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are particularly attractive due to their high energy and power 
densities that are used to massive energy storage systems.[5–7] 
However, the disadvantage of LIBs is lack of lithium source 
and it restricts the application for energy storage.[8] Under 
this circumstance, room-temperature sodium-ion bat-
teries (SIBs) are emerging as appealing energy storage sys-
tems owing to the low cost, widespread reserves of sodium 
resources.[9–13] Compared with LIBs, the specific capacity, 
rate capability, and cycle life of SIBs are less desirable owing 
to the larger radius of the sodium ion, which restricts the 
electrochemical reaction kinetics and extensively decreases 
the convenience to find appropriate host materials for revers-
ible and rapid Na+ energy storage.[14–16] Herein, it is an urgent 
need but still a major challenge to rationally explore and del-
icately design appropriate materials with both high capacity 
and long cycle life for advanced SIBs, especially for anode 
materials. In recent years, the anode materials of SIBs have 
been intensively investigated. Up to now, a number of studies 
show that the intercalation-type anode materials (graphite,[17] 
Na3V2(PO4)3,

[18] Na2Ti3O7
[19]) exhibit well cycling and rate 

performance but low theoretical capacity. Conversion-type DOI: 10.1002/smll.201701744
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method. By controlling the voltage window, the mesoporous NiS2 nanospheres 
present excellent electrochemical performance in SIBs. It delivers a high reversible 
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(319 mA h g−1 capacity remained even after 1000 cycles at 0.5 A g−1). A dominant 
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addition, the amorphization and conversion reactions during the electrochemical 
process of the mesoporous NiS2 nanospheres is also investigated by in situ X-ray 
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great potential toward the development of next generation large scale energy storage.
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1. Introduction

Nowadays, electric energy storage devices and smart grids 
are quite common applications in modern society that uti-
lize renewable energy storage with rechargeable batteries, an 
the demand is large and the market is broad.[1–4] Among the 
diverse energy storage devices, lithium-ion batteries (LIBs) 
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(ZnO,[20] MoS3,
[21] etc.) and alloy-type anode materials (P,[22] 

SnO2,
[23] etc.) present high theoretical capacity. However, 

severe capacity fading limits their application owing to the 
large volume changes or the sluggish kinetics during sodia-
tion/desodiation process.[21,24–27]

Transition metal dichalcogenides (TMDs) have received 
much attention because of their remarkable characteristics, 
such as unique electronic structure, high electrical conduc-
tivity, and rich redox chemistry. These properties make them 
become promising for Na+ storage. Recently, some typical 
TMDs electrode materials for batteries have been reported, 
such as FeS2,

[28] MoS2,
[25] TiS2,

[29] etc. As an important 
member of TMDs, nickel disulfides (NiS2) has great superi-
ority for practical energy storage due to its high theoretical 
capacity, low cost, and environmental friendliness. However, 
as a conversion-type anode material, NiS2 anode shows infe-
rior electrochemical performance. To solve these problems, 
many efforts have been made, such as compositing metal 
disulfides with a carbon matrix. Wang and co-workers[30] 
reported nickel disulfides-graphene nanosheets composites 
for SIBs, which deliver enhanced performance than single 
NiS2, a steady capacity ≈400 mAh g−1 at 100 mA g−1, and rate 
performance of 168 mAh g−1 at 1.6 A g−1 are obtained. Nev-
ertheless, the electrochemical performances are not very sat-
isfactory, a smart strategy to develop nickel disulfides anode 
with high performance is urgently desired. Furthermore, some 
detailed sodium storage mechanisms still need to be further 
explored. Currently, 3D NiS2 nanospheres with numerous 
pores were designed as anode materials. The nanosized NiS2 
can offer large contact areas between electrode and electro-
lyte, shorten Na+ and electron diffusion paths, leading to high 
rate performance. On the other hand, the proper pores are 
benefit to alleviate the large volume changes during electro-
chemical process, which are favorable to gain longer cycling 
stability. By combining nanosized active materials with 3D 
network, some encouraging advances have been achieved in 
SIBs. Reducing the electrochemical window is also a strategy 
to improve the performance of TMDs and other electrode 
materials.[31,32] Deep sodium sodiation/desodiation results 
in more serious voltage drop and electrochemical polariza-
tion. By optimizing the voltage window, the moderate volume 
change and better cycling performance are obtained. Besides, 
the battery can present partial capacitive behavior which 
improves the rate and cyclic properties.[32,33] Therefore, it is 
crucial to identify new electrode materials and appropriate 
voltage window to further optimize the electrochemical per-
formance of the electrode material.

Herein, uniform and mesoporous NiS2 nanospheres 
are synthesized via a facile one-step polyvinylpyrrolidone 
(PVP) assisted method. With porous nanostructure for fast 
sodium ion diffusion and buffering the volume change during 
the electrochemical process, the NiS2 mesoporous nano-
spheres present excellent electrochemical performance in 
SIBs. It delivers a high specific capacity of 702 mA h g−1 at 
0.1A g−1. The anode also exhibits excellent high-rate capa-
bility (253 mA h g−1 at 5 A g−1) and superior long-life per-
formance (689 mA h g−1 after 1000 cycles at 0.5 A g−1). The 
structure changes of electrode also have been investigated by 
in situ X-ray diffraction (XRD) during the electrochemical 
process. Furthermore, a detailed electrochemical kinetic anal-
ysis is performed to explore the nature of the charge storage 
process.

2. Results and Discussion

Figure 1 schematically illustrates the formation of uniform 
and mesoporous NiS2 nanospheres. It is worth mentioning 
that the effect of PVP is important for the formation process 
of spherical shape and monodispersity of NiS2 nanospheres. 
Without PVP, NiS2 grows into heterogeneous balls which are 
adhesive together (Figure S1, Supporting Information). PVP 
is a great surfactant during the synthesis of NiS2 nanospheres 
owing to its hydroxyl at the ends of the molecules. The for-
mation mechanism of NiS2 was examined by the help of 
time-dependent experiments. Scanning electron microscope 
(SEM) images obtained at different reaction time are shown 
in Figure S2, Supporting Information. In brief, NiS2 is sol-
vothermally prepared by reacting Ni2+ and S2O3

2−, in which 
S2O3

2− is chosen to serve as both reducing agent and sulfur 
source. Ethylene glycol as solvent can be converted into 
acetaldehyde at high temperature, which serves as oxidizing 
agent. The XRD patterns of the samples obtained in dif-
ferent solvents have been presented (Figure S3, Supporting 
Information). The samples obtained at ethylene glycol (EG) 
and H2O-EG mixed solvents show pure NiS2 phase, while 
the sample obtained at distilled water is the impure phase. 
EG solvent is critical for the formation of NiS2. The spe-
cific chemical reaction is discussed in Section S1, Supporting 
Information. The surfactant PVP with the hydrophobic vinyl 
group and hydrophilic carbonyl group results in the forma-
tion of polarized nuclei. The numerous precursor nuclei 
are absorbed on the carbonyl groups of PVP, then gradu-
ally become more tightly packed. With further processing, 
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Figure 1. Schematic illustration for the growth of mesoporous NiS2 nanosphere.
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hierarchical spherical shape and monodispersed NiS2 nano-
spheres form with tiny nanocrystals oligomerization via the 
LaMer scheme.[34–36] In this reaction, PVP is critical in tuning 
the morphology and preventing the particles aggregation. Its 
steric hindrance effect origined from its hydrophobic carbon 
chains hinders the aggregation of particles.[37] The SEM 
images of the as-prepared NiS2 nanospheres with different 
PVP amounts during synthesis are also displayed (Figure S4, 
Supporting Information). With the increase of the amount 
of PVP from 0.4 to 1 g, no obvious morphology difference 
can be observed. The results confirm that the amount of PVP 
is not a vital role on controlling the size and morphology of 
the NiS2 nanospheres. Another interesting finding is that the 
viscosity of the solvent is of great importance for NiS2 mor-
phology formation. When using either distilled water or EG 
as solvent, the ideal morphology can hardly be synthesized 
(Figure S5, Supporting Information). Hence, by using mixed 
solution of water and EG as solvent, which has the regulated 
viscosity, the well monodispersed NiS2 nanospheres can be 
fabricated.

The phase of the as-prepared sample was identified by 
XRD (Figure 2a). All the characteristic peaks of NiS2 can be 
indexed into cubic NiS2 phase (space group: Pa-3) with lat-
tice constants a = b = c = 5.68 Å (JCPDF No. 01−089−1495) 
without impurity. According to Figure 2b, the nitrogen sorp-
tion isotherms were measured to verify the pore structure 
of the hierarchical spherical mesoporous NiS2. The product 
shows a relatively high specific Brunauer–Emmett–Teller 
(BET) surface area of 49.1 m2 g−1 and pore volume of 
0.143 cm3 g−1. The nitrogen adsorption–desorption curve of 
NiS2 exhibits a typical hysteresis loop that can be linked to 
the slit-shaped pores. The pore sizes are mainly distributed 
between 3 and 4 nm (the inset of Figure 2b). Figure 2c shows 
the SEM images and the size distribution of the as-prepared 
NiS2 nanospheres. The NiS2 nanospheres have major dia-
meters of 90–140 nm. SEM images (Figure 2d) recorded at 
high magnification clearly show the ideal spherical shape of 
the NiS2, with uniform shapes and uniform distribution. A 
single NiS2 nanosphere is composed of tightly aggregated 
nanocrystals with the size of 10 nm and has highly ordered 
pore structures according to the inset of Figure 2d. The 
morphology and detailed crystal structure of NiS2 are fur-
ther revealed by transmission electron microscopy (TEM) 
(Figure 2e) and high-resolution transmission electron micros-
copy (HRTEM) (Figure 2f). Figure 2e shows that a batch of 
pores forms in the synthesized NiS2. These pores are about 
4 nm in size, which correspond to the BET results. Also, we 
can see the channels near the surface, which are formed by 
the piled NiS2 nanocrystals (less than 10 nm size). As shown 
in the Figure 2f, the lattice fringes of NiS2 display interplanar 
spacing of 3.28 Å in the particle, which match well with the 
(111) planes of the NiS2. This mesoporous architecture has 
tremendous superiority in ion diffusion and electron trans-
port during the electrochemical process, owing to its large 
contact area with the electrolyte and its cushion function to 
buffer the volume change during the cycling.[38]

The electrochemical performance of mesoporous NiS2 
nanospheres is shown in Figure 3. Cyclic voltammetry (CV) 
measurement for the first three cycles at 0.1 mV s−1 in the 

diglyme (DGM) electrolyte was conducted to gain fur-
ther insight into the electrochemistry of the NiS2/Na cell 
(Figure 3a). A strong cathodic peak appears at 1.20 V and 
disappears in the following cycles, ascribing to the initial 
intercalation of Na+ into the NiS2 crystal. During the second 
and subsequent cycles, two pairs of broad peaks at 0.92/1.64 
and 1.42/1.93 V can be observed, corresponding to the reduc-
tion of NiS2.

[39] The CV curves except the initial cycle are 
overlapped, demonstrating the high reversibility. Typical dis-
charge and charge profiles of the NiS2 electrode at 0.1 A g−1 
are shown in Figure 3b, in which the potential plateaus match 
well with the CV curves in the corresponding electrochemical 
process. Figure 3c exhibits the cycling performance and cor-
responding Coulombic efficiency (CE) of NiS2 at 0.1 A g−1. As 
a result of the inevitable decomposition of the electrolyte and 
the formation of a solid electrolyte interface, the discharge 
capacity fades fast in the initial several cycles.[29,30,33] A revers-
ible discharge capacity of 692 mAh g−1 (the 8th cycle) can be 
achieved at 0.1 A g−1. The CE gradually increases to 100% 
after a few cycles and then can be stabilized. To investigate the 
rate performance of the NiS2 nanosphere electrodes, electro-
chemical performance at progressively increased current den-
sity (ranging from 0.1 to 5 A g−1) was measured (Figure 3d). 
Specific capacities of 681, 490, and 420 mAh g−1 at 0.3, 1, and 
2 A g−1 can be obtained, respectively. Even at a high rate of 
5 A g−1, a specific capacity of 253 mAh g−1 can be achieved. 
When the current density turns back to 0.1 A g−1, a large por-
tion of the initial capacity can be recovered (534 mA h g−1 
capacity can be recovered). The discharge and charge curves 
at different rates are shown in Figure S6, Supporting Informa-
tion. Furthermore, the NiS2 nanospheres also possess durable 
cycling stability. At a high current density of 0.5 A g−1, a dis-
charge capacity of 319 mAh g−1 can still be achieved after 
1000 long cycles (Figure 3e). The discharge–charge curves of 
NiS2 electrode after 1000 cycles are shown in Figure S7, Sup-
porting Information. The electrochemical performance of 
mesoporous NiS2 nanospheres stands out among those of pre-
vious reported nickel sulfide materials (Table 1). The Electro-
chemical impedance spectroscopy (EIS) spectra of the NiS2 
electrodes before and after cycling (Figure S8, Supporting 
Information) show a compressed semicircle in the high to 
medium frequency region of each spectrum, which corre-
sponds to the charge transfer resistance (Rct) of the electrode, 
and an ≈45° inclined line in the low frequency range which 
stands for the Warburg impendence (Zw). The charge transfer 
resistance of NiS2 becomes much lower after 100 cycles at 
0.5 A g−1. Additionally, the slope in the low frequency range 
is increased, indicating the enhanced ion diffusion kinetics. 
The SEM images of mesoporous NiS2 nanospheres after 1st 
and 200 cycles are collected to study the structural stability 
(Figure S9, Supporting Information). No obvious morphology 
difference can be observed in SEM. The mesoporous nano-
sphere architecture is well maintained after long-term cycles, 
indicating the excellent structural stability of this NiS2 elec-
trode. The excellent electrochemical performance of NiS2 is 
attributed to their unique structure. First, mesoporous NiS2 
nanospheres with larger surface area provide more active sites, 
larger electrode–electrolyte contact area, and enhance the 
charge transfer, resulting in rapid ion diffusion and high-rate 
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capability. Second, the numerous pores in NiS2 can offer free 
space for facile strain relaxation and volume expansion during 
cycling, which ensure the cycling stability. The selection of the 
electrolyte and the voltage window plays an important role 
to the improvement of the NiS2 nanospheres charge storage. 
Figure S10 (Supporting Information) exhibits the discharge 
and charge curves of typical carbonate-based and ether-based 
electrolytes. The cells with carbonate-based electrolytes show 
high inferiority with large voltage polarization and rapid 
capacity decay. The EIS spectra (Figure S11, Supporting Infor-
mation) of the NiS2 electrodes in different electrolytes show 
that the NiS2 electrode in the NaSO3CF3/DGM has the lowest 
Rct among those typical carbonate-based and ether-based 
electrolytes. Figure S12 (Supporting Information) exhibits 

the corresponding cycling performance. Through the con-
trast experiment, NaClO4/DGM electrolyte can significantly 
improve the performance of NiS2, showing comparable cycla-
bility. This is in good accordance with previous results.[31,39] 
Compared to the voltage window of 0.4–2.9 V, the electro-
chemical performance of deeper discharge voltage to 0.01 V 
was also measured. High initial capacity is obtained, but the 
capacity fades fast with only 108 mAh g−1 capacity remained 
after 100 cycles at 0.1 A g−1 (Figure S13, Supporting Infor-
mation). This means larger amount of Na ions participate in 
reaction, leading to larger volume change and more serious 
volume expansion. Ultimately, the combination of DGM elec-
trolyte and terminal voltage of 0.4 V displays the best electro-
chemical performance in the measured system.
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Figure 2. a) XRD patterns of NiS2 nanospheres. b) Nitrogen adsorption–desorption isotherm of NiS2 nanospheres (the inset is the pore size 
distribution of NiS2 nanospheres). c) Size distributions and SEM image of NiS2 nanospheres. d) High-magnification SEM images of NiS2 nanospheres 
(the inset is a typical single NiS2 nanosphere). e) TEM and f) HRTEM images of NiS2 nanospheres.
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To further explore the nature of the charge storage pro-
cess, CV measurements with different scan rate were con-
ducted to investigate the electrochemical kinetics of the NiS2 
nanospheres.[39] The CV curves (Figure 4a) after the first 
cycle show similar broad peaks during both cathodic and 
anodic processes at each scan rate and display a slight peak 
shift while the scan rate increases from 0.2 to 1 mV s−1, dem-
onstrating low polarization of NiS2 nanospheres in the DGM 
electrolyte. A related analysis can be performed regarding 
the behavior of the peak current by assuming that the current 
(i) obeys a power law relationship with the scan rate (ν):[39]

=i avb
 (1)

In this equation, a is a constant, the b-value can change 
from 0.5 to 1. The b-value is given by the slope of the ln(i) 
versus ln(ν) plots. If b-value approaches to 1, the system 
is mainly controlled by capacitance. If b-value is closed to 
0.5, the diffusion process dominates. Figure 4b shows that 
the b-values at different oxidation and reduction states 
are 0.63 and 0.77, respectively. It indicates that the elec-
trochemical reaction of NiS2 nanospheres is controlled 

by the combination of capacitive and diffusion processes. 
The b-value analysis for NiS2 was performed using the CV 
data between 1.2 and 1.8 V (Figure S14, Supporting Infor-
mation). The b-value is approached to 0.5 in the range of 
redox peaks, indicating that in the peak range the reaction 
is diffusion-controlled, while capacitive behavior domi-
nates away from the peak range. A similar phenomenon 
was reported on ZnS nanospheres[39] and few-layer TiS2 
nanosheets.[29]

Another analysis is also performed to possibly deter-
mine the regions where the capacitive contributions occur 
according to the equation below:[42,43]

= +( ) 1 2
1/2i v k v k v  (2)

Here, the total current response (i) at a fixed potential 
(V) can be separated into two mechanisms. The part of k1v 
is the capacitive current. The diffusion-controlled current 
is reflected in k2v1/2. Figure 4c indicates that 85% of the 
total charge comes from capacitive contribution at a scan 
rate of 1 mV s−1 for NiS2. The peak regions are predomi-
nately diffusion-controlled currents. The remaining regions 
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Figure 3. a) Cyclic voltammograms of NiS2 material at the scan rate of 0.1 mV s−1. b) Charge/discharge profiles of NiS2 for the initial three cycle 
at 0.1 A g−1. c) Discharge capacities and Coulombic efficiency versus cycle number of NiS2 at 0.1A g−1. d) Rate performance of NiS2. e) Discharge 
capacities and Coulombic efficiency versus cycle number of NiS2 at 0.5A g−1.

Table 1. Comparison of the electrochemical performance of the nickel sulfide SIB anodes reported in the literatures.

Reference Sample Voltage window Capacity [mAh g−1] Rate capability

[40] NiSx-rGO composites 0.001–3 V 449 mAh g−1 at 300 mA g−1 377 mAh g−1 at 3 A g−1

[30] NiS2 graphene composites 0.001–3 V 407 mAh g−1 at 0.1 C 168 mAh g−1 at 2 C

[41] NiS/rGO composites 0.005–3 V 701 mAh g−1 at 50 mA g−1 181 mAh g−1 at 0.4 A g−1

This work Mesoporous NiS2 nanospheres 0.4–2.9 V 692 mAh g−1 at 100 mA g−1 253 mAh g−1 at 5 A g−1
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are almost entirely capacitive controlled, which is in accord-
ance with the result of b-value. This obviously implies that 
mesoporous NiS2 nanospheres offer many active surface 
sites, short sodium ion diffusion pathway as well as good 
electrolyte accessibility to all the electroactive surfaces due 
to the mesoporous structure and small nanoparticle size, 
resulting in the excellent electrochemical performance. The 
capacity contributions at different scan rates are shown 
in Figure 4d. The capacity contribution increases with the 
increasing of sweep rates. The kinetic analysis shows that 
a large portion of the stored charge comes from capacitive 
process.

The in situ X-ray diffraction technique was applied to 
further explore the electrochemical reaction mechanisms 
of NiS2 electrode during cycling. For the in situ XRD 
(Figure 5), selected acquisition windows between 30° and 
37° are chosen to in situ monitor the (200) and (210) dif-
fractions of NiS2 during the discharge/charge processes at 
0.1 A g−1. During the first discharge process, the (200) and 
(210) diffraction peaks slightly shift to lower angle. This 
typical single phase reaction represents the insertion of Na+  
into the NiS2 (NiS2 + xNa+ + xe− → NaxNiS2). In the subse-
quent charge and discharge process, the main peaks of NiS2 
do not appear again, indicating that an irreversible conver-
sion reaction occurs during the first cycle (NaxNiS2 + (4 − x) 
Na+ + (4 − x) e− → Ni + 2Na2S). No obvious Na2S peaks 
were observed, indicating that an amorphous Na2S phase 
was formed during sodiation. Meanwhile, nanocrystalline 

Ni was also not detected owing to its very small crystallite 
size.[44–46] The initial two diffraction peaks disappear gradu-
ally until no obvious diffraction peak can be observed, 
demonstrating that the amorphization takes place during 
the latter cycling.

3. Conclusion

Uniform and mesoporous NiS2 nanospheres are synthe-
sized via a facile one-step PVP assisted method. The pores 
in NiS2 nanospheres provide short ion diffusion paths, 
increase the contact area between electrode and electro-
lyte, and buffer volume change. Moreover, by reducing 
the voltage window and selecting a suitable ether-based 
electrolyte, the mesoporous NiS2 nanospheres present 
excellent electrochemical performance as anode for SIBs. 
Kinetics analysis reveals a dominant pseudocapacitance 
contribution which is greatly beneficial to fast charge 
storage and long cycling stability. In addition, the amor-
phization and conversion reactions of the mesoporous 
NiS2 nanospheres are further demonstrated by in situ 
X-ray diffraction. The remarkable electrochemical per-
formance reveals that the NiS2 is a promising anode for 
high-performance SIBs. These findings establish a good 
basis for the later research and open a new way for devel-
oping low cost battery systems for next-generation large 
scale energy storage.
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Figure 4. a) Cyclic voltammogram of the cell at different sweep rates. b) The fitted lines and ln(peak current) versus ln(scan rate) plot at 
different oxidation and reduction state. c) Cyclic voltammogram with the capacitive contribution to the total current shown by the shaded 
region. d) The capacity contribution at different scan rates (0.2, 0.4, 0.6, 0.8, and 1.0 mV s−1). Results correspond to the cells with NiS2 
microspheres.
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4. Experimental Section

Synthesis of Mesoporous NiS2 Nanospheres: In a typical syn-
thesis, 0.6 g PVP K-30 was dissolved in the mixture of 40 mL EG 
and 40 mL distilled water. Then, 2 mmol C4H6O4Ni·4H2O and 
6 mmol Na2S2O3·5H2O were added in the above mixed solution 
in sequence with continuous stirring. After that, the mixture was 
loaded into a Teflon-lined sealed autoclave and maintained at 
180 °C for 12 h. The obtained suspension was centrifuged and 
the precipitate was washed thoroughly with water and absolute 
ethanol. The final product was dried at 80 °C for 10 h in a vacuum 
oven. For comparison, the product was synthesized using the 
same procedure without the addition of PVP K-30.

Material Characterizations: Powder XRD (D8 Advance X-ray dif-
fractometer, Cu Kα X-ray source), field-emission scanning electron 
microscopy (SEM, JEOL-7100F) were used to characterize the struc-
ture and morphology of the as-prepared samples. TEM and HRTEM 
images were recorded using a JEM-2100F STEM/EDS microscope. 
BET surface area was measured by using Tristar 3020 instrument.

Electrochemical Measurements: Electrochemical measure-
ments were performed with 2016 coin-type cells in an argon-filled 
glove box. The working electrode was obtained by mixing the as-
prepared NiS2, acetylene black, and carboxyl methyl cellulose in 
a weight ratio of 7:2:1. The slurry was then pasted onto a Ti foil. 
Glass fiber and sodium disks were employed as the separator 
and reference electrodes, respectively. Different kinds of elec-
trolyte were used: (1) 1 m NaClO4 in DGM; (2) 1 m NaClO4 in eth-
ylene carbonate and dimethyl carbonate with 5% fluoroethylene 
carbonate (EC:DMC = 1:1, v:v with 5.0% FEC); (3) 1 m NaPF6 in 
propylene carbonate and ethylene carbonate (PC:EC = 1:1, v:v); 
and (4) 1 m NaClO4 in PC and DMC (PC:DMC = 1:1, v:v). Galvano-
static measurements were performed over a potential range of 
0.01/0.4–2.9 V versus Na+/Na by using a multichannel battery 
testing system (LAND CT2001A). Cyclic voltammetry was tested 
by an electrochemical workstation (CHI 760D). Electrochemical 
impedance spectroscopy was conducted with Autolab potentiostat 
galvanostat (PGSTAT302N). All of the measurements were carried 
out at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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