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ABSTRACT: In this article, we report NiSe2 nanooctahedra
as a promising anode material for sodium-ion batteries (SIBs).
They exhibit outstanding long-term cyclic stability (313 mAh/
g after 4000 cycles at 5 A/g) and excellent high-rate capability
(175 mAh/g at 20 A/g). Besides, the initial Coulombic
efficiency of NiSe2 is also very impressive (over 90%). Such
remarkable performances are attributed to good conductivity,
structural stability, and the pseudocapacitive behavior of the
NiSe2. Furthermore, the sodium ion storage mechanism of
NiSe2 is first investigated by in situ XRD and ex situ XRD.
These highlights give NiSe2 a competitive strength for rechargeable SIBs.
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■ INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) have been widely
investigated and successfully commercialized due to their high
energy density and outstanding cycling stability.1,2 However,
high cost and the limited lithium supplies restrict their
development. Recently, sodium-ion batteries (SIBs) have
attracted extensive attention, because of the low cost and
abundance of sodium resource in comparison to lithium.3−8

Nevertheless, the ionic radius and molar mass of sodium are
larger than those of lithium, which lead to larger volume change
and poorer electrochemical performance.9−11 Thus, it is urgent
to exploit new electrode materials with high performance for
suitable Na-host materials to accommodate reversible sodium
ion insertion and deinsertion.
Recently, transition metal disulfides and diselenides, such as

FeS2, MoS2, FeSe2, and MoSe2, have been reported as potential
materials for SIBs due to their unique physical, chemical, and
electronical properties.12−19 FeS2 and MoS2 both showed a
stable discharge capacity of ∼200 mAh/g at 1000 mA/g.12,13

FeSe2 and MoSe2 also displayed a discharge capacity of 372 and
364 mAh/g at 1000 mA/g, respectively.14,15 Nevertheless, the
Coulombic efficiency (CE) of these anode materials in the first
cycle is not high. It indicates that there is still much irreversible
initial capacity loss in the first galvanostatic cycle. Besides, long-
term cycle life of anode materials at high current density for
SIBs is still a challenge. NiSe2, which has a comparable band
gap energy with good conductivity (resistivity below 10−3 Ω
cm), is a promising electrode material.17−24 Face-centered cubic
crystal structure of NiSe2 is the most common and usually is

classified as a NaCl-like group that Ni and Se2 atoms
correspond to Na and Cl atoms, respectively. As shown in
Figure 1b, the Se atoms octahedrally bond to the adjacent Ni
atoms.23 This structure is very stable. Meanwhile, as an anode
material, NiSe2 with a conversion mechanism has high
theoretical capacity (495 mAh/g). When applied as LIBs
anode, it exhibited excellent electrochemical performance.20

NiSe2, coated with reduced graphene oxide and carbon (NiSe2-
rGO-C), when applied as SIBs anode, also displayed good
electrochemical properties (274 mAh/g at 1 A/g).17 However,
the complicated fabrication process and unsatisfactory cycle life
of NiSe2 cannot meet the requirements of industrial production
and demands of commercial energy storage. Therefore, it is
challenging, but desirable, to investigate this material as an
anode for the large-scale rechargeable SIBs.
Herein, we present a hydrothermal method to prepare NiSe2

nanooctahedra as anode material for SIBs. It shows high
specific capacity, long-term cyclic stability (313 mAh/g after
4000 cycles at 5 A/g, 396 mAh/g after 200 cycles at 200 mA/
g), and superior rate performance (230 mAh/g at 10 A/g and
175 mAh/g at 20 A/g). Furthermore, the reaction mechanism
and the reason for discharge specific capacity decays gradually
during the first 50 cycles are first investigated by in situ and ex
situ X-ray diffraction (XRD, different cycle numbers), selected
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area electron diffraction (SAED), and high-resolution trans-
mission electron microscopy (HRTEM).

■ EXPERIMENT SECTION
Synthesis of NiSe2 Nanooctahedra. NiSe2 nanooctahedra were

synthesized via a hydrothermal method. In brief, 2 mmol of nickel
acetate tetrahydrate (C4H6NiO4·4H2O, 0.4977 g) and 8 mmol of
selenium powder (Se, 0.6312 g) were added into deionized water.
Then, 30 mL of N2H4·H2O (80%) was added into the mixture drop-
by-drop under continuous stirring. After 60 min, the mixture was
heated at 140 °C for 20 h in a Teflon bomb. The black NiSe2 crystals
were obtained after cooling to room temperature, centrifuging the
suspension, and drying.
Material Characterizations. The phase purity, chemical compo-

sitions, and crystallographic data of the as-synthesized sample were
performed by using a D8 Advance X-ray diffractometer (Rigaku Dmax-
RB with Cu Kα X-ray source, Germany). A transmission electron
microscope (TEM, JEM-2100F, Japan) and scanning electron
microscope (SEM, JSM-7100F, Japan) were used to investigate the
morphology and microstructure of the NiSe2.

Electrochemical Measurements. The electrochemical perform-
ances of NiSe2 nanooctahedra were measured by assembling 2016 coin
cells in an Ar-filled glovebox. The working electrodes consisted of 70
wt % of NiSe2 nanooctahedra, 20 wt % electrical conductor (acetylene
black), and 10 wt % carboxyl methyl cellulose (CMC) binder on
copper foil. A pure sodium disk was used as counter electrode and a
1.0 M sodium trifluomethanesulfonate (NaCF3SO3) in diethylene
glycol dimethyl ether (DEGDME) as the electrolyte. Galvanostatic
charge−discharge tests of as-prepared cells were investigated using the
LAND-CT2001A battery test system from 0.3 to 2.9 V.

■ RESULTS AND DISCUSSION
The process of synthesizing NiSe2 nanooctahedra and the SEM
images of different hydrothermal time are shown in Figure 1a.
Generally speaking, the inherent crystal structure dominates the
final morphology of nanocrystals, especially in inchoate
nucleation and subsequent growth stage. Different morpholo-
gies of nanocrystals can be synthesized via delicate control of
external factors, for example, temperature, reaction time, and
surfactants.25,26 The crystal faces with higher surface energy

Figure 1. (a) A schematic illustration of forming process of NiSe2 nanooctahedra through one-step hydrothermal method. (b) Crystal structure of
pyrite-type NiSe2.

Figure 2. (a) XRD pattern, (b, c) SEM images with different magnifications, (d) TEM image, (e) HRTEM image, (f) SAED pattern, and (g−i)
elemental mapping images of the as-prepared NiSe2.
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tend to disappear along with the growth of crystals. According
to Gibbs−Wulff’s theorem,27 growth rate of each crystal face is
γ{111} < γ{100} < γ{110} for an intrinsic face-centered cubic NiSe2
crystal. What is more, because the mixed solvents are N2H4/
H2O, there are no organic molecules adsorbing on the crystal
faces of NiSe2. Thus, the crystal face of {111} grows the slowest
and is exposed, leading to the formation of NiSe2 nano-
octahedra.
Figure 2a shows the XRD pattern of the NiSe2 sample. All of

the diffraction peaks are fully consistent with the standard
patterns of NiSe2 (cubic, Pa3 ̅, JCPDS Card No. 03-065-1843).
The sharp peaks indicate the good crystallinity of the NiSe2,
and there is no impurity can be detected. The morphology and
microstructure of NiSe2 are characterized by SEM and TEM.
Figure 2b,c shows SEM images of the NiSe2 at different
magnifications. The product we obtained is homogeneous
NiSe2 nanooctahedra, and the size of NiSe2 is approximately
150−250 nm. A TEM image is shown in Figure 2d. It further
indicates that the morphology of as-prepared NiSe2 is a
geometric nanooctahedron, which is consistent with SEM
observations (Figure 2b,c). The HRTEM image (Figure 2e) of
the NiSe2 nanooctahedra exhibits clear 0.600 nm spaced lattice
fringes which is indexed to the (100) crystal face of NiSe2
(JCPDS Card No. 03-065-1843). The SAED pattern (Figure
2f) indicates that the NiSe2 nanooctahedra are well-developed
single crystals of cubic structure. In addition, the elemental
mapping images are shown in Figure 2g−i. They reveal the
uniform distribution of the Ni and Se elements throughout the
NiSe2 nanooctahedra.
The electrochemical performances of the NiSe2 nano-

octahedra for sodium ion storage were tested via fabricating
2016 coin-type cells. The NaCF3SO3 (1.0 M) in diethylene
glycol dimethyl ether (DEGDME) was chosen as electrolyte. In
order to avoid deep discharging, we took the voltage window of
0.3−2.9 V into consideration. Figure 3a shows the charge−
discharge curves of NiSe2 nanooctahedra at a high constant
current density of 5000 mA/g. The initial discharge and charge
capacities of NiSe2 are 478 and 469 mAh/g, respectively. This

initial CE is more than 95%. Furthermore, the charge−
discharge curves are almost overlapped after 50 cycles and
stable plateaus are located at 1.55, 1.88 V and at 1.58, 1.05, 0.60
V during the charge and discharge process, respectively. It
indicates that NiSe2 nanooctahedra possess excellent cycling
stability. Obviously, the charge behavior of the 1st and 10th
cycles is different from that after the 50th cycle. The reason for
this is that, instead of turning to NiSe2, part of Na2Se changes
into Se and Ni3Se4 gradually when charged to 2.9 V during the
first 50 cycles.
Figure 3b shows the long-term cycle performance of NiSe2 at

5000 mA/g. The discharge specific capacity still remains at 313
mAh/g after 4000 cycles. Throughout the whole cycle stage,
the CE nearly maintains 100%. However, the discharge specific
capacity gradually decays during the first 50 cycles. Electro-
chemical impedance spectra (EIS) are shown in Figure S1. Two
compressed semicircles are clearly observed. The diameter of
the first semicircle is dominated by solid electrolyte interface
(SEI) film, and another is controlled by charge transfer
resistance (Rct). Obviously, Rct increases gradually during the
first 50 cycles, and it is consistent with the decrease of capacity.
The morphology change of the NiSe2 electrode after 50 cycles
is shown in Figure S2. As with many transition metal oxides and
sulfides, the NiSe2 turns into nanoparticles, which shortens the
Na+ transport path.14,18

The cycle performance of NiSe2 at 0.2 A/g was also tested as
shown in Figure S3. The initial CE reaches 93%, and the
discharge capacity of NiSe2 maintains at 396 mAh/g after 200
cycles. However, the discharge capacity decreases sharply when
the voltage was changed from 0.3−2.9 V to 0.01−3 V (Figure
S4) and when we used 1 M NaClO4 in 1:1 v/v ethylene
carbonate/dimethyl carbonate as electrolyte (Figure S5). All of
these results demonstrate that excellent cycle performance and
high CE should be ascribed to improve cutoff voltage and select
DEGDME as electrolyte.14,27−30 There is irreversible capacity
which mainly comes from the deep discharge from 0.3 to 0 V.
Therefore, raising the cutoff voltage appropriately has an active
effect on improving CE and cycle performance.14 In addition,

Figure 3. Electrochemical performances of NiSe2 half-cells. (a) Charge−discharge curves, (b) long-term cyclic performance, (c) rate performance,
(d) CV curves at different scan rates from 0.1 to 0.5 mV s−1 after 100 cycles of the as-prepared NiSe2, (e) log(i) versus log(v) plots, and (f)
contribution ratio of the capacitive and diffusion-controlled charge at various scan rates.
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the use of DEGDME electrolyte has a great influence on
superior long-term cyclability because it could avoid the
reaction between carbonate-based and anionic groups, which
are the charge/discharge products.12,14 Besides, the cells with
DEGDME possess a smaller voltage polarization.12 Figure 3c
shows rate performance of as-prepared NiSe2. Impressively, the
electrode of NiSe2 nanooctahedra delivers reversible capacities
of 472, 360, 175 mAh/g at 1, 2, 20 A/g, respectively. Due to the
formation of SEI film and part of NiSe2 transforms into Ni3Se4
and Se with cycling, the capacity decays gradually during the
first 5 cycles at 1 A/g.
In order to investigate the possible reasons for the

remarkable rate performance, detailed kinetics analysis of the
NiSe2 electrode was conducted for sodium ion storage. Cyclic
voltammetry (CV) tests at different scan rates from 0.1 to 0.5
mV/s were performed, shown in Figure 3d. The CV curves
display similar shapes and with the increase of scan rates, the
anodic and cathodic peaks also augment. Two peaks around
1.53 and 1.84 V are clearly observed in the anodic cycle, which
correspond to the Na+ ion deinsertion process. Meanwhile,
three peaks around 1.63, 1.08, and 0.62 V are observed in the
cathodic cycle, corresponding to the Na+ ion insertion process.
These results are in good agreement with the above charge−
discharge profiles after 50 cycles, shown in Figure 3a. In
addition, the square root of the scan rate is not proportional to
the peak current density, as shown in Figure 3d. In other words,
non-Faradaic and Faradaic behaviors control the whole cycle
process.8,14,31,32 The contribution of all stored charge could be
analyzed according to the following eq 1 and 231,32

=i avb (1)

= +i b v alog( ) log( ) log( ) (2)

where i is the measured current and v is the scan rate. In
particular, power coefficient b is indicative of the charge storage

kinetics in the electrode. When the b value approaches 0.5, it
indicates that the electrochemical reaction is dominated by
ionic diffusion, whereas, when it approaches 1, the capacitive
behavior dominates the total process. Figure 3e shows the log i
vs log v plots at every peak potential. It clearly demonstrates
that the slopes (b value) of peak 1 to peak 5 are 0.93, 0.86, 0.94,
0.81, and 1.01, respectively. These results imply that the
electrochemical reaction of NiSe2 nanooctrahedra is mainly
controlled by capacitive behavior, which leads to a high-rate
performance and extended cycle life. In addition, we further
quantified the total capacitive contribution by separating
contributions of the capacitive and diffusion-controlled. The
relationship i = avb can be divided into two parts. One is
capacitive (k1v) and another part is diffusion-controlled
(k2v

1/2), as follows31,32

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

(3)

where k1 and k2 are constants. The equation i(V)/v
1/2 = k1v

1/2 +
k2 can be obtained by rearranging eq 3, and k1 is determined as
the slope. Therefore, capacitive and diffusion contributions are
able to be acquired. Figure 3f indicates that the capacitive
contribution turns to dominate gradually with the increase of
scan rate. About 68% of total capacity is derived from the
capacitive mechanism at 0.5 mV/s. This result also implies the
high-rate performance of NiSe2.
The sodium ion storage mechanism of NiSe2 during cycling

is further investigated by in situ XRD, ex situ XRD (different
cycle numbers), SAED, and HRTEM. Figure 4a shows in situ
XRD patterns, and an obvious phase transition could be
observed upon electrochemical discharge/charge processes at
200 mA/g. The diffractions at open circuit voltage state are
assigned to the NiSe2 phase and they disappear inch-by-inch
along with the appearance of two new diffractions at 37.3° and
44.1° which correspond to the (220) and (311) crystal faces of
Na2Se during the first discharge process. However, with the

Figure 4. (a) In situ XRD patterns collected during the first two discharge/charge cycles at 200 mA/g. (b) XRD patterns of electrodes at charging 2.9
V state after 50, 400, 1000, 2000, 5000 cycles. (c) SAED pattern and (d) HRTRM image of the electrodes at fully charged (2.9 V) state after 2000
cycles.
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crystalline phase of Na2Se disappearing, there are no apparent
diffractions of NiSe2 in the subsequent cycle process, which
may be ascribed to that the particle size of NiSe2 is so tiny. At
the second discharge process, Na2Se appeared again, which
demonstrates the reversibility of the electrochemical reaction.
Figure 4b shows XRD patterns of electrode material at charging
2.9 V state after 50, 400, 1000, 2000, and 5000 cycles. All of the
XRD patterns with different cycle numbers are almost the same,
which implies that this electrode material possesses excellent
long-term cyclic stability. The characteristic peak of kapton film
is located in 19°, and it is used to isolate the electrode from air.
The peaks of the current collector (Cu) are obviously found in
every pattern of tested samples. Moreover, the peaks of NiSe2
are observed at 33.6° and 57.8° and new peaks are found which
are congruent with Se and Ni3Se4. In addition, the SAED
pattern (Figure 4c) and HRTEM (Figure 4d) also confirm the
products when the samples were charged to 2.9 V after cycling
for 2000 cycles. As shown in Figure 4c, several discernible
concentric rings composed of discrete spots match well with
the diffractions of cubic NiSe2, monoclinic Ni3Se4, and
monoclinic Se. HRTEM investigation in Figure 4d shows
resolved lattice fringes of NiSe2 (111) and (311) planes with a
spacing of 0.341 and 0.182 nm, and lattice fringes of the Ni3Se4
(013) plane with a spacing of 0.251 nm, as well as (022) planes
of the neighboring Se support with a spacing of 0.362 nm,
respectively. However, as shown in Figure S6, no Ni3Se4 and Se
can be detected in the electrode at the initial charged states. It
may be that there are very few Na2Se changed into Se and
Ni3Se4, so the products of Se and Ni3Se4 are too few to be
detected during the first charging. They can be detected with
cycling and the accumulation of Se and Ni3Se4.
Combining the above results and previous reports about

FeSe2 and CoSe2 anodes for SIBs,
14,18 the reaction mechanism

of NiSe2 can be inferred. The three discharge plateaus may
indicate the formation of NaxNiSe2, NiSe and Na2Se, and Ni
and Na2Se, respectively.14,18 The two charge plateaus are
corresponding to the formation of NaxNiSe2 and fully charged
products NiSe2, Se, and Ni3Se4, respectively. The reaction
equations are summarized below.
Discharge process:

+ + + +

→

+ −x xPeak 1 NiSe 2Se Ni Se 4 Na 4 e

4Na NiSex

2 3 4

2 (4)

+ − + −

→ +

+ −x xPeak 2 Na NiSe (2 )Na (2 )e

NiSe Na Se
x 2

2 (5)

+ + → ++ −Peak 3 NiSe 2Na 2e Ni Na Se2 (6)

Charge process:

+ → + −

+ −

+

−

x

x

Peak 4
Ni 2Na Se Na NiSe (4 )Na

(4 )e
x2 2

(7)

→ + + + ++ −x x
Peak 5

4Na NiSe NiSe 2Se Ni Se Na ex 2 2 3 4
(8)

As a matter of fact, instead of turning to NiSe2, part of Na2Se
changes into Se and Ni3Se4 gradually when charged to 2.9 V
during the first 50 cycles. That is why the discharge specific

capacity decays gradually at that time, according to the ex situ
XRD patterns (Figure 4b), SAED pattern (Figure 4c), and
HRTEM (Figure 4d). After 50 cycles, when electrode material
is charged to 2.9 V again, the NiSe2, Se, and Ni3Se4 reach a
balance and the discharge specific capacity does not decay
obviously.

■ CONCLUSIONS
We have demonstrated a facile approach to prepare NiSe2
nanooctahedra. When used as anode material for SIBs, it
exhibits superior electrochemical performances. By tuning the
cutoff voltage and selecting DEGDME as the electrolyte, NiSe2
shows good capacity stability (313 mAh/g at 5 A/g after 4000
cycles), high initial CE (above 95%), and superior rate
performance (175 mAh/g at 20 A/g). During the charge−
discharge processes, the superior rate performance should be
ascribed to the pseudocapacitive behavior. Due to generation of
Se and Ni3Se4 at charged 2.9 V during the first 50 cycles, the
discharge specific capacity decays gradually. When NiSe2, Se,
and Ni3Se4 reach a balance, the capacity almost remains
unchanged. These highlights demonstrate that NiSe2 is a
promising anode material for SIBs with high-rate performance
and long-term cyclability.
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