan) in

TE
D

air. The specific surface area was gained from the Brunauer-Emmett-Teller (BET)
analysis instrument (3H-2000PS2 static volume method), and the relative pressure (P /
P0) ranged between 0.01 and 0.2. The pore size distribution was calculated from

EP

isotherms. The morphology and structure of the as-prepared Ni3S4/CAs were carried
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out by transmission electron microscopy (TEM), high-resolution TEM operated at an
accelerating voltage of 200 kV (JEM-2100F). The field emission scanning electron
microscopy (FESEM) images were obtained on electron microscope (JSM-7001F,
JEOL, Tokyo, Japan). The elemental composition of the resulting material was
analyzed by energy dispersive X-ray spectrometer (EDS) attached to the FESEM
instrument.
2.4 Electrochemical Measurements.
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The Ni3S4/CAs-t, poly (-vinylidene fluoride) (PVDF) and acetylene black were mixed
with a weight ratio of 8:1:1 into a solvent of Nmethyl-2-pyrrolidone (NMP) to
generate the slurry. The obtained slurry was coated on a Cu foil uniformly. The
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obtained electrode sheet was pressed after drying at 100 ºC for 10 h, in which the
mass loading of the active material is approximately 1.95 mg cm-2. CR2025-type coin
cells were assembled in the argon-filled glovebox (H2O < 0.1 ppm and O2 < 0.1 ppm).
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The composition of the electrolyte is a mixed solution of 1.0 M NaClO4 in ethylene
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carbonate/dimethyl carbonate (1:1 vol%) containing 5 wt% of fluoroethylene
carbonate. Sodium metal as the counter electrode was served. All the electrochemical
performances were performed in a voltage window between 0.01 and 3.0 V vs Na+/Na
using a cell testing equipment (LAND CT2001A). Cyclic voltammetry (CV) (0.01 to

workstation.
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3.0 V at a scan rate of 0.1 mV s-1) was performed by CHI 760E electrochemical

3. Results and discussion
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As shown in Scheme 1, firstly, in the aqueous solution the ι-carrageenan coils
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distribute randomly. Then, the above solution was dripped into the Ni2+ ethanol
solution. In this way, Ni2+ cations would impel the shift of ι-carrageenan to
double-helix structure from random coils. Furthermore, Ni2+ cations interact with
sulfate groups belonging to different double-helix and then the random double helix
structures are interconnected to form a carrageenan-Ni2+ hydrogels. Secondly, the
carrageenan-Ni2+ porous aerogel would emerge during solvent evaporation process
through freeze drying. Thirdly, the Ni3S4/CAs were obtained from carrageenan-Ni2+
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aerogels through the pyrolysis at 700 °C under N2 atmosphere. During the pyrolysis
of carrageenan-Ni2+ aerogels, the binding Ni2+ ions and sulfate groups transported into
Ni3S4 (NPs) and carrageenan converted to porous carbon, constructing the Ni3S4/CAs.
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Lastly, Ni3S4/CAs-t samples were prepared through removing carbon at 600 °C under
CO2 for t (t = 0, 1 and 2 hours).

The X-ray diffraction (XRD) patterns suggest the successful synthesis of

SC

Ni3S4/CAs. As shown in Fig. 1a, the patterns of as-prepared Ni3S4/CAs, Ni3S4/CAs-1
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and Ni3S4/CAs-2 all show a broad diffraction peak at approximately 22.0°, indicating
the existence of amorphous carbon in the sample. In addition, other sharp diffraction
peaks at 2θ values of 26.5, 31.2, 37.9, 49.9 and 54.6 are observed from all the three
samples, corresponding to the diffractions of (220), (311), (400), (511) and (440)

TE
D

planes of compound Ni3S4 (JCPD no. 47-1739), respectively. The intensity ratio (ID/IG)
of the D and G bands about the obtained Ni3S4/CAs, Ni3S4/CAs-1 and Ni3S4/CAs-2
were determined to be 0.826, 0.877 and 0.901, respectively (Fig. 1b). The small ID/IG

EP

ratio also indicate that a highly graphitic structure exists in the CA matrix, which can
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enhance the electronic conductivity [27]. Subsequently, the weight content of three
samples was measured by TGA under air atmosphere. A remained weight of 43.8%,
58.5% and 62.4% can be observed at 800 °C, corresponding to Ni3S4/CAs,
Ni3S4/CAs-1 and Ni3S4/CAs-2, respectively (Fig. S1). This weight loss mainly
centered on two parts. The first weight loss appeared from 300 to 550 °C, which is
probably due to two aspects: combustion of carbon to CO2 and the oxidation of Ni3S4
to SO2, NiSO4 and NiO. The second weight loss from 650 to 780 °C can be attributed

ACCEPTED MANUSCRIPT
to the decomposition of residual NiSO4 to NiO, which can be proved by the XRD
patterns in Fig. S2 [28]. Based on the TGA results, the percentages of carbon in the
Ni3S4/CAs, Ni3S4/CAs-1 and Ni3S4/CAs-2 are calculated to approximately 40.4%,
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20.5% and 15.3%, respectively.
The specific surface area and porous characteristics of the samples were
investigated by N2 adsorption-desorption measurement. As illustrated in Fig. 1c, N2
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sorption isotherms of Ni3S4/CAs, Ni3S4/CAs-1, and Ni3S4/CAs-2 all exhibit type II
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curves with conspicuous hysteresis loop at relatively high pressure, indicating the
coexistence of micro- and meso-porous structures. These micro and mesopores are
attributed to the pyrolysis of carrageenan macromolecule in which the active groups
(-OH, -COOH and -SO4H) were thermally decomposed into small molecules (H2O,
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CO2 and SO2) at high temperatures and released. The specific surface areas of
Ni3S4/CAs, Ni3S4/CAs-1, and Ni3S4/CAs-2 were 508, 485 and 378 m2 g-1, respectively.
The average pore size distributions were shown in Fig. 1d. Apparently, typical

EP

mesopores exists in the sample and they are centered at 3-4 nm. The pore size
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distribution of micropores were shown in Fig. S3, where the micropore sizes centered
at 0.6-0.7 nm for these samples.
To further specifically investigate elementary composition of as-prepared

Ni3S4/CAs-1, the X-ray photoelectron spectroscopy (XPS) measurement was
conducted. (Fig. 2 and S4). As displayed in Fig. 2a, the signals of C, O, S and Ni
elements can be detected according to the XPS survey spectrum. The Ni 2p peaks at
873.2 eV (Ni 2p1/2) and 855.6 eV (Ni 2p3/2) accompanied with satellite peaks indicate
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the existence of Ni2+ and Ni3+ [29,30] (Fig. 2b). The presence of nickel ions with
mixed valences could improve the conductivity of nickel sulfide [15,30]. For S 2p
spectra, the peaks at 162.0 eV (S 2p3/2) and 163.7 eV (S 2p1/2) are attributed to
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metal-sulfur bonds in as-prepared Ni3S4 [29,31]. The appearance of peaks at 165.2 eV
may be attributed to sulfur oxides [32] (Fig. 2c). In addition, the C 1s can be
deconvoluted into four peaks (Fig. 2d). Peaks at 284.5 eV, 285.1 eV, 286.1 eV and

SC

288.6 eV are corresponded to the C-C, C-O, C-S and C=C peaks [33-35]. The C=C
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peak confirms the existence of a graphitic structure in this composite. And the C-S
bond indicates the strong combination of porous carbon and Ni3S4 NPs [15,31,36].
The O 1s peaks at 532.1 eV and 533.5 eV are related to the S-O bond and O-C bond,
respectively [30,37] (Fig. S4).
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The morphologies of the fabricated Ni3S4/CAs-t were measured by field
emission scanning electron microscopy (FESEM). Despite a large number of
nanopores were proved by the nitrogen adsorption-desorption isotherm, a typical

EP

macro-porous structure can be easily observed on the surface of Ni3S4/CAs-t (Fig. 3a,

AC
C

3c and S5). The formation of macro-pores can be attributed to freeze drying process
of the carrageenan-Ni hydrogels, in which the solvent was directly sublimated and
produced macro-pores. According to the Fig. 3b, abundant mesopores can also be
observed on the surface of Ni3S4/CAs-1 due to the pyrolysis of carrageenan
macromolecules. This result matches well with the result of N2 adsorption-desorption
measurement. These pores are necessary to restrain the expansion of Ni3S4 in
charge/discharge and enlarge the electrode/electrolyte area, which can be beneficial
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for the property of cycling and reversible specific capability. In addition, this structure
can shorten the Na+ diffusion path, promoting the ion/electron transport kinetics
[35,38]. Besides, the number of pores in Ni3S4/CAs-2 is fewer than that in Ni3S4/CAs
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and Ni3S4/CAs-1 due to the increase of carbon removal time. The elemental
composition of the sample was confirmed by the SEM energy dispersive X-ray
spectroscopy (EDS). The C, Ni and S elements were uniformly distributed in

SC

Ni3S4/CAs-1 (Fig. 3d).
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The transmission electron microscopy (TEM) images (Fig. 4a-c) unambiguously
reveal that Ni3S4 NPs uniformly distributed in the carbon matrix in the Ni3S4/CAs-t
samples. The diameters of Ni3S4 NPs become large with the extension of carbon
removed time, which is ascribed to the clustering of Ni3S4 NPs when the carbon is
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removed [32] (Fig. S6). In high resolution TEM (HRTEM) image (Fig. 4d), lattice
fringes having a layer spacing of 0.285 nm can be clearly observed, which is
corresponded to (311) planes of Ni3S4 [26]. It confirms that the Ni3S4 NPs with the
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composite.

EP

size of ~ 20 nm were incorporated into to the porous carbon frameworks in Ni3S4/CAs

We employed Ni3S4/CAs-1 material as an anode material to evaluate the

electrochemical performance for SIBs. The electrochemical properties of Ni3S4/CAs-1
were conducted in the half cell configuration. Fig. 5a records the initial three cyclic
voltammetry (CV) profiles of Ni3S4/CAs-1 at a scan rate of 0.1 mV s-1 in the voltage
window between 0.01 V and 3.0 V (vs Na+/Na). In the first CV cycle, the cathodic
reductive peaks of 0.01 and 0.96 V are contributed to the stepwise sodiation of Ni3S4
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to generate Na2S and Ni and generation of the solid electrolyte interface (SEI) [39,40].
Cathodic peak at 0.84 V and anodic peak at 1.66 V in the two subsequent cathodic
scans indicate the structure change at the first discharge and then convert reversible
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structure [40]. The following two cycles of Ni3S4/CAs-1 sample exhibit no difference,
implying the good stability and reversibility toward sodium adsorption/desorption.
Fig. 5b displays galvanostatic charge/discharge voltage profiles of Ni3S4/CAs-1 at 1 A
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g-1. During the first cycle discharge process, there is a plateau that can be observed at
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~ 1.0 V due to the conversion of Ni3S4 to Na2S and Ni. The corresponding charging
plateau is at ~ 1.6 V. For the following two cycles of Ni3S4/CAs-1, the charge and
discharge profiles are almost overlapped, corresponding to remarkable reversibility.
Moreover, Ni3S4/CAs-1 delivers an initial discharge capacity of 360.6 mAh g-1 and
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reversible capacity of 260.3 mAh g-1, with an initial coulombic efficiency (ICE) of
72.1%. In the process, the irreversible capacity loss is ascribed to the generation of
SEI.

EP

The long cycling stability of Ni3S4/CAs, Ni3S4/CAs-1, and Ni3S4/CAs-2 at 1 A
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g-1 are also exhibited in Fig. 5c. After 100 cycles, the Ni3S4/CAs-1 still presents an
outstanding reversible capacity of 297 mAh g-1, indicating an excellent cycling
stability. The Ni3S4/CAs-1 presents much higher capacity than of Ni3S4/CAs (213
mAh g-1) and Ni3S4/CAs-2 after 100 cycles because of the optimal carbon content in
these composites. For the Ni3S4/CAs-2 sample, its reversible capacity declines rapidly
due to the collapse of the porous resulting from a violent volume expansion.
Additionally, the pure CAs electrode only exhibits a reversible capacity of 75 mAh g-1
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(Fig. S7). The rate performances of Ni3S4/CAs-1 electrode at different current density
were studied (Fig. 5d). As expected, when the current density periodically increases
from 0.2 A g-1 to 0.5 A g-1, 1 A g-1, 2 A g-1 and 5 A g-1, the charge capacities declines
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from 424 to 340, 275, 230 and 179 mAh g-1, respectively. When the current density
recovered back to 0.2 A g-1, Ni3S4/CAs-1 still stably delivers a high charge capacity
up to 383 mAh g-1, reaching 90.3% of that at the first 0.2 A g-1. It indicates an
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excellent rate performance of Ni3S4/CAs-1, which can be ascribed to uniformly
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distribution of Ni3S4 NPs in the conductive CAs network and the hierarchical pore
structure. The Ni3S4 NPs and the pores can alleviate the volume change and facilitate
reaction kinetics, while the CAs network promotes conductivity and restraints particle
crushing during cycling. Compared with the previously reported NixSy SIB anode
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material (Table S1), the Ni3S4/CAs-1 electrode exhibits higher reversible capacity and
more excellent sodium storage performance than most of them [41,42]. In addition, no
additional toxic sulfur source is required during the synthesis of this electrode

EP

material, which facilitates large-scale preparation of the metal sulfide-based SIB
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anode material.

CV profiles at different scan rate were measured to explore the apparent

diffusion

coefficients

of

Ni3S4/CAs-1

electrode

(Fig.

5e).

According

to

Randles-Sevcik equation (1), the apparent diffusion coefficient (DNa+) can be
calculated from the relationship between the peak current (Ip) of the CV curve and the
square root of the scan rate (ν1/2) [37,43]. Based on the information of Fig. S8, the
apparent diffusion coefficients are estimated to be 9.15×10-12 and 4.06×10-12 cm2 s−1
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for the reduction and the oxidation peaks, respectively. The electrochemical
performance of Ni3S4/CAs-t electrodes can be further evaluated by electrochemical
impedance spectra (EIS). As illustrated in Fig. 5f, The Nyquist plots of Ni3S4/CAs,
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Ni3S4/CAs-1, Ni3S4/CAs-2 samples all show typical semicircles in high frequencies
and oblique line in the low frequency region before the initial charge/discharge
process with the corresponding same equivalent circuit shown in Fig. S9. The
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Ni3S4/CAs-1 sample with the smaller diameter than those of Ni3S4/CAs and
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Ni3S4/CAs-2 indicates the smaller charge transfer resistance at the interface between
electrolyte and electrodes (Rct). The Rct values of Ni3S4/CAs, Ni3S4/CAs-1 and
Ni3S4/CAs-2 electrodes are tested to be 248.5, 180.3, and 364.1 Ω, respectively. It
indicates that Ni3S4 with a small size and coated with appropriate carbon content can
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reduce the resistance of the electrodes and improve charge transfer and Na+ diffusion.
Ip = 2.69×105n3/2ADNa+1/2ν1/2C

(1)

where n, A, and C represent the number of electrons involved in the redox reaction,

EP

the surface area of the electrode and the molar concentration of sodium ions in the
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anode, respectively.

The Ni3S4/CAs-1 anode material reveals high reversible capacity, rate

performance and stability for SIBs, which is attributed to Ni3S4 NPs and proper
porous micro/macro structure [44]. As illustrated in Fig. 6, due to suitable pore
structure and carbon content, the carbonaceous network can maintain the stable
structure of Ni3S4 NPs during the process of Na+ insertion and desertion in
Ni3S4/CAs-1 electrode. In addition, according to the TEM analysis of the electrode
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after cycling (Fig. S10a), the Ni3S4 particles can maintain the uniform dispersion
characteristics after the insertion of Na+ without aggregation. However, for
Ni3S4/CAs-2 electrode, the lower carbon content and larger size of Ni3S4 NPs lead to
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severe volume changes and deteriorate active materials after Na+ insertion [32] (Fig.
S10b). And the agglomeration of Ni3S4 nanoparticles may leads to severe
pulverization of the electrode structure, resulting in irreversible capacity loss. As a
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result, the unique structure of Ni3S4/CAs-1 facilitates the contact of electrolyte and
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active material, inhibits the dissolution of the intermediate polysulfide, shortens the
distance of Na+ diffusion and prevents loss of the active material during
charge/discharge process. In addition, the porous micro/macro structure can act as a
channel for rapid electron transport, resulting in excellent electrochemical property

4. Conclusions
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and high rate capability.

In conclusion, the Ni3S4 NPs embedded in the carbon aerogel with hierarchical
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pore structure were successfully synthesized from carrageenan-Ni hydrogels. Sulfate
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groups located in the double-helix structure can uniformly limit Ni2+, which ensures
the uniform dispersion of Ni3S4 NPs in carbon matrix. The hierarchical
micro/mesoporous structure shortens the electron/ion transport path and effectively
improves the structural stability of Ni3S4/CAs-1 during charge/discharge process. The
prepared Ni3S4/CAs-1 sample exhibits high reversible capacity as high as 297 mAh
g-1 after 100 cycles at 1 A g-1, excellent rate capability and good cycle stability when
employed as SIBs anode materials. Because the operation is simple and fast and there
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is no toxic sulfur source in the synthesis process, this work provides a simple
renewable and green method for preparing advanced metal sulfide-based SIBs anode
materials with an excellent performance.
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Scheme and Figure captions
Scheme 1. The synthesis process of Ni3S4/CAs.
Figure 1. (a) XRD patterns of Ni3S4/CAs-t. (b) Raman spectroscopy of Ni3S4/CAs-t.

pore size distribution curves of Ni3S4/CAs-t.
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(c) Nitrogen adsorption-desorption isotherms of Ni3S4/CAs-t. (d) The corresponding

Figure 2. The XPS spectra of Ni3S4/CAs-1, (a) full survey scan, (b) Ni 2p, (c) S 2p,
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and (d) C 1s.
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Figure 3. FESEM images of (a, b) Ni3S4/CAs-1, (c) Ni3S4/CAs-2. (d) The EDS
mappings of Ni, C and S elements.

Figure 4. TEM images of (a) Ni3S4/CAs, (b) Ni3S4/CAs-1, and (c) Ni3S4/CAs-2. (d)
HRTEM image of Ni3S4/CAs-1.
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Figure 5. (a) CV curves of Ni3S4/CAs-1. (b) The Ni3S4/CAs-1 cycled at the 1st, 2nd
and 3rd from 0.01 V to 3.0 V (vs. Na+/Na) at a current density of 1 A g-1. (c)
Comparison of the long cycling performances of Ni3S4/CAs-t. (d) The reversible

EP

capacity of the Ni3S4/CAs-1 at different rates. (e) CV curves of the Ni3S4/CAs-1 under
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various scan rates (from 0.1 to 1.2 mV s−1). (f) Nyquist plots of Ni3S4/CAs-t
electrodes.

Figure 6. Schematic of reaction process of Na+ de/insertion for Ni3S4/CAs-1 and
Ni3S4/CAs-2.
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Figure 1. (a) XRD patterns of Ni3S4/CAs-t. (b) Raman spectroscopy of Ni3S4/CAs-t.
(c) Nitrogen adsorption-desorption isotherms of Ni3S4/CAs-t. (d) The corresponding
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Figure 2. The XPS spectra of Ni3S4/CAs-1, (a) full survey scan, (b) Ni 2p, (c) S 2p,
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Figure 3. FESEM images of (a, b) Ni3S4/CAs-1, (c) Ni3S4/CAs-2. (d) The EDS
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mappings of Ni, C and S elements.
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Figure 4. TEM images of (a) Ni3S4/CAs, (b) Ni3S4/CAs-1, and (c) Ni3S4/CAs-2. (d)
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HRTEM image of Ni3S4/CAs-1.
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Figure 5. (a) CV curves of Ni3S4/CAs-1. (b) The Ni3S4/CAs-1 cycled at the 1st, 2nd
and 3rd from 0.01 V to 3.0 V (vs. Na+/Na) at a current density of 1 A g-1. (c)
Comparison of the long cycling performances of Ni3S4/CAs-t. (d) The reversible
capacity of the Ni3S4/CAs-1 at different rates. (e) CV curves of the Ni3S4/CAs-1 under
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electrodes.
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various scan rates (from 0.1 to 1.2 mV s−1). (f) Nyquist plots of Ni3S4/CAs-t
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Figure 6. Schematic of reaction process of Na+ de/insertion for Ni3S4/CAs-1 and
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Ni3S4/CAs-2.

