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a b s t r a c t

Aluminum-ion batteries (AIBs) is a type of emerging device for large scale energy storage. Developing
new and efficient cathode materials is a hotspot in this research area. Herein, a strategy combining the
layer double hydroxides (LDHs) synthesis in the presence of graphene oxide (GO) and subsequent sul-
fidation is developed to prepare a composite of nickel-cobalt sulfides and reduced graphene oxide (rGO).
The resulting sulfurized product (SeNiCo@rGO) exhibits a high discharge capacity of 248.2 mA h g�1 at
the current density of 1 A g�1 and maintains a discharge capacity of 83 mA h g�1 with nearly 100%
coulombic efficiency after 100 cycles. The energy storage mechanism of this material is disclosed to be
due to the substitution of Ni2þ and Co2þ/Co3þ by Al3þ. The material and the finding obtained in this work
are significant for the development of high performance AIBs using LDH-derived materials.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, due to the increasing demand of energy as well as
the deteriorating environment problems, affordable and environ-
mentally friendly energy storage devices such as rechargeable
batteries have attracted widespread attention. Among current
various batteries, lithium-ion batteries (LIBs）are most widely used
for electrical energy storage due to their high energy and power
density. However, the extensive application of lithium-based
rechargeable batteries is restricted by some critical factors in
terms of high battery cost and limited lithium resources. Therefore,
some new types of rechargeable batteries using the earth abundant
element, such as sodium-ion batteries [1e3], magnesium-ion bat-
teries [4e6] and aluminum-ion batteries (AIBs) [7e11], have been
considered as prospective alternatives to LIBs.
avy Oil Processing, School of
Petroleum, Qingdao, 266580,

equally to this work.
AIBs have gradually gained extensively attention in consider-
ation of battery cost and security issues. Aluminum is the most
abundant metal element in the earth crust. In addition, a three-
electron transfer property during redox reactions potentially
leads to high capacity and energy density. In the earlier studies,
aqueous electrolytes were applied for aluminum batteries due to
easy operation and lowcost. However, there are two critical reasons
hindering the development of Al batteries with aqueous electrolyte
system [12e14]. One of them is the formation of a protective oxide
film on the surface of aluminum and the other is the easily occur-
ring water splitting on the electrode surface. Both these two char-
acters result in a serious decrease in energy efficiency. To overcome
these disadvantages, non-aqueous electrolytes were developed for
Al-based batteries.

Over the past few years, many researches were conducted to
explore appropriate cathode materials for AIBs employing non-
aqueous electrolytes. Dai’s group at Stanford University first
adopted the graphite foam and aluminum foil as cathode and anode
materials, respectively [15]. This combination possesses a discharge
capacity of about 60 mA h g�1 with high discharge voltage plateau
(~2 V), extraordinary cycle stability and high coulombic efficiency.
Besides these graphite [16,17] or graphene basedmaterials [18e20],
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transition metal sulfides gradually drew attention due to their
simple synthesis and low cost. However, most researches focused
on monotypic sulfides [10,21e25], which presented poor electrical
conductivity and inferior ion diffusion channels within its bulk
phase. By contrast, multicomponent sulfides are supposed to be
endowed with extraordinary electrical conductivity and better
electrochemical activity due to the co-existence of different metal
ions [26,27]. In particular, NixCoyS has been extensively investi-
gated as the electrode materials of batteries [28,29] and super-
capacitors [30,31] on account of their unique physical and chemical
properties. Nevertheless, the binary nickel cobalt sulfides have not
yet been investigated as a cathode material of AIBs.

On the other side, LDHs have gained increasing attention in
various aspects, such as catalysis, biotechnology and electrochem-
istry owing to their adjustable components and special interior
structure [32e34]. LDHs have the general formula of
[M2þ

1�xM
3þ
x (OH)2]xþ(An�)x/m� nH2O, where the tunable M2þ and

M3þ cations are occupied in the brucite-like layers with a uniform
and well-ordered state, and An� represents the interlayer anions to
compensate for the positively charged LDHs. In consideration of the
double metal cations composition as well as the unique layered
structure, LDHs can be a superior precursor to prepare binary metal
sulfides.

In this study, a binary metal sulfide was synthesized using LDH
as a starting material and was investigated, for the first time, as a
cathode material of AIBs. Control experiments showed that binary
metal sulfides is superior to monotypic metal sulfides in the
cathodic performance of AIBs. Introduction of reduced graphene
oxide (rGO) further improves the performance of binary metal
sulfides. This performance-enhancing effect and relating energy
storage mechanism will be investigated intensively in this work.
2. Experimental section

2.1. Materials preparation

2.1.1. Preparation of graphene oxide (GO)
GO was prepared according to the modified Hummer’s method

[35,36]. 360 mL concentrated H2SO4 and 40 mL H3PO4 was poured
into beaker successively, and stirred for 10 min. 3.0 g graphite and
18.0 g potassium permanganate was then added slowly to the
mixture, generating a slightly exothermic reaction at 35e40 �C. The
reacting mixture was then raised to 50 �C and stirred for 12 h. After
cooled to room temperature, the mixture was then poured onto
400 mL of frozen deionized water with 3 mL of 30 wt% hydrogen
peroxide and stirred for 30 min. The resulting mixture was
centrifuged at 7000 rpm for 10min to get the solid. The as-obtained
solid was washed thoroughly in succession with deionized water,
30 wt% hydrochloric acid and ethanol. The resulting solid was dried
under vacuum at 25 �C to obtain GO.
2.1.2. Preparation of NiCo-LDH/rGO
In a typical synthesis, 2.1 mmol of Ni(NO3)2$6H2O, 1.4 mmol

Co(NO3)2$6H2O, 0.5 g of hexadecyl trimethyl ammonium bromide
(CTAB) and 10 mg of graphite oxide were dissolved in the mixed
solution of 60 mL methanol and 12 g deionized water by magnetic
stirring. The mixed solution was then transferred to a Teflon-lined
autoclave, followed by solvothermal treatment at 180 �C for 24 h.
After cooling down to the room temperature naturally, the obtained
precipitate was washed with deionized water and ethanol for
several times and dried in an oven at 60 �C overnight. For com-
parison, pure NiCo-LDH was synthesized in the same way at the
absence of GO.
2.1.3. Preparation of sulfidized NiCo-LDH/rGO
100 mg of the above NiCo-LDH/rGO and 200 mg sulfur were put

into two quartz boats, respectively, and transferred to a tube
furnace. The sample was maintained at 300 �C for 2 h to produce
sulfur vapor prior to further calcination at 450 �C for 2 h using a
ramping rate of 5 �C min�1 under the atmosphere of argon. The
product was denoted as SeNiCo/rGO.

2.1.4. Preparation of ionic liquid electrolyte
A room temperature ionic liquid electrolytewasmade bymixing

1-ethyl-3-methylimidazolium chloride ([EMIm]Cl) and anhydrous
aluminum chloride (AlCl3) in an argon-atmosphere glovebox ([O2]
＜0.1 ppm, [H2O＜0.1 ppm]). The [EMIm]Cl was first baked at 60 �C
under vacuum for 10 h to remove residual water, then AlCl3 was
gradually dissolved in [EMIm]Cl to form a light yellow transparent
solution with a mole ratio of 1.3:1. The electrolyte was standing for
at least 12 h prior to use.

2.2. Material characterizations

The crystal structures were characterized by X-ray diffraction
(XRD, X’pert PRO MPD with Cu Ka radiation, l ¼ 1.5406) at a range
of 5o-75�. The morphologies and microstructures of the as-
obtained materials were observed by scanning electron micro-
scopy (SEM, S-4800 Hitachi) and transmission electron microscopy
(TEM, JEM-2100 JEOL). X-ray photoelectron spectroscopy (XPS, PHI
5000 Versa Probe, ULVAC-PHI, Japan) with an Al Ka X-ray source
(1486.6 eV) was used to characterize the surface properties of the
samples. The nitrogen adsorption-desorption isotherm was
collected on a Micrometrics ASAP 2020 analyzer. The sample was
degassed at 300 �C for 6 h prior to N2 sorption. The specific surface
areas and pore-size distributions were calculated by the Brunauer-
Emmett-Teller (BET) and the Barret-Joyner-Halenda (BJH) method
using desorption branch, respectively.

2.3. Electrochemical measurements

The electrochemical measurements were conducted in Swaglok
AIB using metallic aluminum foil as an anode. The active materials
(SeNiCo/rGO composite) was ground with acetylene black and
polyvinylidene difluoride binder at a mass ratio of 6:3:1 in N-
methyl-2-pyrrolidinone, resulting in a slurry. The cathode was
fabricated by coating the slurry onto a rounded Mo (molybdenum)
current collector and then dried at 70 �C in a vacuum oven for 12 h.
The electrolyte used for the aluminum battery was the mixture of
[EMIm]Cl and AlCl3 with a mole ratio of 1:1.3. A single Whatman
glass fiber filter (GF/D) was utilized as a separator.

Cyclic voltammogram (CV) measurements were tested at
10 mV s�1 over the range of 0.1e2.3 V versus Al/AlCl4� on an elec-
trochemical station (CHI 600E, Shanghai China). The capacities and
cycling properties of the samples were determined in the potential
range from 0.1 to 2.1 V vs Al/AlCl4� at different current densities
using a multichannel battery tester (LAND-CT2001A). The battery
was also analyzed by electrochemical impedance spectroscopy
(EIS) in the frequency range of 100 KHz to 100 mHz.

3. Results and discussion

To compare the differences of monotypic and binary sulfides,
NiCo, NiAl and CoAl-LDH precursors were first synthesized, and
followed by sulfidation to obtain SeNiCo, SeNiAl and SeCoAl. Note
that trivalent Al (in its highest valent state) is electrochemically
inactive element in AIB system [37,38], therefore SeNiAl and
SeCoAl could be regarded as monotypic sulfides. The XRD patterns
and SEM morphology of LDHs are presented in Fig. 1ab and



Fig. 1. (a) XRD patterns of NiCo-LDH, SeNiCo and SeNiCo@rGO, SEM images of (b) NiCo-LDH, (c) SeNiCo and (d) SeNiCo@rGO
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Figure S1-2. It can be seen that all the three samples presented
characteristic peaks of hydrotalcite-like LDH phase and lamellar
morphologies, demonstrating the successful preparation of LDH
precursors. Fig. 1b presents the morphology of NiCo-LDH precursor,
which displays an intercrossed nanowall network. The thickness of
the nanosheets are tens of nanometers.

After sulfidation at 450 �C, SeNiCo, SeNiAl and SeCoAl basically
maintained the morphology of LDH precursors (Fig. 1c and
Figure S3), while the surfaces of the nanosheets become rough,
indicating the generation of sulfides. XRD analyses (Fig. 1a and
Figure S4) further confirm the transformation from the original
hydrotalcite phase for NiAl-LDH and CoAl-LDH to NiS (JCPDS 03-
065-3419) and Co3S4 (JCPDS 01-073-1703) phases, respectively,
after sulfurization. As for NiCo-LDH, a binary nickel-cobalt sulfide
was formed after the sulfurization. Besides, the SEM images of
SeNiCo obtained at different sulfidation temperatures (300 and
600 �C) are shown in Figure S5. When the temperature decreases to
300 �C, partial LDH sheets are not vulcanized (Figure. S5a), indi-
cating that 300 �C was not high enough to convert hydroxides into
sulfides. When the temperature of sulfidation increases to 600 �C,
the layered structure of LDH is completely absent (Figure S5b). The
sample presents a particle-like morphology, indicating that the
lamellar structure of LDH have been completely destroyed at
600 �C. Therefore, the optimized sulfidation temperature is 450 �C.

Galvanostatic charging-discharging test was performed to
investigate the electrochemical properties of sulfide samples
(Figure S6). As is shown, SeNiCo, SeNiAl and SeCoAl exhibited
similar charge and discharge curves at a current density of
1000 mA g�1, and they presented little difference in the initial
discharge capacities, which are 158.4, 157.9 and 151 mA h g�1,
respectively. However, the cycling performances are obviously
different for these three samples. As displayed in Figure S7, after
100 charge and discharge cycles, the discharge capacities of SeNiAl
and SeCoAl decreased to 18.9 and 11.7 mAh g�1, respectively, while
the discharge capacity of SeNiCo could still remain 42.4 mAh g�1.
The better performance of SeNiCo may be due to the lack of
inactive Al3þ in the sample. It is thought that the presence of
inactive Al species may retard the active Ni or Co ions from
participating in electrochemical redox reactions in the following
cycles.

On account of the better electrochemical performance of
SeNiCo, we further combined SeNiCo and rGO to synthesize
SeNiCo@rGO. Its synthetic strategy is schematically presented in
Scheme 1. NiCo-LDH nanosheets were growing in situ on the sur-
face of rGO, producing a kind of hierarchical structure. Subse-
quently, the as-obtained NiCo@rGO was vulcanized with sulfur
powder at 450 �C in an argon atmosphere to produce SeNiCo@rGO.
The SeNiCo@rGO has the similar but weak diffraction peaks to
SeNiCo sample (Fig. 1a), demonstrating that the presence of GO
does not affect the evolution of crystal phase, but leads to the
decrease in the crystal size of NiS and Co3S4. Besides, in this sample,
the SeNiCo component still maintains the original nanosheet
morphology, while the size becomes much smaller due to the
presence of GO in the synthesis (Fig. 1d inset).

To investigate potential application of SeNiCo@rGO in AIBs, we
employed this sample as a cathode material in an AIB cell. The
electrochemical properties of the samples were investigated by CV
tests between 0.10 and 2.30 V (vs. Al/AlCl4�) at the scan rate of
5 mV s�1. As can be seen from Fig. 2a, there are no obvious peaks
observed when using bare molybdenum foil, indicating side re-
actions incurred by Mo foil can be neglected. By contrast, as for
SeNiCo and SeNiCo/rGO samples, there are two obvious oxidation
peaks located at about 1.1 V, 1.7 V with two reduction peaks located
at about 0.9 V and 1.6 V, indicating two different redox reactions are
involved in this process. If the cathode potential is high than 2.1 V,
the response current increases sharply due to the decomposition of
electrolyte. So, the up-limit potential used for galvanostatic charge/
discharge is set to be 2.1 V. Fig. 2b shows the initial charge and
discharge curves of samples between 0.10 and 2.10 V (vs. Al/AlCl4�)
at the specific current density of 1000mA g�1. Apparently, there is a
long and smooth voltage plateau (~2.0 V vs Al/AlCl4�1) for SeNiCo
and SeNiCo/rGO in the initial charge process, which could be



Scheme 1. Schematic illustration of the preparation procedures for the SeNiCo@rGO sample.

Fig. 2. (a) Typical CV curves of SeNiCo and SeNiCo@rGO at a scan rate of 5 mV s�1, (b) initial charge and discharge curves of SeNiCo and SeNiCo@rGO at a current density of
1000 mA g�1, (c) rate capability of SeNiCo and SeNiCo@rGO at the current density of 0.5e2 A g�1, (d) EIS spectra of SeNiCo and SeNiCo@rGO electrodes.
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relevant to the irreversible oxidation of S2� [24] and chlorine
generation due to the decomposition of the ionic liquid electrolyte
[38]. In addition, the initial discharge curve has two discharge
plateaus (~1.6 V and 0.9 V vs Al/AlCl4�1), which coincide with the
cathodic peaks in the cyclic voltammogram (Fig. 2a). The discharge
capacity of SeNiCo@rGO can reach 248 mAh g�1, which is appar-
ently higher than that of SeNiCo, 158 mAh g�1. This remarkable
capacity improvement could be ascribed to the favourable electrical
conductivity as well as the larger surface area of SeNiCo/rGO
(95 m2/g of NiCo/rGO vs. 66 m2/g of SeNiCo, calculated based on N2
sorption isotherm shown in Figure S8), which are supposed to
effectively facilitate electron conduction and exposure of active
sites.

The discharge capacities at the current density ranging from 0.5
to 2 A g�1 were depicted in Fig. 2c. As can be seen that, at a relative
higher current density of 2 A g�1, the discharge capacities of
SeNiCo/rGO and SeNiCo are 199 and 121 mAh g�1, respectively,
with capacity retention ratio of 70.9% and 62.9% (relevant to their
initial capacities at 0.5 A g�1). This indicates that the SeNiCo/rGO
has better rate capability than SeNiCo mainly due to the presence
of GO.

The electrochemical impedance spectroscopy (EIS) measure-
ments were adopted to analyze the resistances of the electrodes. It
is known that the intercept of EIS curve with the X axis denotes the
ohmic resistance (Rs), and that the semicircle at high frequencies is
related to charge-transfer resistance (Rct). As shown in Fig. 2c, the
ohmic resistance of SeNiCo/rGO is smaller than that of SeNiCo,
confirming that SeNiCo/rGO has higher electrical conductivity.
The charge transfer resistance of SeNiCo@rGO is much smaller
than that of SeNiCo, indicating that the presence of rGO can
effectually reduce the charge transfer resistance of cathodic redox
reactions. The smaller ohmic and charge transfer resistances of
SeNiCo/rGO can account for its better rate capability than SeNiCo.

To confirm the feasibility of reversible aluminum ion insertion
and extraction behaviors, cyclic voltammogram (CV) curves of
SeNiCo/rGO at various scan rates were recorded and shown in
Fig. 3a. Clearly, two pairs of reversible redox peaks are observed in
each CV curve and the increasing scan rates lead to the increasing
peak currents. The relationship of scan rates and peak currents (the
inset of Fig. 3a) can reflect the kinetics of the electrode processes. It
is obviously that there is a linear relationship between the cathode/
anode peak currents and the square root of scan rates, indicating
that the aluminum-ion de/intercalation process is controlled by the
solid state diffusion of aluminum ion in the host material.

Fig. 3b shows the charge and discharge curves of different cycles
for SeNiCo@rGO with cutoff voltage of 0.1 V, which can retain 145,



Fig. 3. (a) CV curves at various scan rates from 5 to 100 mV s�1, the inset shows the relation between the currents and the scan rates. (b) The charge and discharge curves of 5th,
20th and 50th cycles of SeNiCo@rGO at a current density of 1000 mA g�1, (c) the cycle performance of SeNiCo@rGO at a current density of 1000 mA g�1.
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101, and 93 mA h g�1 after 5th, 20th and 50th cycles, respectively.
Although it is not unusual to discharge a AIBs cell to a low voltage
such as 0.1 V, it would be of more practical significance to set a
higher cutoff voltage such as 0.5v [23]. After 100 cycles at the
current density of 1000 mA g�1 (Fig. 3c), SeNiCo@rGO retains a
relatively high capacity of 83 mAh g�1 with the coulombic effi-
ciency nearly 100%, indicating a highly reversible electrochemical
process during cycling. This performance is one of the best among
the metal sulfides reported previously [21e25]. By contrast, the
SeNiCo sample can retain only 42.4 mA h g�1, exhibiting much
poorer cycle stability (Figure S7). It is worth noting that the rapid
capacity decay in the initial ten cycles is always observed for metal
oxide and metal sulfide cathode materials of AIBs. The possible
reasons for the rapid capacity decay could be attributed to the
following two irreversible reactions: (i) the irreversible oxidation of
S2�; (ii) decomposition of the electrolyte with the gradual forma-
tion of SEI film.

Based on the above experimental data, the improved electro-
chemical performance of this SeNiCo@rGO composite cathode can
be tentatively ascribed to the following points: (i) rGO served as a
three-dimensional interconnected conductive network, facilitating
the collection and transportation of electrons and therefore
decreasing the charge-transfer resistance during cycling; (ii) the
rGO could act as a supporting framework, increasing the structural
stability of SeNiCo@rGO and hindering SeNiCo pulverization upon
repeated cycles; (iii) small size and thickness of SeNiCo in the
SeNiCo@rGO can provide more active sites and better tolerate the
lattice stress during repeated charge/discharge process, resulting in
larger capacity and better cyclic performance. (iv) The smaller size
and thickness of SeNiCo in the SeNiCo@rGO makes the ion diffu-
sion distance much shorter and improve the rate performance.

To further explore the energy storage mechanism, X-ray
photoelectron spectroscopy (XPS) was conducted to investigate the
change of valent state of elements in the electrode at different
charging and discharging states. The Al 2p spectra and Cl 2p spectra
at different charge/discharge states in the first cycle are displayed
in Fig. 4a and b. It is shown that the intensity of Al 2p peak is more
intense in the discharged state than that in the charged state. By
contrast, the intensities of Cl 2p peaks are similar whenever in the
charged or the discharged states. This indicates that the
intercalating/de-intercalating ions may be Al3þ, rather than AlCl4�.
These Cl elements are thought to be from some irreversible re-
actions [39]. S 2p spectra of the pristine, fully charged and fully
discharged states in the first cycle are depicted in Figure S9. It can
be seen that the pristine S 2p spectrum consists of two major peaks
at 162.8 eV and 161.7 eV, which are assigned to the S 2p3/2 and S
2p1/2. Moreover, the peak at around 168.5 is attributed to the sulfur
at a higher oxidation state, which comes from the oxidation of S2�

in the atmosphere. When the electrode was charged to 2.1 V versus
Al/AlCl4�, the peak of S around 168.5 eV shifts to 169.4 eV, which is
caused by the oxidation of sulfur� under a high potential during the
charging process. This result manifests that the long and smooth
voltage plateau in the initial charge at about 2.0 V versus Al/AlCl4�1

could be associated with the oxidation of sulfur, and this is
consistent with the previous report [23]. Fig. 4ced displayed the Ni
2p spectra of SeNiCo/rGO after the first fully charge and discharge.
In Fig. 4c, it can be seen that the Ni 2p spectra has two dominant
peaks at 873.7 and 856.1 eV, which correspond to the binding en-
ergies of Ni 2p1/2 and Ni 2p3/2, respectively. When the electrodewas
fully discharged to 0.1 V, two new peaks appear at around 852.4
and 869.6 eV, which can be ascribed to Ni0. The similar phenom-
enon also can be found in the spectra of Co 2p. As is shown in
Fig. 4e, at the fully charged state, the Co 2p spectra of SeNiCo-rGO
consists of two spin-orbit doublets at 780.0 and 796.0 eV that are
assigned to Co2þ, while the other two peaks at 781.8 and 797.5 eV
are ascribed to Co3þ. When the electrode was fully discharged to



Fig. 4. Ex situ XPS spectra of SeNiCo@rGO at different charge/discharge states. (a) Al and (b) Cl 2p at pristine, first fully charged and fully discharged states. Ni 2p spectra at the first
fully charged (c) and discharged states (d). Co 2p spectra at the first fully charged (e) and discharged (f) states.
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0.1 V, two new intense peaks emerged at 778.2 and 793.2 eV
(Fig. 4f), which are the characteristic peaks of Co0. On the basis of
the changes in valence, it can be deduced that the substitution of
Ni2þ and Co2þ/Co3þ with Al3þ occurred as a result of the incorpo-
ration of Al3þ into the electrode (specifically, NiS and Co3S4 phase)
during the discharging process. To confirm this deduction, ex-situ
XRD measurements were carried out. All the electrodes were
sealed with polyimide (PI) film during the XRD measurements to
avoid any contact with air and moisture. As shown in Figure S10,
the diffraction peak of molybdenum foil at 40.52� was taken as a
reference peak for correction. After the initial discharge, the
diffraction peak at 45.72�, which corresponds to (102) plane of NiS,
shifts slightly to 45.70�, as a result of partial substitution of Ni2þ

with smaller Al3þ. Besides, this diffraction peak shifted back to
45.72� at the fully charged state. The similar situationwas found for
the diffraction peak at 37.5� which corresponds to (400) plane of
Co3S4. This reversible changes in crystal structure demonstrate
again that the intercalating ion is Al3þ cation, rather than large-
sized AlCl4�, during the discharge process, since the incorporation
of AlCl4� could lead to significant changes of crystal structure for the
electrode material. This mechanism is similar to that observed for
the CoSe2 based cathode material in our previous work [39]. Based
on the discussion above, the reaction mechanism of SeNiCo@rGO
during charge-discharge could be described as follows:

In the discharge process,

4Al2Cl7�/ 7AlCl4�þ Al3þ (1)

NiS þ mAl3þ þ 3me� / AlmNinS þ (1 - n)Ni (2)

Co3S4 þ pAl3þ þ 3pe� / AlpCoqS4 þ (3 - q)Co (3)
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In the charge process,

7AlCl4�þ Al3þ / 4Al2Cl7� (4)

AlmNinS þ (1 - n)Ni - 3me� / NiS þ mAl3þ (5)

AlpCoqS4 þ (3 - q)Co e 3pe� / Co3S4 þ pAl3þ (6)

4. Conclusion

In conclusion, a SeNiCo@rGO composite material has been
fabricated by a facile hydrothermal reaction followed by a sulfida-
tion treatment. The resulting SeNiCo@rGO electrode exhibits
excellent performance when applied as a cathode material for AIBs.
The initial discharge capacity of SeNiCo@rGO reaches 248mA h g�1

at the current density of 1000 mA g�1, and maintains a reversible
discharge capacity of 83 mA h g�1 after 100 cycles with the
coulombic efficiency of nearly 100%. The charge storagemechanism
of this material is found to be due to the substitution of Ni2þ and
Co2þ/Co3þ by Al3þ. This work highlights the promising prospect of
developing high performance AIBs using LDH-derived cathode
materials.
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