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Abstract
The key challenge of supercapacitors with high power density and good cycle stability is to reasonably design high-perfor-
mance electrode materials. Therefore, NiAl duble metal hydroxide@sulfide@graphene (NiAl-LDH@S@RGO) composite 
was prepared by two-step method. The electrochemical properties were characterized by an electrochemical workstation. 
Compared with the NiAl-LDH (1000.2F/g), the specific capacitance of the composite is nearly doubled due to partial vul-
canization and graphene loading. When NiAl-LDH is dispersed in 0.2 mol/L  Na2S, the ratio of load graphene is 30%; the 
discharge time is 853.2 s; its specific capacitance are up to 1996 F·g−1 and 1451.4 F·g−1 at the current density of 1 A·g−1 
and 10 A·g−1, respectively. After 5000 cycles, it has a capacitance retention ratio of nearly 69%, indicating that the cycling 
stability of the composite is good. It is concluded that the electrochemical performance of NiAl-LDH@S@RGO was sig-
nificantly improved by vulcanization and graphene loading.
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Introduction

In recent years, with the rapid development of the global 
economy, fossil fuel consumption, and environmental pol-
lution problems have become increasingly serious [1, 2]. 
Therefore, there is an urgent need to develop efficient, envi-
ronmentally friendly and sustainable new energy sources to 
solve the energy crisis. Supercapacitor (SC) has attracted 
more and more attention as a new type of energy conversion 
and storage device for environment sustainable development 
[3, 4]. It is a new type of capacitor between a conventional 
battery and a secondary battery [5] and has higher power 
density than a secondary battery. In addition, SC has safety 
and environmental protection, excellent charge and dis-
charge performance, good cycle stability [6], etc. Therefore, 
it can be widely used in electric vehicles, portable electronic 
equipment, and other fields [7, 8]. However, the low energy 
density of SC limits its further application [9]. Development 

of high-performance electroactive materials is the key to 
increase the energy density of SC.

According to the charge storage mechanism, the SC can 
be divided into electric double-layer capacitor and pseudo-
capacitor [10]. The pseudo-capacitor has a higher capaci-
tance value than that of electric double-layer capacitor, 
which because that the store charge of pseudo-capacitor is 
based on a rapid redox reversible reaction on the surface of 
the electrode material [11, 12].

Transition metal sulfides have higher electrical con-
ductivity. Graphene has a large specific surface area to 
provide a richer active site for the composite, which pro-
vides a faster transmission channel for electrons in the 
nanosheet, thereby achieving the purpose of improving 
electrochemical performance. Transition metal double 
hydroxides (LDH, such as Ni(OH)2, Co(OH)2) have ultra-
high theoretical specific capacitance, high redox activity, 
simple preparation technology, and environment friendly 
[13]. However, LDH nanosheets are easy to stack together, 
resulting in insufficient utilization of their active sites, and 
their conductivity is poor, which limits their further appli-
cation as electrode materials [14]. Therefore, the electro-
chemical performance of LDH can be further improved by 
combining with conductive material [15]. Wang [16] pre-
pared NiAlLDHs@graphene composites by hydrothermal 
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method. The results show that NiAl-LDHs deposit on the 
surface of graphene to form a composite after the addition 
of precipitant (NaOH), the aggregation of LDH and gra-
phene nanosheets was effectively prevented, and the super-
capacitor performance was enhanced. Yang [17] prepared 
a nickel–cobalt layered double hydroxide (NiCo-LDH)@
graphene nanosheet with a thickness of 1.7–1.8 nm. When 
the current density is 1 A/g, the NiCo-LDH-G electrode 
provides a specific capacitance of up to 1450 F/g, higher 
than NiCo-OH (932 F/g) specific capacitance, and achieves 
a 68% capacitance retention ratio, superior to other previ-
ously reported NiCo-hydroxide materials. Cha [18] syn-
thesized a stable core–shell structure cobalt sulfide/cobalt 
aluminum hydroxide nanosheet (LDH-S) through a two-
step method. The LDH-S electrode exhibits higher elec-
trochemical performance in terms of specific capacitance 
and rate performance. Li [19] prepared NiMn-LDH@RGO 
high-performance electrodes. RGO serves as the second 
electron collector, which promotes rapid charge transfer 
and improves electrochemical reaction kinetics. Niu [20] 
fabricated high-performance supercapacitor materials 
(a-GNS@NiAl) by in situ growth of NiAl-layered double 
hydroxide (NiAl-LDH) nanosheets on well-activated gra-
phene nanosheets (a-GNS)-LDH), with large BET surface 
area and excellent electrical conductivity. These results 
indicate that LDH can be used to improve its electrochemi-
cal performance and conductivity by combining it with a 
material with better conductivity.

At present, there are few reports about the prepara-
tion of LDH@S@RGO composite. The NiAl-LDH@S@
RGO composite was prepared by two-step method in this 
article. First, a layered-NiAl-LDH double hydroxide was 
synthesized and vulcanized in situ using  Na2S as a sulfur 
source. Finally, graphene was supported to obtain a final 
composite. NiAl-LDH@S@RGO was characterized by 
CV, GCD, EIS.

Experimental

Chemicals

Aluminum nitrate (Al(NO3)3·9H2O) was purchased in 
Shanghai Maclean Biochemical Technology Co., Ltd. Nickel 
nitrate hexahydrate(Ni(NO3)2·6H2O) and anhydrous etha-
nol  (C2H5OH) were obtained from Tianjin Kaitong Chemi-
cal Reagent Co., Ltd. Sodium sulfide  (Na2S) and potassium 
hydroxide (KOH) was purchased in Tianjin Shentai Chemi-
cal Reagent Co., Ltd. Hexamethylenetetramine(C6H12N4) was 
purchased in Tianjin Ruijinte Chemical Co., Ltd. Flake graph-
ite powder (1000) was purchased in Qingdao Jinrilai Co., Ltd.

Synthesis of materials

Preparation of NiAl‑LDH

About 375 mg (1 mmol) of Al(NO3)3·9H2O, 582 mg (2 mmol) 
of Ni(NO3)2·6H2O, and 1834 mg (13 mmol) of a precipitant 
(hexamethylenetetramine) were placed in a beaker and fully 
dissolved in 250 mL of distilled water. The mixture was trans-
ferred to a three-necked flask and placed in an oil bath at 95 °C 
for 5 h. The reaction was centrifuged and washed several times 
with absolute ethanol and deionized water and dried in a vac-
uum oven at 60 °C for 12 h to obtain the product.

Preparation of NiAl‑LDH@S

The NiAl-LDH was dispersed in 35 mL deionized water, and 
a certain quality of  Na2S (m(Na2S): m(NiAl-LDH) = 1:1, 1:2, 
1:4, 1:6, 1:8) was added into the above solution. Then the 
mixed solution was formed by ultrasonic for 2 h. The mix-
ture was transferred to an autoclave and heated to 100 °C in 
a vacuum oven for 8 h. After the reaction, the product was 
washed and dried at 60 °C to obtain NiAl-LDH@S compound.

Preparation of NiAl‑LDH@S@RGO

Graphene oxide (GO) is prepared by the modified Hum-
mers method [21], and it was reduced by a chemical reduc-
tion method (hydrazine hydrate as a reducing agent) to obtain 
RGO. Then a certain quality of RGO (the mass ratio of RGO 
is 10%, 20%, 30%, 40%, and 50%, respectively) was added 
to the  Na2S and NiAl-LDH mixed solution. After ultrasonic 
dispersion, the mixed solution was transferred to an autoclave 
and reacted at 100 °C for 8 h. After the reaction, the NiAl-
LDH@S@RGO compound was obtained by centrifugal wash-
ing and drying.

Preparation of the electrode

The NiAl-LDH@S@RGO, conductive carbon black, and pol-
ytetrafluoroethylene, in which the mass ratio was 8:1:1, were 
mixed and ground for 3–5 h. After supersonic vibration for 
2 h in ethanol, the composite of 3.0–5.0 mg was coated on a 
foamed nickel sheet, in which the diameter was 14 mm. Then, 
it was vacuum dried at 60 °C for 12 h. Finally, the electrode 
sheet was obtained by pressing at a pressure of 10 MPa on a 
tablet machine.

Material characterization

The phase structure was characterized by D/max-rA X-ray 
diffractometer (XRD, Nippon Science) using Cu Ka radia-
tion, which the testing voltage and current is 40 kV and 
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100 mA, respectively. The morphology of the samples was 
characterized by JEM-1011 projection electron microscope 
(TEM, Japan Electronics Co., Ltd.). The elemental analysis 
of products was characterized by energy dispersive X-ray 
spectroscopy (EDX). The CV (cyclic voltammetry), GCD 
(galvanostatic charge/discharge), and EIS (electrochemi-
cal impedance spectroscopy) of the material were tested by 
VSP-300 modular electrochemical workstation, which used 
a three-electrode system. The prepared active material elec-
trode sheet, a carbon rod, and a calomel electrode were used 
as working electrode, counter electrode, and reference elec-
trode, respectively, and the 6.0 mol/L KOH aqueous solution 
was used as electrolyte. The cycle life of the supercapacitor 
was tested by Wuhan blue battery test system.

Results and discussion

Effect of different vulcanization ratio

In order to explore the effect of vulcanization degree on elec-
trochemical properties, different mass sulfur sources were 
used for vulcanization. As shown in Fig. 1a and b, when the 
mass ratio of sulfur source to NiAl-LDH is 1:4, its CV has 
the largest area and longest discharge time. According to 
the charge and discharge formula Csp = (IΔt)∕(mΔV) , the 
specific capacitance of NiAl-LDH@S is 1329.4 F/g. This 
may be due to the high stability and fast internal electron 
transmission speed of NiAl-LDH@S complex obtained by 
direct in situ vulcanization on NiAl-LDH surface. Further-
more, vulcanization increases the roughness of the material 
surface, which can effectively increase the contact area of 
the electrode material and the electrolyte. Thus, it can pro-
vide more electrochemical active sites [22]. However, with 
the increase of sulfur sources, both the CV area and the 
discharge time are decreased. It may be because that, the 
excessive sulfide can destroy the LDH stable bilayer struc-
ture, so it is unable to provide a large specific surface area 
and affects the exchangeability of interlayer ions.

Effects of different RGO contents

Figure 2a and b show the CV curve and GCD curve of NiAl-
LDH@S loaded with different contents of RGO. As shown 
in Fig. 2a and b, after compounding RGO, the area contained 
in its CV curve is higher than that of NiAl-LDH@S, indicat-
ing that graphene can effectively improve the electrochemi-
cal properties of the material. On the one hand, the on-chip 
structure formed after compounding RGO is beneficial to 
the contact between the material and electrolyte. On the 
other hand, compounding RGO weakens the agglomeration 
effect of NiAl-LDH@S. In pseudocapacitance reaction, the 
charge storage generally occurs on the material surface, 

and the weakening of interlayer agglomeration can provide 
more ion transfer channels, so as to improve the electrical 
properties of the material. From Fig. 2a and b, it can also 
be seen that when the loading amount of RGO is 30%, the 
NiAl-LDH@S@RGO has the best performance, the specific 
capacitance value reaches to 1896 F/g.

XRD and Raman characterization

Figure 3 shows the XRD patterns of samples NiAl-LDH, 
NiAl-LDH@S, and NiAl-LDH@S@RGO. From Fig. 3a, 
it can be seen that the 2θ values are 11.18 (003), 22.67 
(006), 34.91 (012), 61.22 (110), and 65.9 (116), respec-
tively, which accord with that of hexagonal NiAl-LDH 
(JCPDS, No. 15–0087) [23]. From the spectrum of Fig. 3b, 
it can be seen that the 2θ value of diffraction peaks is 
29.84 (111) and 49.89 (220) which is consistent with the 
diffraction peaks of  Ni4S3 (JCPDS, No. 52–1027). It is 
because the solubility of  Ni4S3 is much less than that of 
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Fig. 1  (a) CV curves and (b) GCD curves of NiAl-LDH@S with dif-
ferent vulcanization ratios
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nickel hydroxide, but there is no significant difference in 
solubility between aluminum hydroxide and its sulfide, 
only  Ni4S3 was formed. Because of the poor crystallinity 
of  Ni4S3, which were adsorbed on the Ni/Al surface, the 
intensity of diffraction peaks of NiAl-LDH@S is reduced, 
and the width of diffraction peaks are broadened [24]. This 
result confirmed that the NiAl-LDH@S was successfully 
prepared by in situ vulcanization. From the Raman spec-
trum of NiAl-LDH@S@RGO (Fig. 3d), there are two 
characteristic peaks at about 1378 and 1587  cm−1, cor-
responding to the D band and G bands of RGO. It is indi-
cated that the thin NiAl-LDH@S nanoflakes are located 
on the surface of the graphene nanosheets. However, as 
can be seen from Fig.  3c, there is no obvious diffrac-
tion peak corresponding to RGO. It is because the NiAl-
LDH@S nanoflakes, which are located on the surface of 
the graphene nanosheets, enhance the disordered stacking 
of graphene nanosheets. The diffraction peaks of NiAl-
LDH@S@RGO further diminish due to the amorphous 

behavior of graphene nanosheets. The diffraction peaks are 
more broadened. So the degree of amorphization is higher.

EDX analysis

The EDX data of the electrode materials NiAl-LDH, NiAl-
LDH@S, and NiAl-LDH@S@RGO are in Fig. 4a, b, and 
c, respectively. Figure 4a shows the presence of O, Ni, and 
Al. Figure 4b shows the presence of O, Ni, Al, and S. Fig-
ure 4c shows the presence of O, Ni, Al, S, and C. It was 
confirmed that the products NiAl-LDH, NiAl-LDH@S, and 
NiAl-LDH@S@RGO were successfully prepared.

TEM analysis

The TEM of samples are shown in Fig. 5. From Fig. 5a, it 
can be seen that NiAl-LDH is composed of irregular flakes, 
but most of the NiAl-LDH are aggregated to form dense 
nanosheets having a large thickness. From Fig. 5b, it can be 
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seen that the sulfide retains the basic morphology of LDH, 
but its surface is rough. This is due to the formation of  Ni4S3 
with poor crystallinity on the NiAl-LDH surface. The rough 
surface provides more active sites for redox reactions, which 
is conducive to the improvement of electrical properties. In 
contrast, after graphene is compounded (Fig. 5c), NiAl-LDH 
in the composite is better dispersed on the pleated graphene 
nanosheets, and the aggregation of LDH is effectively pre-
vented, and the electrochemical active sites are effectively 
increased. It can be seen that NiAl-LDH@S achieves a 
perfect reproduction with graphene in size and shape. This 
ultra-thin structure helps the active site to be fully exposed 
and has higher conductivity.

Electrochemical measurements

The electrochemical properties of the material were charac-
terized by CV. Figure 6a is a CV curve of the NiAl-LDH, 
NiAl-LDH@S, and NiAl-LDH@S@RGO in a voltage range 
of 0.05 to 0.65 V and a sweep speed of 20 mV. From the 
curve shape, the three materials have similar CV curves, 
which have obvious redox peaks. It indicates that the energy 
storage mechanism is based on the pseudo capacitance prin-
ciple, and the reversible redox reaction of  Ni2+/Ni3+ is on 

Fig. 4  EDX of samples (a NiAl-LDH, b NiAl-LDH@S, and c NiAl-
LDH@S@RGO)

Fig. 5  TEM of samples (a NiAl-LDH, b NiAl-LDH@S, and c NiAl-
LDH@S@RGO)
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the surface of the electrode material. The anode peak and 
the cathode peak are symmetric, indicating high reversibil-
ity of the reaction. Meanwhile, it can be seen that the area 
of the CV curve of NiAl-LDH@S@RGO, NiAl-LDH@S, 
and NiAl-LDH decreased in turn. The results showed that 
graphene and sulfide can reduce the agglomeration of NiAl-
LDH particles, decrease the resistance during charge trans-
fer, and promote the capacitance performance of the elec-
trode material.

Figure 6b shows the CV curve of NiAl-LDH@S@RGO at 
different sweep speeds. It can be seen that the shape of the 
CV curve remains basically unchanged with the increase of the 
sweep speed, which proves that it has a good rate performance. 
And as the sweep speed increases, the area of the CV curve 
also increases, which indicates that the specific capacitance 
increases with the increase of sweep speed. During this process, 
the positions of the anode and cathode peaks are slightly offset 
due to the polarization of the electrodes.

The electrochemical properties of the material were 
characterized by GCPL. Figure 7a is a GCPL curve of 
NiAl-LDH, NiAl-LDH@S, and NiAl-LDH@S@RGO 
at the current density of 1 A/g. From Fig. 7a, it can be 
seen that the GCPL curve of each sample has a high 
degree of symmetry and present a non-ideal triangle, 
indicating that the energy storage mechanism of them 
is a pseudocapacitance principle, and the reaction has 
good reversibility. These analysis are well in accord 
with the CV analysis results. The specific capacitance 
of NiAl-LDH@S@RGO is up to 1896 F/g, which far 
exceeds the specific capacitance of NiAl-LDH (1000.2 
F/g) and NiAl-LDH@S (1329.4 F/g). Its excellent perfor-
mance is attributed to the partial vulcanization of NiAl-
LDH, which increases the surface roughness. Then it 
was loaded on the surface of graphene, which effectively 
improves the re-stacking of RGO and makes full use of 

Fig. 6  CV of samples (a NiAl-LDH, NiAl-LDH@S, NiAl-
LDH@S@RGO; b NiAl-LDH@S@RGO)

Fig. 7  GCD of samples (a NiAl-LDH, NiAl-LDH@S, and NiAl-
LDH@S@RGO; b NiAl-LDH@S@RGO)
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the larger specific surface area of graphene. Because 
of the rich pore structure and interlayer gaputilizing of 
NiAl-LDH@S@RGO, the penetration of electrolyte ions, 
active site, and transport of electrolytes was enhanced, 
and the specific capacitance was greatly improved.

In addition, the electrochemical active surface area 
(ECSA) is calculated by CV curve, which depends on the 
scanning rate of the non-faraday potential segment. ECSA is 
calculated as 22.51 by the following formula: ESCA = Cdl/Cs, 
which also proves that it is beneficial to improve the active 
area after vulcanization and loading RGO.

Figure 7b shows the GCD curve of NiAl-LDH@S@
RGO in the current range of 0.5–10 A. When the current 
densities are 0.5, 1, 2, 3, 5, and 10 A/g, the discharge time 
of it is 1777.2 s, 853.2 s, 403.7 s, 258.5 s, 145.9 s, and 
65.3 s, respectively; and the specific capacitance is 1974.7 
F/g, 1896 F/g, 1794.2 F/g, 1723.3 F/g, 1621.1 F/g, and 
1451.1 F/g. It can be concluded that the larger the current 
density, the shorter the discharge time and the smaller the 
specific capacity.

Figure  8a  is a comparison of the EIS diagrams of 
NiAl-LDH, NiAl-LDH@S, and NiAl-LDH@S@RGO. 
It can be seen that it is composed of a semicircle in the 
low frequency region and a straight line in the high fre-
quency region, indicating that the reaction process is 
controlled by the charge transfer process and the diffu-
sion process together. The diameter of the semicircle in 
the high frequency region represents the charge transfer 
resistance (Rct), which corresponds to the charge trans-
fer rate. The smaller the Rct, the larger the correspond-
ing charge transfer rate. The value of the intersection 
between the EIS curve and the abscissa represents the 
solution resistance (Rs). The impedance parameters of 
samples are listed in Table 1. From Table 1, the NiAl-
LDH@S@RGO has the smallest Rct and Rs, which 
illustrate that the NiAl-LDH@S@RGO exhibits a lowest 
resistance to charge-transfer.The straight line part in the 
low frequency region represents the Warburg impedance 
generated by electrolyte ion diffusion, which is related 
to the ion diffusion rate. The larger the direct slope, the 
smaller the corresponding Warburg impedance. As can 
be seen from Fig. 8a, NiAl-LDH@S@RGO has the low-
est Warburg impedance to ion diffusion. In short, the 
highly conductive NiAl-LDH@S@RGO composite with 
a larger specific surface provides a faster transfer rate 
for charge, with higher conductivity and ion diffusivity.

Figure  8b  is the cycle curve obtained by NiAl-
LDH@S@RGO after 5000 cycles at a current density 
of 5 A·g−1. It can be known that the capacitance still 
maintains a great stability after 4000 cycles, and the 
capacitance cycle rate is 69% at the 5000 cycles, which 
is dropped 31%, compared with that of 4000 cycles. It 
is probably because the contact between the electrode 

Fig. 8  a EIS of the samples NiAl-LDH, NiAl-LDH@S, and NiAl-
LDH@S@RGO; b capacitance retention of the NiAl-LDH@S@
RGO; and c Ragone plot of NiAl-LDH@S@RGO
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material and the electrolyte is gradually insufficient after 
the long-time EIS cycle test; the capacitance cycle rate 
began to decline at the 4000 cycles. It indicates that the 
NiAl-LDH@S@RGO with a longer cycle life can be used 
as a supercapacitor electrode material. The high cycle 
performance is mainly attributed to the unique multi-
stage structure and rough surface, which in turn improves 
the utilization rate of the active material and can with-
stand large structural shrinkage and expansion during 
the cycle.

As shown in the Ragone plot (Fig. 8c), the energy density 
of NiAl-LDH@S@RGO can reach as high as 68.5 Wh  kg−1 
at the power density of 138 W  kg−1 and still maintains a 
high value of 65.8 Wh  kg−1 even at a high power density of 
277 W  kg−1. The high energy density is attributed to the high 
specific capacitance of the electrodes. These results reveal 
that the material NiAl-LDH@S@RGO composite could be 
a good supercapacitor device.

Conclusion

NiAl-bimetal hydroxide@sulfide@graphene (NiAl-
LDH@S@RGO) composite was prepared by two-step 
method, and its electrochemical performance was stud-
ied. Compared with the original NiAl-LDH (1000.2 F/g), 
the specific capacitance value is nearly doubled due to 
partial vulcanization and loading of graphene. The dis-
charge time reached 853.2 s at a current density of 1 A/g; 
the specific capacitance was as high as 1896 F/g; and its 
value also reached 1451.1 F/g at a high current density of 
10 A/g. After 5000 cycles, it has a capacitance retention 
rate of 69%, indicating that the composite material has 
a better cycle retention rate. These results indicate that 
sulfurized and loaded graphene significantly improved 
the electrochemical performance of LDH.
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