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a b s t r a c t

Transition metal sulfides have been treated as promising materials for lithium-ion battery, and recently
more and more attention has been paid to its applications in sodium-ion batteries. In our context, three
Ni3S2 nanostructures directly grown on Ni foam were successfully designed using a facile hydrothermal
method. The influences of the morphology on the performance evolution for sodium-ion batteries were
studied in detail. As a result, it was found that the initial drop, gradual increase, convex type decline and
concave type decline in the performance evolutions were mainly controlled by Rct, Rsf, pulverization, and
internal stress, respectively. More importantly, our results indicated that the clustered network-like
structure was beneficial for the cycling and rate performance, while the rod-like structure was suitable
for the cyclic stability of these electrodes.

& 2016 Published by Elsevier Ltd.
1. Introduction

Limited lithium resources possibly prevent the future devel-
opment of lithium-ion batteries (LIBs), for instance, the recent
price of Li2CO3 frequently increases, being an obvious obstacle of
advanced LIB application. Precisely for this reason, room-tem-
perature sodium-ion technology has staged a comeback, particu-
larly for large-scale stationary energy storage applications. The
similar chemical properties in some aspects exist between sodium
and lithium, as a result, the investigations on anode [1–3] and
cathode [4–6] materials of the sodium-ion batteries (SIBs) were
mainly “borrowed” from LIBs. For example, as an anode material of
LIBs, SnO2 has been successfully studied for SIB anodes [7–10]. So
far, most of anode materials in SIBs are impeded by either low
specific capacity or large volume expansion. Therefore, it is ne-
cessary to develop high performance anode materials for SIBs.

Some transition metal chalcogenides have been successfully em-
ployed as anodes for LIBs [11,12], based on a conversion reaction
mechanism. The multiple electron involved conversion reaction leads
gineering Centre, College of
ity, Tianjin 300387, China (X.
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to high theoretical specific capacity of transition metal chalcogenides
[2]. Take into account the high electrochemical activity of nickel ion
and strong reducibility of sulfur ion, nickel sulfides have been in-
vestigated as attractive anode electrode materials in LIBs [13–15].
Nickel sulfide can occur in various phases and compositions, such as
NiS, NiS2, Ni3S2, Ni3S4, Ni7S6, Ni9S8, and so on [16]. Among them, the
researchers focused many attentions on Ni3S2 due to its lower room
temperature resistivity of approximately 1.2�10�4Ω � cm [17], thus, it
is expected that Ni3S2 anode may exhibit enhanced performance for
SIBs. However, on one hand, few reports focused on Ni3S2 for SIB
anodes as a result of larger volume expansion and worse electrode
conductivity. On the other hand, traditional casting-derived Ni3S2
electrodes were hindered by the poor interfacial electrical contact
between active materials and current collectors [18–20]. One of the
effective methods to improve the conductivity of Ni3S2 electrodes is to
design Ni3S2 directly grown on the current collector, such as nickel
foam, to avoid the additive of polymer binder with poor electrical
conductivity [21]. For example, the nanostructured Ni3S2 films were
deposited on Ni foam via a hydrothermal route, showing high re-
versible capacity of 421 mA h g�1 after 60 cycles at a current density
of 50 mA g�1 for LIBs [22]. The design of Ni3S2�PEDOT on Ni foam
substrate showed stable cycling performance with a capacity of
280 mA h g�1 after 30 cycles between 0.5 and 2 V for SIBs [23]. In
addition, the 3D porous structure of Ni foam can facilitate the pene-
tration of electrolyte, shorten the ion diffusion distance, and further
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enhance the transport kinetics [24]. On the basis of previously pub-
lished literature [23,25,26], the anode performance of Ni3S2 is still not
satisfied for SIBs. Therefore, how to enhance the anode performance of
Ni3S2 has been challenging for SIBs.

In our present investigation, we have studied the morphology-
dependent performance evolutions of Ni3S2 directly grown on nickel
foam (Ni3S2/Ni) as the anode materials for SIBs. It is expected that the
use of electrode materials with different designed morphologies will
have a bright prospect to improve the performance of batteries. For
example, size-dependent sodium storage properties of Na2C6O6

‑based organic electrodes have been studied [27]. It was demon-
strated that rational morphological control can lead to significantly
improved sodium storage performance. P2-NaxCoyMn1�yO2 (y¼0,
0.1) with hexagonal flakes and hollow spheres morphologies have
been compared [28], with a result of enhanced cycling performance
of the spherical over the flake-like morphology which is attributed to
smaller volume changes of the unit cell of the spheres during cycling.
Few reports were studied, however, to focus on the relationship be-
tween morphologies and electrochemical performances of Ni3S2 an-
ode material for SIBs. It is believed that different morphologies and
structures provide different electrochemical reaction interfaces, even
some special chemical environments involved with quantum size
effect, thus, the influence of morphologies on electrochemical prop-
erties is necessary to be clarified.
2. Experimental

2.1. Growth of Ni3S2 on Ni foam

Several nanostructured Ni3S2 compounds were synthesized by the
in situ growth on Ni foam via a simple hydrothermal method. Briefly,
Ni foams punched in the form of 10 mm disks in diameter were so-
nicated in the ethanol and the oxalic acid orderly to remove the oily
impurity and the surface oxide layer. After rinsing and drying, the
cleaned Ni foam pieces were transferred into Teflon stainless steel
autoclave with Na2S2O3 solution (30 ml, 0.04 M). The samples were
generated at 100 °C (marked as NS-I), 120 °C (NS-II), and 150 °C (NS-
III) for 4 h in the sealed autoclave. At 90 °C in our system, it was found
the Ni foam was not sulfurated well as shown in Fig. S1a. With pre-
cisely weight by a microbalance (0.1 mg, VMT5, Mettler Toledo), the
weight differences (Δm) of Ni foam before and after sulfuration were
received. So according to the reaction (3Ni þ2 S ¼ Ni3S2), the weight
of Ni3S2 (MNi S3 2) can be derived from MNi S3 2 ¼Δm�240.1/64 [29].

2.2. Characterization

X-ray powder diffraction (XRD) patterns were collected on a
Bruker AXS D8 advance X-ray diffractometer with Cu Kα radiation
(λ¼0.154056 nm) at the 2θ range of 10–80°. The morphologies of the
samples were observed using Hitachi-SU8010 type field emission
scanning electron microscope (FE-SEM), and the observation of the
samples after electrochemical cycles was performed on the same
apparatus with the assistance of its supporting vacuum transfer box.
Transmission electron microscopy (TEM, JEOL JEM-3000F) and X-ray
photoelectron spectroscopy (XPS, VG ESCALAB MK II) were employed
to verify the nanostructure and the surface chemical composition of
the samples.

2.3. Electrochemical behavior with sodium

Without any polymer binder and conductive additive, the
synthesized Ni3S2/Ni nanostructures were directly employed as
working electrode. Besides the Ni3S2/Ni working electrodes, so-
dium pieces used as the counter electrode, microporous poly-
propylene film as the separator, and 1 M NaClO4 dissolved in EC:
DMC (1:1 in volume) with 5% FEC as electrolyte were encapsulated
in CR2032-type coin cells. The assembly process was operated in a
high purity argon-filled dry glove box. The cells were galvanosta-
tically discharged and charged in the range of 0.01–3 V (vs.
Na/Naþ) using a Land CT2001 battery tester. At a fixed voltage
range, cyclic voltammogram (CV) of the samples was measured at
a scan rate of 0.1 mV s�1 using Princeton Applied Research Ver-
saSTAT 4 electrochemical workstation. On the same workstation,
electrochemical impedance spectroscopy (EIS) measurements of
the samples were systematically performed at an amplitude of
5 mV over the frequency range from 100 KHz to 0.01 Hz.
3. Results and discussion

3.1. Characterization of the Ni3S2/Ni nanostructures

The SEM analysis and the XRD patterns of the Ni3S2/Ni na-
nostructures were examined to study the morphology and com-
position. During the hydrothermal reaction, supersaturation,
which is considered as an important parameter for the kinetics of
crystallization, is susceptible to the reaction temperature. How-
ever, in the study of Co9S8/RGO/Ni3S2 on Ni foam, Zhang et al.
found that the temperature only affects the nanoflakes' size and
depth [30]. For Co(CO3)0.35Cl0.20(OH)1.10 nanoneedle arrays on Ni
foam, it has been discovered that their SEM images showed similar
features when synthesis temperature was changed from 95 °C to
105 °C and 115 °C [31]. Conversely, a significant influence of tem-
perature on the morphologies was found in our investigation. As
shown in Fig. 1a, porous net-structured nanosheets of NS-I with
rough surfaces were generated at 100 °C. When the synthesis
temperature increased to 120 °C, the morphology of NS-II changed
into a “clustered network”-like nanostructure with opening chan-
nels, which seemingly had a trend to form bars. At higher tem-
perature (150 °C), a rod-like nanostructure with nanometers from
tens to hundreds can be observed in Fig. 1c. Thus, it can be con-
cluded that at lower temperature, the morphology prefers to
sheet-like structure, and as the temperature rises, the sheet-like
structure will gradually turn to a rod-like structure. The insets
represent corresponding low-magnification SEM images, con-
firming uniform distribution of Ni3S2 on Ni foam. It is worth noting
that these different morphologies and size dimensions of Ni3S2/Ni
electrodes will result in different dynamic processes of sodium
storage, and then affect the electrochemical performance.

The XRD patterns of NS-I, NS-II, and NS-III are shown in Fig. 1d. In
addition of three peaks at 2θ¼44.5°, 51.9°, and 76.4° originating from
Ni foam (JCPDS no. 87-0712), the rest peaks are in well accordance
with Ni3S2 of heazlewoodite phase (JCPDS no. 86-1802), which con-
firms the successful design of Ni3S2/Ni nanostructures. To further
verify the purity, the XRD patterns of the samples synthesized at 90 °C
and 180 °C, as well as at 120 °C with different concentrations of
Na2S2O3 were examined in Fig. S1. It can be seen in Fig. S1a that at
high temperature (180 °C), the product became a mixture of Ni3S2 and
a new phase of NiS (JCPDS no. 12-0041). As the concentration of
Na2S2O3 increased, more impure peaks emerged (Fig. S1b). For ex-
ample, in the case of 0.1 M, the extra peak at near 18.4° can be as-
signed to NiS. As a result, it can be deduced that the optimized
synthesis parameter results in the formation of Ni3S2 with high purity
following the reaction as below:

3Ni þ 2Na2S2O3 - Ni3S2 þ 2Na2SO3

TEM and XPS of NS-II were carried out to identify the nanos-
tructure and elementary composition, as shown in Fig. 2. The
clustered network-like structure is clearly observed in Fig. 2a,
which is consistent with the SEM image in Fig. 1b. Fig. 2b shows
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the high-resolution transmission electron microscopy (HR-TEM)
image, and its insets represent the fast Fourier transform (FFT) and
the inverse fast Fourier transform (IFFT) images. The FFT image
Fig. 1. High- and low-magnification (the insets) SEM images of (a) NS-I, (b

Fig. 2. (a) TEM and (b) high resolution TEM of NS-II. The insets in (b): fast Fourier transfo
XPS spectra of this sample.
shows a polycrystalline feature of Ni3S2 and the measured lattice
fringe in IFFT image with an interplane spacing of 0.28 nm
corresponds to the (110) plane of Ni3S2. Corrected with C 1 s
) NS-II, and (c) NS-III. (d) XRD patterns of these Ni3S2/Ni composites.

rm (FFT) and the inverse fast Fourier transform (IFFT) images. (c) Ni 2p and (d) S 2p
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(284.6 eV) as the reference, Ni 2p and S 2p XPS peak-fitting results
of NS-II are shown in Fig. 2c and d. In the Ni 2p XPS spectrum, two
main peaks at 873.6 eV and 855.9 eV can be assigned to Ni 2p1/2
and Ni 2p3/2, respectively. The other two peaks correspond to the
accompanied satellite peaks of Ni 2p1/2 and Ni 2p3/2. In S 2p region,
the peaks at 162.1 eV and 160.9 eV originate from S 2p1/2 and S
2p3/2, respectively, and they respond to the S2-. The peak at around
168.3 eV might be due to the residual S2O3

2� on the surface of
Ni3S2/Ni[32–34]. Considering in conjunction with XRD patterns,
the influences of S2O3

2� on electrochemical performance may be
neglectable. In general, the peaks in Ni 2p and S 2p spectra show
obvious characteristics of Ni3S2 [15,35–37], which are in agree-
ment with the XRD and HR-TEM results.

3.2. Electrochemical performance of the Ni3S2/Ni nanostructures

The charge/discharge profiles and CV curves could effectively elu-
cidate the oxidation/reduction of sodium storage process. The charge/
discharge profiles of NS-I, NS-II, and NS-III at a current rate of
50mA g�1 at the potential range of 0.01–3 V (vs. Na/Naþ) are shown
in Fig. 3a–c, respectively. The corresponding CV curves are compared in
Fig. 3d–f. From an overall perspective, both charge/discharge profiles
and CV curves of these three electrodes show similar characteristics.
The voltage plateaus near 0.6 V in the first discharge process could be
attributed to the conversion reaction in which Ni3S2 converts into Ni
particles embedded in Na2S matrixes, accompanied by the formation of
SEI. In subsequent discharge process, the formation of ultrafine na-
noclusters (see Fig. 6) results in improved kinetics, and hence pushes
the plateaus to near 1.0 V. These are proved by the reduction peaks at
0.6 V in the first CV scan and the reduction peaks at about 1.0 V in the
following CV scans. Besides, in the charge process, the voltage plateaus
at near 1.6 V and the sloping segments in the range of 1.1–1.5 V agreed
by oxidation peaks at 1.6 V and 1.4 V in CV scans could be attributed to
Fig. 3. (a, b, and c) Charge/discharge profiles and (d, e, and f) CV curves at selected cycle
as a function of the selected cycles.
the oxidation of Ni to Ni3S2 and the decomposition of SEI [38]. It is
worth mentioning that both discharge and charge specific capacities of
these three electrodes tend to a down and up trend, as shown in the
insets in Fig. 3a–c, supported by the CV curves in Fig. 3d–f. On the other
hand, there are some differences in the charge/discharge profiles and
CV curves among these three electrodes. In the 2nd and 3rd CV scans
of NS-I and NS-III, besides the main reduction peak at around 1.0 V,
there is an extra reduction peak at near 0.8 V, but for NS-II, there is only
a single reduction peak. Both the extra peak of NS-I and NS-III and the
single peak of NS-II shift to right slightly and the peak shift feature
vanished after 5 cycles.

The cycling performance and rate performance of NS-I, NS-II,
and NS-III are compared in Fig. 4 and Fig. S2. The NS-II shows an
initial discharged capacity of 373.4 mA h g�1, and it still delivers a
specific capacity of 315.3 mA h g�1 after 100 cycles, resulting in a
high capacity retention ratio of 90.6% (calculated with the first
reversible capacity of 348.2 mA h g�1). In comparison with NS-II,
NS-I reveals a higher initial specific capacity of 404.4 mA h g�1,
which may be caused by its more opened structure, but a lower
capacity retention ratio of 62.2% is obtained after 100 cycles. De-
spite the better cycling stability of NS-III than NS-II, it presents
much lower specific capacity. More importantly, it can be seen in
Fig. 4b that NS-II exhibits better rate performance than NS-I and
NS-III. Additional, one can see that the cyclic profile consists of
several typical regions. For instance, the NS-II profile can be di-
vided into four regions: the initial drop of the 1–5th cycles as re-
gion-I, the gradual rise of the 5–55th cycles as region-II, the convex
type decline of the 55–99th cycles as region-III, and the concave
type decline shown in Fig. S2 after 99 cycles as region-IV. The
curves of NS-I and NS-III reveal similar trend.

It is worth mentioning that the performance of these three sam-
ples follows a possible trend with their morphologies related. The
higher capacity of NS-I benefits from its porous net-structured
s of NS-I, NS-II, and NS-III. The insets in (a, b, and c) represent the specific capacities
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nanosheets, but this morphology is more deformed during cycling,
leading to low capacity retention. Similarly, the rod-like structure is
available to deliver better cycling stability, but larger and thicker
particle results in much lower specific capacity. Thus, the better cy-
cling and rate performance of NS-II can be ascribed to its porous
clustered network-like structure. The porous network structure is
available to improve the utilization coefficient of active material, and
the clustered structure prevents the complete obliteration of the
original morphology. As a result, the porous clustered network-like
structure of NS-II provides a more effective and more stable pathway
for Naþ ion transfer, resulting in higher capacity than NS-III, and
better cycling stability than NS-I. To further highlight the enhanced
SIB performance of the clustered network-like NS-II, Table S1
Fig. 4. (a) Cycling performance at the current density of 50 m

Fig. 5. Nyquist plots of (a) NS-I, (b) NS-II, and (c) NS-III after selected cycles at discharged
(d) equivalent circuit used to simulate the resultant Nyquist plots.
compares the discharge capacities of NS-II and previously reported
nickel sulfide based electrodes for SIBs. Obviously, our clustered
network-like Ni3S2/Ni reveals much better capacity retention than
those of Ni3S2/Ni microparticles [23], Ni3S2@MoS2 nanofiber [39],
NiS2 powder [40], and NixS6/Ni3S2/Ni7S6 packed layer [41].

EIS measurements have been systematically performed to explain
region-I and region-II. In our architectures, opening channels among
the nanostructures can be used as the electrolyte reservoirs, making
each particle exposed to the electrolyte from several facets. Thus, the
reaction between Na and Ni3S2 occurs simultaneously in parallel to
each particle, from the envelope toward the center of the particle.
Such a structure is extremely similar to the ultrathin transition
metal oxide electrodes reported by Aurbach and coworkers [42].
A h g�1 and (b) rate capability of NS-I, NS-II, and NS-III.

state. The insets: corresponding values of Rs, Rsf, and Rct with varied cycle numbers.
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Therefore, the Nyquist plots were fitted using a remarkably analogical
equivalent circuit exhibited in Fig. 5d, which composes of an ohmic
resistance (Rs), two RC parallel elements in series describing the SEI
(Rsf and CPEsf) and charge transfer (Rct and CPEct), and Warburg im-
pedance (Wo) for solid state diffusion of Naþ ions [43]. In Fig. 5a–c,
the semicircles at the high and middle frequency regions can be as-
signed to the Rsf and Rct, and the oblique lines at the low frequency
regions reflect the Warburg impedance. The values of Rs, Rsf, and Rct
of NS-I, NS-II, and NS-III were calculated using Zview2 software, and
the results are shown in the insets in Fig. 5a–c. Of all the cases, during
region-I and region-II, the values of Rs change little, indicating the
little contribution of Rs to the performance evolutions. As for Rct be-
fore the 5th cycle, there are significant increases; more interestingly,
Rct reduces to a relatively stable state after the 5th cycle. So the drops
of the specific capacity in region-I are mainly caused by the increases
of Rct. Considering the decreases of Rsf after the 5th cycle, the gra-
dually rises of the specific capacity in region-II can be attributed to
the slow dissolution of the SEI accumulated in the first few cycles
[44,45]. Specially, the increase feature of Rsf before the 5th cycle is
applicable to NS-I and NS-III, but not to NS-II, which is in accordance
with the CV curves. Therefore, the extra reduction peak at near 0.8 V
in the 2nd and 3rd CV scans of NS-I and NS-III can be ascribed to the
formation of new SEI.

3.3. Relationship between morphologies and performances

The SEM images of these three electrodes at discharged state after
1, 5, and 50(20) cycles were examined to study the influence of
morphology which can be seen in Fig. 6. The low-magnification SEM
images are shown in the insets. For NS-I and NS-III, more SEI may be
created because of the generated ultrafine Ni particles’ catalytic ac-
tion located on the surfaces of the net-structured nanosheets and the
rods, as shown in Fig. 6a and g. This can be verified by the initial rise
of Rsf in the EIS measurements of NS-I and NS-III. More interestingly,
Fig. 6. Morphology evolutions of (a, b, and c) NS-I, (d, e, and f) NS-II, and (g, h, and i) N
Insets: corresponding low-magnification SEM images.
the Ni particles of NS-II are mainly distributed in the gaps of the
network-like structure in Fig. 6d, thus these nanoparticles may not
directly affect the SEI, resulting in no extra reduction peak in the 2nd
and 3rd CV scans in Fig. 3e. Furthermore, high free energy of the
generated ultrafine Ni particles can provide extra energy to assist the
activation of Ni3S2, corresponding to the slight peak shift in CV scans
during the region-I. It should be noted that the high energy also
causes the agglomeration of these Ni particles (see Fig. 6b, e, and h),
leading to the prodigious increase of Rct. When the size of the ag-
glomerating particles exceeds the critical dimension, they will lose
their quantum size effect. As a result, the extra peak and peak shift in
CV measurement have disappeared from the 5th cycle in all cases.

On the other hand, during the region-II, the Ni particles tend to
form a dispersed, disorder distribution to get a stable condition in
Fig. 6c, f, and i. In the process of these transformations, however, they
are controlled by the original morphologies. As shown in Fig. 6f, the
bottoms of the agglomerated particles of NS-II after 50 cycles are
strung together using the nets as the ropes, with the porous structure
reserved. In Fig. 6i, the agglomerated particles of NS-III are confined to
the rod-like structure, which is more close to the original appearance.
It is worth mentioning that this strong sustainability results in the
better cycling stability of NS-III as shown in Fig. S2. As for NS-I in
Fig. 6c, the trace of the original morphology after 20 cycles has almost
disappeared. Its agglomerations tend to fall from the “sheets” and the
morphology change to a porous structure without order. It is believed
that these more disorder particles prefer to spherical agglomeration
with larger scale during the subsequent cycling processes. To verify it,
the morphology of NS-I after 50 cycles has been shown in Fig. S3
which reveals much larger particles.

To illuminate the region-III and region-IV in Fig. 4a and Fig. S2, the
SEM images of NS-II after 100 cycles and 150 cycles have been re-
searched. As shown in Fig. S4a, the twisted upheavals reflect the
agglomeration and pulverization, which result in the decrease of the
specific capacity in region-III. The faster decay of the specific capacity
S-III after (a, d, and g) 1, (b, e, and h) 5, and (f and i) 50 cycles, (c) is after 20 cycles.



Scheme 1. Proposed mechanism for the morphology evolutions of (a) NS-I, (b) NS-II, and (c) NS-III. (I), (II), and (III) represent the transformations of NS-I, NS-II, and NS-III
from 0 to 1–5 to 50 cycles. Specially, transformation (III) in Fig. a is to 20 cycle.
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of NS-I than NS-II and NS-III is due to its larger spherical agglom-
eration. Additional, the marked sections in Fig. S4a show that the
active materials tend to exfoliate from the substrate of Ni foam due to
the internal stress. For the case after 150 cycles, a selected region
where the exfoliation can be clearly observed is shown in Fig. S4b.
From the convex type decline to the concave type decline, the major
controlling factor has changed from agglomeration to internal stress.

To further illustrate the morphology variation during the elec-
trochemical performance evolution, the schematic illustration of the
morphology of NS-I, NS-II, and NS-III with varied cycle numbers is
shown in Scheme 1. Typically, net-structured nanosheet of NS-I,
clustered network-like nanostructure of NS-II, and rod-like nanos-
tructure of NS-III have been successfully synthesized via a facile hy-
drothermal process. After 1 cycle, the ultrafine Ni nanoclusters are
formed on the surfaces of NS-I and NS-III, but they exist in the gaps of
NS-II. It is the reasonwhy Rsf of NS-II is different from NS-I and NS-III.
During a reunion and inflation process, Ni clusters turn to form much
larger particles with the loss of catalytic activity at the 5th cycle. After
50 cycles, these electrodes of NS-II and NS-III are changed to a de-
centralized distribution in comparison to the original morphology.
For NS-I, the appearance have almost been out of the control of the
original morphology after 20 cycles, resulting in rapid capacity drop.
In subsequent cycles, these electrodes undergo the similar process of
gradual distortion, pulverization, and exfoliation. One can see that the
anode morphologies change upon cycling. And the morphology
evolution of the anode materials have a significant impact on the
battery performance. As a result, there is a close connection between
the morphology and the electrochemical performance. Therefore, the
study of their relationship is meaningful for designing high perfor-
mance electrode materials for SIBs.
4. Conclusion

Three Ni3S2/Ni nanostructured electrodes, NS-I, NS-II, and NS-III,
with different morphologies have been synthesized by controlling the
synthesis temperature at 100 °C, 120 °C, and 150 °C, respectively. Due
to their high specific capacities and controllable morphologies, these
designed electrodes show great potential for SIBs. The special per-
formance evolutions have been investigated in details. It is found that
Rct, Rsf, pulverization, and internal stress are the major contributors
for the initial drop, gradual increase, convex type decline and concave
type decline of reversible capacity, respectively. On basis of the ana-
lysis of the relationship between morphology evolution and perfor-
mance evolution, enhanced cycling and rate performance of NS-II
benefit from the clustered network-like structure, and the rod-like
structure of NS-III is beneficial to its cycling stability.
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