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Abstract

Rechargeable aluminum-ion batteries (AIBs) are receiving considerable attention 

as a desirable device for large-scale energy storage owing to high theoretical capacity 

and abundance of aluminum. However, due to strong charge of Al3+, the state-of-the-

art AIBs often show sluggish electrode reaction kinetics and rapid capacity fading and 

the available cathode materials always demonstrate poor structural stability, thereby 

greatly hindering their practical use. NiS2 with anion redox species (S2
2– dimers) and 

favorable electronic conductivity is a promising cathode to boost the performance of 

AIBs in terms of reversible capacity, rate capability and cycling stability. Here, we 

report a systematic investigation of the Al storage behavior and mechanism of NiS2/S-

doped carbon (NiS2/SC) cathode based on a series of electrochemical tests and ex situ 

measurements. We further develop electrospun NiS2/S-doped carbon@S-doped carbon 

nanofiber (NiS2/SC@SCNF) structure as the cathode of AIBs. The as-fabricated AIB 

delivers an unprecedented Al3+ storage performance with a stable capacity of 76 mAh 

g−1 at 0.5 A g−1 CV 500 cycles and a superior cycling Coulombic efficiency of 97%. 

This study reveals that NiS2/SC@SCNF  undergoes a reversible evolution of initial Al3+ 

insertion followed by anionic redox between S2
2– and S2–, paving the road for the futher 

development of NiS2–based cathodes for AIBs.

Key words: anionic redox, aluminum-ion batteries, NiS2-based electrode, electrospun
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1. Introduction

Because of their high intrinsic safety, high energy density, and lower costs, 

aluminum-ion batteries (AIBs) have received new attention during the past decade.[1-

3] Aluminum is the most abundant metal on earth. Because Al can be triple-charged, it 

offers a high theoretical volumetric capacity of 8046 mAh cm–3 as an anode in the 

battery. In addition, its lower reactivity than lithium makes AIBs higher intrinsic safety 

than lithium-ion batteries. However, the practical use of AIBs is greatly hindered by 

the lack of high-performance cathode materials. The available cathodes usually show 

low capacity and poor reversibility during the electrochemical process, owing to the 

high electronegativity of the triple-charged Al3+ which causes the strong interaction of 

Al3+ with the structure of cathode material.[4-6] As compared to oxides, transition-

metal sulfides (TMSs) have a softer anionic structure, thus energy barrier of Al3+ 

diffusion in TMSs is lower than in oxides, resulting in higher capacity and durability. 

[7-10] During the past, considerable efforts have been devoted to investigating the Al-

ion storage mechanisms in metal sulfide-based electrodes. Both conversion-type and 

intercalation-type metal sulfides were observed, such as NiS[11], Ni2S3/graphene[12], 

and CuS[13] for the former, and SnS2[14] and WS2[15] for the latter (AlCl4
-). The aim 

is to accomplish high energy density or prevent the strong electrostatic interaction 

between Al-based ions and the host material. 

Recently, the combination of cationic–anionic redox transformation or the 

exclusive anionic redox processes has been exhibited in multivalent metal-ion (such as 



4

Ca2+, Mg2+, and Al3+) batteries to achieve high specific capacity.[16] In some metal 

sulfides (e.g., FeS2, Fe0.5Co0.5S2, TiS4, and VS4)[17-22], S2
2– dimers act as the main 

redox centers to promote the anionic redox processes, resulting in accelerated 

multielectron-transfer efficiency and enhanced storage capacity. In AIBs, the high-

capacity FeS2 cathode has been investigated by X-ray absorption near-edge structure 

analysis. Reduced sulfur in the vicinity of the surface to form amorphous Al2S3 and low 

crystalline FeS was observed.[17] Moreover, amorphous TiS4 cathode with anion 

enrichment achieved a high capacity of 206 mAh g–1 over 1000 cycles.[18] It was found 

that, during the storage of Al ions, the TiS4 cathode underwent a reversible anionic 

redox between S2
2– and S2–, which was accompanied by the dissociation of S-S bonds 

to form Al-S bonds and a decrease in Ti coordination number.

Among the various sulfides, NiS2, belonging to the nickel sulfide family (NiS, 

NiS2, Ni3S2, and Ni3S4), has great potential as anode material in alkali-metal batteries 

because of its high theoretical capacity and abundance in resource.[23-25] Notably, 

owing to the high sulfur ratio in NiS2, the energy overlapping between the Ni d levels 

and the sulfur valence band could facilitate the formation of S2
2– dimers. [19, 26, 27] 

However, the anionic redox mechanism of the NiS2-based materials in AIBs has not 

been fully explored. 

In the present study, we reported in detail, for the first time, the storage mechanism 

of NiS2-based cathode materials for AIBs. The redox processes and structural 
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transformations were systematically investigated through a series of ex situ 

measurements after the intercalation/deintercalation of Al ions in NiS2/S-doped carbon 

(NiS2/SC) material. The capacity-deterioration mechanisms of the NiS2/SC material 

were also elucidated. During discharge, the Al ions destroyed the NiS2 crystal structure 

and were trapped in the subsequent charging process; at high charge voltage, Al-ion 

extraction caused the formation of active polysulfide species. This species subsequently 

dissolved into the electrolyte, resulting in the loss of active material. Notably, the merit 

of the thin layer of S-doped carbon (SC) coated onto NiS2 helped to avoid the 

agglomeration of active materials and increase the interfacial area between the NiS2 

material and the electrolyte. To effectively utilize the active mass of the NiS2 electrode 

and enhance the conductivity of the cathode electrode, electrospinning approach was 

then used to fabricate the NiS2/SC@SC nanofiber (NiS2/SC@SCNF) electrode. This 

electrode facilitated the rapid electron transfers and mass transports, as well as 

stabilized the anionic redox process by wrapping the soluble polysulfides species. As a 

new class cathode material for AIBs, an improved discharge capacity of 76 mAh g–1 

was achieved after 500 cycles at 500 mA g–1 with a superior cycling Coulombic 

efficiency of 97%. 

2. Experimental section

2.1. Preparation of Ni-TA coordination compounds

In a conventional method, 4.00 g of tannic acid (TA, AR) and 3.6 g of nickel nitrate 

hexahydrate (Ni(NO3)2•6H2O, 99%) were firstly dissolved in 60 mL of deionized (DI) 
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water to form solution A. In addition, 1.34 g of sodium hydroxide was dissolved in 20 

mL of DI water to form solution B. Then solution A was added into solution B under 

magnetic stirring and vigorous stir was continued for 1 hour. Subsequently, the product 

was collected by high-speed centrifuge and washed with DI water and anhydrous 

alcohol several times. The metal-organic coordination compounds were finally 

obtained by freeze-drying. 

2.2.  Preparation of NiS2/SC and NiS2

Firstly, the obtained Ni-TA coordination compounds were carbonized to form a 

Ni-catalyzed graphite layer along with the inside growth of Ni nanoparticles under 

nitrogen protection at 400 °C for 2 hours with a ramp rate of 2 °C min-1 and then 800 °C 

for 2 hours with a ramp rate of 5 °C min-1, which were named Ni/C. The resulting Ni/C 

black powder and sublimed sulfur (S8, 99.95%) were mixed with a mass ratio of 1:15 

and entirely ground in mortar for 30 mins. Afterward, the mixture was heated at 350 °C 

for 2 h in a nitrogen atmosphere with a ramp rate of 2 °C min-1 to obtain NiS2/SC. For 

the preparation of NiS2, the Ni/C powder was oxidized at 350 °C for 2h in an air 

atmosphere to remove the outer carbon and transform them into the NiO materials, and 

then the NiO powder was executed the same sulfuration procedure as the synthesis of 

NiS2/SC to obtain pure NiS2.

2.3. Preparation of NiS2/SC@SCNF

0.5 g PAN (polyacrylonitrile, Mw 150000) was firstly dissolved in DMF (N,N-
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dimethylformamide, 4.5 mL) to obtain an 11 wt% PAN solution, and 0.25g of Ni/C was 

then added into the PAN solution with continuously magnetic stirring for 6 h. The 

resulting solution was loaded into a 5mL syringe for electrospinning with a 21-gauge 

stainless steel needle. Between the needle and the collector, the voltage of +19kV and 

-2kV was applied and the 15 cm distance was maintained. The electrospinning process 

was executed with a feeding rate of 20 μL/min, a humidity of 30 ± 2.5 % and a 

temperature of 35 ± 2 °C. After electrospinning, the obtained fibers were stabilized 

under nitrogen protection at 280 °C for 2h with a ramp rate of 2 °C min-1 and then 

pyrolyzed at 800 °C for 1h with a ramp rate of 5 °C min-1 to obtain Ni/C@CNF (carbon 

nanofiber). The same sulfidation process was carried out at 350 °C for 2h in N2 

atmosphere with the mixture of Ni/C@CNF and sulfur to obtain NiS2/SC@SCNF. 

2.4. Fabrication of ionic liquid electrolyte

In an argon atmosphere glove box ([O2] <0.1 ppm, [H2O] < 0.1 ppm), the 

[EMIm]AlxCly ionic liquid electrolyte was fabricated by sluggishly adding aluminum 

chloride (AlCl3, 99%) into 1-Ethyl-3-methylimidazolium Chloride ([EMIm]Cl, 98.0%) 

with a molar ratio of 1.3. The addition process must be carried out slowly with constant 

stirring to avoid a vigorous exothermal reaction, then the light-yellow and transparent 

ionic liquids were obtained. Afterward, the obtained ionic liquid electrolyte was 

purified with one high-purity Al pellet (Al, 99.999%) at 60°C for 24h until it was nearly 

colorless. 
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2.5. Assembly of Aluminum-Ion Batteries

In a typical procedure, all the cathode was prepared by mixing a slurry of 70% 

active materials, 20% super P, and 10% PVDF in NMP solvent. After that, the slurry 

was coated on Mo current collector and dried at 80 °C for 12h in a vacuum. The loading 

mass in batteries is 0.78-1.06 mg cm-2. The soft-package batteries were assembled using 

the as-prepared electrodes as the cathodes, the metallic Al as the anode, and the glass 

fiber (GF/D) as the separator, then were injected with ~500 μL electrolyte in the 

glovebox. 

2.6. Electrochemical measurements

For the galvanostatic discharge/charge tests, they were all conducted employing a 

Neware battery test system (BTS-53, Shenzhen, China) with the soft-package cells. It 

is worth noting that all galvanostatic long-cycling measurements were executed after a 

five-cycle activation process at current density of 0.2 A g-1. And the rate performance 

measurements were executed after a five-cycle activation process at a small current 

density of 0.1 A g-1. The cyclic voltammetry (CV) test was investigated in the range of 

0-2.0 V at different scan rates. And under the open circuit potential, electrochemical 

impedance spectroscopy (EIS) spectra were collected with a frequency range of 105 to 

0.1 Hz. All electrochemical measurements were performed using a BioLogic VMP-300 

electrochemical workstation.

2.7. Characterization Techniques 
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The phase structure was determined by X-ray diffraction (Rigaku SmartLab, XRD) 

with Cu Kα radiation from 10° to 90°. The morphologies and microstructures of 

materials were characterized by field emission scanning electron microscopy (Zeiss 

Sigma, FESEM) and transmission electron microscopy (JEM-F200, TEM) coupled 

with EDX spectroscopy. The micro Raman system (Horiba, LABHRev-UV) was used 

to acquire Raman spectra (200-700 cm-1). X-ray photoelectron spectroscopy (XPS) was 

conducted with a Thermo Fisher Scientific using an Al Kα source, and binding energies 

were calibrated using carbon (C 1s=284.8 eV). All XPS samples after the 

electrochemical process were prepared in a glove box and transferred into a special 

chamber under an argon atmosphere without exposure to the air to reduce 

contamination and their XPS patterns were collected after a 60s etch time (Ion energy: 

2000 eV; Sputter rate estimate: Ta2O5 = 0.19 nm/s) to explain the anionic redox process. 

Thermogravimetric analysis (TGA) was conducted on an SDT-Q600 thermal analyzer 

with a heating speed of 10 °C min-1 in airflow of 100 ml min-1. The NiS2 mass percent 

can be described NiS2 (wt.%)  x residual weight (wt.%). To =
molecular of NiS2
molecular of NiO

characterize the electrode after cycling, the cell was charged or discharged to different 

states at a current density of 200 mA g-1 after a five-cycle activation process. Then the 

tested electrodes were disassembled, rinsed in anhydrous alcohol, and dried in the 

glovebox.

3. Results and discussion

To reveal the electrochemical reaction mechanism of NiS2-based materials as 
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cathode of AIBs, NiS2/SC material was synthesized by a conventional method in which 

Ni-TA coordination compounds were carbonized to obtain the Ni-catalyzed graphitic 

carbon embracing the Ni nanoparticles. Subsequently, the metallic Ni was transformed 

into NiS2 through a simple sulfidation process (Fig. 1a). Fig. 1b shows the X-ray 

diffraction (XRD) pattern of the as-prepared NiS2/SC nanomaterial, which can be 

indexed based on the physical mixture of vaesite-type NiS2 phase (PDF Card No. 11-

0099) and graphite. The refined results revealed that the crystal structure of the NiS2 

phase in the composite is a cubic (Pa-3) unit cell with a lattice parameter of 5.68 Å. 

After the sulfidation at 350 °C and 15:1 (S8:Ni/C) mass ratio, pure-phase and high-

crystallinity NiS2/SC was obtained (Fig. S1). With the further increase in ratio of sulfur 

to active material (a mass ratio of 20:1 (S8:Ni/C)) and sulfidation time, the typical 

characteristic peaks of NiS2/SC material remained the same, indicating the difficulty in 

forming higher S-rich nickel polysulfides (ratio > 2). According to the scanning 

electron microscopy (SEM) images as shown in Fig. 1c, a homogeneous and polygon-

like morphology of the as-synthesized NiS2/SC material with a diameter of 50–300 nm 

was observed. Conversely, NiS2 without SC could be obtained through the oxidization 

of Ni/C and the subsequent sulfidation of NiO (Figs. S2a and S2b). However, the NiS2 

material without the SC layer had a larger particle size and inhomogeneous particulate 

morphology with severe agglomeration (Fig. S2c). High-resolution transmission 

electron microscopy (HRTEM) showed that the SC had a NiS2 core comprising a ~10 

nm layer on the boundary (Figs. 1d and 1e). Furthermore, we observed clear lattice 

fringes with an interplanar spacing of 0.204 nm corresponding with the typical (220) 
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lattice plane of NiS2, and the long-range order stacking parallel carbon layer with an 

average interplanar spacing of 0.37 nm is in well agreement with a previously reported 

graphite material.[28, 29] Fig. 1f shows that the nickel and sulfur elements of the 

NiS2/SC material were coexistent and homogeneously distributed in the core. Similarly, 

HRTEM and EDS showed that the NiS2 materials had a typical (200) lattice plane 

without a carbon layer (Figs. S2d, S2e, and S2f). The coating of the SC layer on NiS2 

could effectively reduce the particle size of NiS2 and increase the interfacial area 

between the NiS2 material and the electrolyte, which was very beneficial to 

electrochemical performance.[25] 

Thermogravimetric analysis (TGA) was performed to examine carbon content of 

NiS2/SC material. Fig. 2a shows the TGA curve after the calcination from room 

temperature to 900 °C with flowing air. The final composition of NiO after the TGA 

test was determined through XRD analysis (Fig. S3). The weight loss can be correlated 

with the loss of adsorbed water, the combustion of the SC, and the conversion of NiS2 

into NiO. From the TGA curve, the weight loss of NiS2/SC is 62.4%. By calculating 

the mole ratio of active materials, the active mass percentage of NiS2/SC is 61.8%, and 

the corresponding mass percentage of carbon is 38.2%. The graphitic structure of the 

carbon layer was also verified by Raman spectroscopy; the peak at around 2700 cm–1 

corresponded with a typical 2D peak of the graphitic structure (Fig. 2b). The pattern 

showed two other obvious peaks at 1342 and 1569 cm–1, which were ascribed to the D 

and G bands, respectively.[30] X-ray photoelectron spectroscopy (XPS) was conducted 
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to investigate the chemical state of the SC, sulfur anion, and nickel cation. As shown in 

Fig. 2c, C, Ni, S, and O elements coexisted in the NiS2/SC sample. The binding states 

of C, Ni, and S elements were further illustrated by high-resolution spectra analysis. 

The C1s spectrum had two obvious peaks and a high bonding-energy peak, attributed 

to the C-C (284.8 eV), C-O (285.7 eV), and π-π* satellite (290.2 eV) bonds, 

respectively (Fig. 2d).[31] The high-resolution Ni 2p spectrum was fitted into the 

existing Ni2+ (854.3 eV for 2p3/2 and 871.9 eV for 2p1/2) and Ni3+ (856.2 eV for 2p3/2 

and 875.1 eV 2p1/2). Additionally, two satellite peaks at 859.32 and 878.47 eV were 

observed, attributed to the 2p3/2 and 2p1/2, respectively (Fig. 2e).[32, 33] The presence 

of Ni3+ was due to the superficial oxidation of sulfide material when storing the NiS2/SC 

material in air. Oxidation caused the particular intensity of Ni3+ in NiS2/SC.[34] 

NiS2/SC showed one pair of peaks at 162.9 and 164.0 eV, which was assigned to S2
2– 

2p3/2 and S2
2– 2p1/2, respectively (Fig. 2f).[18, 22] Moreover, the peak located at 169.1 

eV was ascribed to the S-O covalent bond owing to the oxidation, and the obvious peak 

at 164.5 eV confirmed the existence of the C-S-C bond owing to the SC.[31, 33] The 

XPS results of NiS2 and Ni/C are also exhibited in Fig. S4.

The electrochemical performance of Al pouch cells was tested to investigate the 

Al-ion storage capability in NiS2/SC. First, the initial five cycles of CV curves were 

observed to reveal the redox process of NiS2/SC at a low scan rate of 1 mV s–1 (Fig. 3a) 

without activation. An increased reduction peak and a broad reduction peak within 

0.01–1.25 V vs. Al3+/Al were observed in the initial five cycles. The corresponding 
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multistep oxidations had one main peak at about 1.5 V and three broad peaks that 

increased with the repeat scan. The slight shift of the peaks may be associated with the 

structural rearrangement as caused by the compositional changes.[21, 35, 36] 

Especially, the anodic peak near 1.7 V shifts to a higher voltage, which is probably due 

to the activation process with the formation of SEI or polysulfides.[37-39] NiS2 without 

SC had a similar redox peak, but a lower reaction current. This finding indicates inferior 

kinetics owing to the poor electrical conductivity and inferior interfacial area with 

electrolyte (Fig. S5a). In good agreement with the redox behavior of CV measurement, 

the charge and discharge curves at a current density of 200 mA g–1 ranging within 0.01–

1.95 V are shown in Figs. 3b and S5b. The NiS2/SC cathode exhibited a discharge 

capacity of 170 mAh g–1 at the first discharge with a clear slope discharge from 1.0 V 

to 0.01 V. In the subsequent five cycles, the electrochemical polarization decreased and 

the discharge capacity of 185 mAh g–1 was observed at the fifth discharge. Conversely, 

the NiS2 cathode displayed low capacity (118 mAh g–1 for the first discharge and 138 

mAh g–1 for the fifth discharge) and poor reversibility, further confirming the necessity 

of the SC layer.

The other two cutoff voltages (1.8 and 2.0 V) were set to test the utilization of the 

cathode in the Al-ion battery system (Figs. 3c and S5c-e). Within the same voltage 

range, NiS2/SC demonsstrated superior electrochemical capacity over NiS2. In the case 

of the cutoff voltage range from 0.01 to 1.95 V, even if NiS2 had a higher Ceff, the 

inefficient utilization of cathode material caused a low capacity. Low Ceff and fast 
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capacity decay were observed with cutoff voltage ranging within 0.01–2.0 V, owing to 

the quick decomposition of material at a high voltage. And low capacity was observed 

with cutoff voltage ranging within 0.01-1.8 V, owing to the inefficient utilization of 

cathode material. To maintain a decent capacity and Ceff and stable cyclic performance, 

the cutoff voltage of the AIBs was preferred at 1.95 V in the following test. By 

considering the effect of the SC, SC without NiS2 was obtained through simple etching 

and sulfidation. A very small capacity was observed for the SC material, i.e., about 12 

mAh g–1, which barely affected the acquired capacity of NiS2/SC material (Fig. S5d). 

Superior rate capability of NiS2/SC under various current densities was also 

observed (Figs. 3d and 3e). An activated discharge capacity of 105 mAh g–1 at 200 mA 

g–1 was obtained, maintaining about 60 mAh g–1 at 1000 mA g–1. The capacity was 

retained to 115 mAh g–1 after the current density returned to 100 mA g–1, signifying the 

superior rate performance of NiS2/SC material over NiS2 without SC (52 mAh g–1 at 

200 mA g–1 decreased to 17 mAh g–1 at 1000 mA g–1) (Figs. S6a and S6b). Additionally, 

EIS was conducted on the electrode at the original and after 100 cycles from 100 kHz 

to 0.1 Hz with the results shown in Figs. 3f and S7. Thanks to the presence of SC, the 

impedance of Rs for NiS2/SC electrode was about only 5 Ω, and the impedance of Rct 

remarkably decreased after 100 cycles, indicating that SC can enhance the conductivity 

of the material and offer rapid charge transfer. The galvanostatic intermittent titration 

technique (GITT) was used to further assess the Al3+ diffusion dynamics after five-

cycle activation, showing the quick discharge voltage drops (ohm drop, IR) and slow 
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decrease in ΔEτ in Fig. S8a. The GITT-determined discharge/charge curves showed 

consistent discharge capacity (Fig. S8b and S8c), similar to the galvanostatic discharge 

(Figs. 3b and S5b). The Al3+ diffusion coefficient (D) ranged within 10–10 to 10–13 cm2 

s–1 in the intercalation process, in which the D in NiS2/SC was mostly higher than that 

in NiS2 (Fig. S8d). Thus, the superior electrochemical performance of NiS2/SC should 

typically be associated with the SC layer, which improved the electronic conductivity 

and charge transfer of Al3+.

As shown in Fig. 3g, the long-cycling stability was assessed in AIBs at 500 mA 

g–1. By using NiS2/SC, an initial discharge capacity of 140 mAh g–1 was found, and a 

discharge capacity of 53 mAh g–1 remained after 500 cycles with a high and stable Ceff 

of 97%. Conversely, NiS2 showed a low initial discharge capacity of 85 mAh g–1, and 

the discharge capacity dropped to 20 mAh g–1 after 500 cycles (Fig. S9). Results 

showed that NiS2/SC material had better cycling stability and higher capacity than NiS2 

material. To elucidate the capacity fading of NiS2/SC and NiS2 in the first 50 cycles, 

SEM and TEM analyses were conducted to further characterize the morphology of 

NiS2/SC material after 100 cycles (Fig. 3h). Numerous holes were observed at the 

particles and some NiS2 particles disappeared from the embraced carbon layer owing 

to the structure pulverization with the repeat intercalation/deintercalation of Al ion into 

the interior NiS2 structure and the dissolution and loss of intermediate products. 

Nevertheless, the NiS2 particles exhibited uniform distribution without particle 

agglomeration owing to the protection of the carbon layer. After cycling, the 
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pulverization and agglomeration of NiS2 were observed and found to decrease 

electrochemical performance (Fig. S10). Thus, the energy-storage and capacity-

deterioration mechanisms of NiS2/SC cathode material urgently need to be revealed to 

further improve electrochemical ability.

To gain insights into the Al3+ storage mechanism in NiS2/SC electrode, a series of 

ex situ investigations including XRD, XPS, UV, and TEM were performed after a five-

cycle activation process. The electrode samples for the ex situ studies were collected at 

different voltage stages (Fig. 4a). As shown in Fig. 4b, at the full-discharge state (0.01 

V), the characteristic XRD pattern for NiS2/SC at 2-theta of 20 –50° had a clear 

decrease in peak intensity and retained only the obvious (200) peak at 31.5°. The 

reduced peak intensity was ascribed to the low crystallinity or amorphous product 

caused by the rearrangement of the lattice after the Al3+ insertion.[17] At the full charge 

state, the diffraction peaks of the NiS2 phase were recovered, indicating reversible 

electrochemical reactions of NiS2/SC in the Al-ion battery at the first few cycles. The 

(200) peak showed a slight shift to a lower angle at the full discharge state and recovered 

at the full charge state, indicating negligible volume change during the electrochemical 

intercalation/deintercalation of Al3+. Notably, the peak at 2-theta of 40.6° was attributed 

to the molybdenum current collector. For gain the detailed information on material 

structural evolution during cycling, We provided the in situ XRD of the 1st 

discharge/charge and 2nd discharge processes in the revised manuscript (Fig. S11). As 

shown in Fig. S11, a clear decrease of (111) peak intensity was observed during the 
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discharging process and the complete disappearance of the (111) peak intensity at the 

full-discharge state (0.01 V). And these peaks were partially recovered during the 

charging process. The obvious (002) peak at 31.5° showed a slight shift to a lower angle 

during the discharging process, which indicates a minor expansion of the lattice 

parameter after Al3+ insertion. At the same time, the (002) peak recovered back during 

the charging process. Additionally, all peak intensity at the full-discharge state (0.01 

V) is lower than that at the full-charge state (1.95 V) which is ascribed to the low 

crystallinity or amorphous product caused by the rearrangement of the lattice after the 

Al3+ insertion. These results indicate the reversible electrochemical reactions of 

NiS2/SC in the Al-ion battery at the first few cycles. The in situ XRD results are in good 

agreement with the ex situ XRD results in the manuscript (Fig. 4b). Considering the 

poor crystallinity, TEM analysis was further performed to investigate its phase 

components. Amorphous products were confirmed on the surface of NiS2 with a large 

area after the full discharge (Fig. 4c). Furthermore, NiS2 partially recovered after the 

full charge with some amorphous phases owing to the existence of the trapped Al ion 

in the NiS2 structure (Fig. 4d). 

XPS analyses were conducted at various potentials to monitor the change in 

oxidation state and the chemical composition of S, Al, Cl, and Ni elements during the 

Al-ion uptake and removal.[22] All XPS samples after the electrochemical process 

were prepared in a glove box and transferred into a special chamber under an argon 

atmosphere without exposure to the air to reduce contamination (Fig. S12). The etching 
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XPS analysis was utilized for NiS2/SC and showed that after 60 s etching time, the 

atomic percentage of the C1s, S2p, and Ni2p remained the same with further increasing 

etch time beyond 60 s, indicating that the surface carbon layer was etched after 60 s 

etching time (Fig. S13). So their XPS patterns were collected after a 60s etch time to 

etch the surface carbon layer and explain the anionic redox process. As shown in the S 

2p detail spectra (Fig. 4e), the pristine NiS2/SC demonstrated two characteristic peaks 

at binding energies of 162.9 eV (S2
2– 2p3/2) and 164.0 eV (S2

2– 2p1/2), corresponding 

with the doublet peaks of the S2
2– dimer. All spectra were fitted with the spin-orbit 

splitting energy of 1.16 eV and intensity ratio of 0.5 between the S2
2– 2p3/2 and S2

2– 2p1/2 

peak. At the beginning discharge to 0.6 V, in the S 2p spectrum, two pairs of peaks with 

different S 2p3/2 binding energies of 162.1 and 163.4 eV were observed, which were 

assigned to the S2– and Sn
2– (2 ≤ n < 8) ions (Sn

2– including S2
2– and some polysulfides 

on the surface and in the subsurface region), respectively.[21, 22] This process was 

similar to the evolution of a series of polysulfides in Al-S batteries and some TMSs.[3, 

20, 40] The S2– peak demonstrated the reduction from S2
2– dimers, and Sn

2– indicated 

the oxidation of S2
2– dimers probably owing to the previous activation process. At the 

full discharge, the broad Sn
2– peaks gradually decreased, whereas the position of the S2– 

peaks remained constant with increased peak intensity. When being charged, the S2– 

peak intensity decreased and the Sn
2– peak gradually increased and broadened with the 

excessive oxidation, indicating that the sulfur at the center caused the redox reactions 

during the Al3+ deintercalation. The variations in the S2– 2p3/2/Sn
2– 2p3/2 peak ratio were 

0.86 at discharged 0.6 V, 1.16 at discharged 0.01 V, 0.83 at charged 1.6 V, and 0.73 at 
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charged 1.95 V respectively. The Sn
2– 2p3/2 peak was centered at 163.4 eV, which 

positively shifted by 0.5 eV from the corresponding 2p3/2 peak of NiS2/SC, suggesting 

the existence of some polysulfides and the partial reversibility of NiS2/SC at the full 

charge. The high ratio of S2– peak intensity during the process was possibly due to the 

residual Al3+ trapping in the structure. The chemical state of Ni cation in NiS2/SC was 

analyzed by the Ni 2p XPS spectra (Fig. S14a). The positions of the Ni 2p peaks showed 

no observable changes during the cycling. However, all positions of Ni 2p3/2 and 2p1/2 

during the cycling shifted to lower binding energies of 853.8 and 870.9 eV, respectively, 

with respect to the original NiS2/SC materials, indicating the concomitant cationic 

redox owing to the reduction of the original Ni after the initial activation. Fig. S14b 

shows the XPS spectra of Al 2p and Cl 2p at the full charge and the full discharge. The 

peak position of Al 2p slightly positively shifted after the discharge compared with the 

peak at the charged state, which was possible due to the trapped Al ion in the inner 

structure of NiS2/SC. However, no obvious change occurred in the peak intensity and 

the position of Cl 2p. The XPS results confirmed that after the Al-ion insertion, S2
2– 

was reduced to S2–, accompanying with the reduction of Ni2+. Subsequently, during the 

cycling, S2– was partially reversed to S2
2– as the main anionic redox centers, and the 

reduced Ni state was observed owing to the existence of trapped Al in the surface 

structure. 

To further elucidate the transformation of polysulfides during the cycling, ex situ 

UV analysis was performed for the electrolyte at various voltage stages (Fig. 4f).[41] 
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In the charged process, the peak intensity at 350 and 464 nm gradually increased and 

almost disappeared at the full-discharge state, indicating the high dissolution of 

polysulfides at high charge voltage and a partially reversible redox reaction of sulfur in 

ionic-liquid electrolyte. Raman spectra were obtained to characterize the structural 

information of the liquid electrolyte (Fig. S15). The fresh electrolyte had a small peak 

at 311 cm–1, a strong peak at 350 cm–1, and another peak at 596 cm–1, attributed to 

Al2Cl7
–, AlCl4

–, and EMI+, respectively. Al2Cl7
– decomposed into AlCl4

– during the 

charging, and the characteristic peak weakened. The low peak intensity including that 

of the AlCl4
– ion was due to the disturbance of the polysulfide ion in the electrolyte. In 

the process of discharge, the reaction of Al with AlCl4
– ions was conducted to form 

Al2Cl7
– ions. 

Based on the above measurements, the mechanism of the Al-ion storage in 

NiS2/SC can be tentatively proposed as follows (Fig. 4g): 

NiS2 + xAl3+ + 3xe– ↔ AlxNiS2(amorphous) 

During the discharge, Al inserted into the NiS2 lattice structure to form amorphous 

AlxNiS2 phase with the sulfur anions acting as the main redox centers and the partial 

reduction of Ni2+ to Ni4–3x (2/3 < x < 4/3) cations occurring to achieve local 

electroneutrality. During the charge, S2– was oxidized to S2
2–, and even some parts were 

oxidized to polysulfides in high charge voltage with Al-ion extraction. The main 

reasons for the capacity decay and deterioration mechanisms of the NiS2/SC cathode 

material during the Al3+ intercalation/deintercalation was the loss of the active phase, 
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i.e., (1) during discharge, Al ions inserted and destroyed the crystal NiS2 to form 

amorphous AlxNiS2 and were trapped in the structure at the following charge process; 

and (2) during charge, the sulfur anions as the main redox centers were overoxidized to 

polysulfides, which substantially dissolved in the electrolyte.

Based on the above analysis of the capacity-deterioration mechanism, we 

proposed the utilization of SC nanofiber (SCNF) as a wrapping and conductive layer to 

further optimize the NiS2/SC cathode. SCNF was conducive to avoiding the loss of 

polysulfides and increasing the conductivity of the active material to reduce the trapped 

Al ion.[31, 42-44] With this purpose, Ni/SC was combined with electrospinning to form 

the Ni/SC@PAN, followed by simple calcination and sulfidation process to obtain the 

NiS2/SC@SCNF. The schematic of the as-prepared Al-ion battery with the 

NiS2/SC@SCNF cathode is shown in Fig. 5a. The successful combination of NiS2/SC 

and SCNF can be confirmed through SEM and TEM analyses (Figs. 5b and 5c). The 

electrode showed a uniform carbon nanofiber only with some particles outside the fiber, 

owing to the breakage of the thin fiber. HRTEM images were also acquired to gain deep 

insights into the NiS2/SC@SCNF structure. Results showed that NiS2/SC was well 

encapsulated in the SC nanofibers, and the corresponding elemental mapping images 

(Ni, S, and C) of NiS2/SC@SCNF further confirmed that the active material was 

dispersed in the fiber interior. The XRD pattern of NiS2/SC@SCNF showed the typical 

peaks of the cubic NiS2 phase, which had no obvious difference from the peaks of 

NiS2/SC (Fig. S16a). TGA test results confirmed 42.1% mass percentage of active 
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materials and 57.9% mass percentage of carbon in NiS2/SC@SCNF owing to the co-

existence of SCNF (Fig. S16b). Consequently, the electrochemical performance of the 

NiS2/SC@SCNF electrode displayed a similar charge and discharge curve to the 

NiS2/SC electrode and was barely affected by the pure SCNF regarding the obtained 

capacity (Fig. 5d). After a slow initial capacity decay, a specific discharge capacity of 

82 mAh g–1 was achieved after 100 cycles at 200 mA g–1 (Fig. S17). To investigate the 

dissolution of polysulfides in NiS2/SC and NiS2/SC@SCNF after the cycling, UV 

studies were performed on the electrolytes after 200 cycles at 200 mA g–1 current 

density (Fig. 5e). The electrolyte with NiS2/SC@SCNF had a lighter color than that 

with NiS2/SC from the optical photograph, indicating that fewer polysulfide ions were 

dissolved in electrolytes (Fig. 5e insert). Meanwhile, the UV spectra of electrolyte with 

NiS2/SC showed a larger absorption peak at 464 nm than that of electrolyte with 

NiS2/SC@SCNF, indicating that encapsulating the NiS2/SC in SCNF structure can 

effectively avoid the loss of polysulfides and resulted in superior electrochemical 

performance. The NiS2/SC@SCNF cathode showed outstanding cycling performance, 

with a significantly slower capacity-loss rate and a discharge capacity of 76 mAh g–1 

after 500 cycles with a coulombic efficiency of 97%, indicating that the presence of 

SCNF could promote cycling stability (Fig. 5f). The decent rate capability of 

NiS2/SC@SCNF under various current densities was also observed (Fig. S18). Thus, 

the exterior of SCNF formed a barrier that retarded the loss of polysulfides to the 

electrolyte and served as a three-dimensional interconnected conductive network 

facilitating electron transport, thereby causing high stability and performance during 



23

repeat cycling, compared with previously typical metal sulfide cathode materials for 

AIBs (Table S1).

4. Conclusion

We have prepared and investigated NiS2/SC as cathode for AIBs. The anionic 

redox-reaction mechanism of S2
2– to S2– of NiS2-based cathode was proposed and fully 

analyzed. A series of measurements revealed that NiS2/SC underwent a reversible 

evolution of initial Al3+ insertion followed by anionic redox between S2
2– and S2–. In 

particular, it was found that the Al-ion storage in NiS2/SC was likely via the route as 

follows: NiS2 + xAl3+ + 3xe– ↔ AlxNiS2(amorphous). The anionic redox-reaction 

mechanism of NiS2-based cathode elucidated the electrochemical behavior of the 

special Ni-based sulfide electrodes in the Al-ion battery system. To further improve the 

electrode performance for Al storage, we successfully prepared a new class of 

electrospun NiS2/SC@SCNF cathode for AIBs. The cathode had superior stable 

electrochemical performance (discharge capacity of 82 mAh g–1 at 200 mA g–1 after 

100 cycles and 76 mAh g–1 at 500 mA g–1 after 500 cycles). The results were 

significantly meaningful for understanding the capacity-storage mechanism of NiS2-

based cathode materials for the future development of aluminum-ion storage.
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Figure 1. (a) Schematic of the synthesis of NiS2/S-doped carbon (NiS2/SC) material. 

(b) XRD pattern and its Rietveld refinement of NiS2/SC (Rp 9.50%, Rwp 7.02%, Chi2 = 

3.72). (c) SEM image, (d) TEM image, (e) HRTEM image, and (f) corresponding 

element mapping (Ni, S, and C) of NiS2/SC material. 
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Figure 2. Physical and chemical information of NiS2/SC material. (a) TGA curves 

(mass% of NiS2/SC = 61.8%). (b) Raman spectra. (c) XPS survey spectrum. 

Corresponding high-resolution spectrum of (d) C 1s, (e) Ni 2p, and (f) S 2p.
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Figure 3. Electrochemical performance of NiS2/SC material. (a) CV curves at 1 mV 

s−1. (b) Galvanostatic charge and discharge curves at 200 mA g−1. (c) Cycling 

performance at different cutoff voltages. (d and e) Rate performance from 100 mA g–1 

to 1000 mA g–1. (f) Nyquist plots (insert: high-frequency region of Nyquist plots and 

equivalent circuit model). (g) Cycling performance and corresponding Ceff at a current 

density of 500 mA g−1. (h) SEM and HRTEM results at the 100th cycle at 200 mA g−1. 
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Figure 4. (a) Charge/discharge curve at the selected states at 100 mA g−1 for NiS2/SC 

electrode. (b) Ex situ XRD patterns of NiS2/SC electrode at full-charge and full-

discharge state. HRTEM images of NiS2/SC electrode (c) at full-discharge and (d) full-

charge states. (e) S 2p X-ray photoelectron spectra of NiS2/SC at different states of 

discharge and charge fitted using two species (Sn
2– and S2−) in blue and orange. (f) 

Ultraviolet–visible spectra of the electrolyte at various states. (g) Schematic of the 

proposed energy-storage mechanisms for NiS2-based cathode.
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Figure 5. (a) Schematic of Al-ion battery during discharge. On the cathode side, Al ion 

was inserted into NiS2 structure. On the anode side, Al anode had the typical discharge 

reaction of Al + 7AlCl4
– – 3e– → 4Al2Cl7

–. Morphological and structural features of 

NiS2/SC@SCNF material. (b) SEM and (c) TEM images with the corresponding 

element mapping (Ni, S, and C). (d) Galvanostatic charge and discharge curves of 

NiS2/SC@SCNF and pure SCNF at 200 mA g–1. (e) Ultraviolet–visible spectra and 

optical photograph (the insert) of the electrolyte with different materials after 200 

cycles at 200 mA g–1. (f) Long-cycling performance of NiS2/SC@SCNF material at 500 

mA g–1.
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Graphical abstract

As a promising candidate battery for large-scale energy storage, rechargeable 
aluminum-ion batteries (AIBs) are receiving considerable attention owing to high 
theoretical capacity and abundance of aluminum. Here, the authors report the 
electrospun NiS2–based cathode to stabilize anionic redox processes, exhibiting 
excellent Al storage performance.

Highlight:

 Preparation of unique NiS2 nanomaterials with S-doped carbon coating structure.

 Acquiring the mechanism of NiS2-based cathode material through detailed characterization.

 The NiS2/SC@SCNF cathode alleviates polysulfide dissolution for durable Al storage.

 Superior cycling stability of NiS2/SC@SCNF (76 mAh g-1 after 500 cycles, 97% Ceff).


