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A binder-free free-standing sulfide electrode was synthesized and
fabricated with a three dimensional (3D) porous nanostructure. In
order to strengthen the adhesion between the substrate and active
materials, the surface of the employed nickel foam substrate was
modified by an alloy strategy of pre-planting copper seeds onto the
nickel foam surface. The obtained electrode presents excellent
electrochemical performance in sodium-ion batteries. It delivers a
high reversible specific capacity of 1107 mA h g~*at 0.1 A g~ with
an initial coulombic efficiency of 85.6%. Excellent rate and cycle
performances were also exhibited. Even at 2 A g%, it still can deliver
a capacity of 475 mA h g~L. The capacity retention is 61.8% after
1000 cycles at 0.5 A g~

Introduction

Sodium-ion batteries (SIBs) are being rapidly developed
because they are considered as one of the most promising
candidates to replace lithium ion batteries (LIBs) based on their
inherent merits of abundant and economically efficient renew-
able resources.'™ Over the course of long-term global research,
there are many achievements based on the potential material
exploration and modification. Industrial SIB prototypes have
been created and researchers have started to experiment with
potential applications. Several issues have appeared during the
trial period.®™> Among these is the significant issue of unsatis-
factory cycling lifespan. To address this issue, two dimensional
transition metal dichalcogenides (TMDs), such as MoS,,">"*
TiS,,">'° Tas,,"” WS,,"®'° MoSe,,”*”" and WSe,,”>** are attracting
increasing attention and widely employed as active materials
owing to their overwhelming advantages such as large interlayer
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spacing and high reversible conversion efficiency. The inherent
semiconductor property, however, slows the reaction kinetics
resulting from the unsatisfactory electronic conductivity. This
sluggish reaction kinetic rate will influence the electrochemical
performance, particularly the rate performance.”**® Therefore,
much effort have been made to realize high rate capability and
satisfactory lifespan by accelerating the electronic conductivity,
such as employing high electronic conductive substrates and
designing appropriate morphology. For example, three-dimen-
sional porous-structured substrates, such as graphene or metal
foam, are widely utilised owing to their high conductivity and
porous structure.>’ >° Among them, nickel foams (Ni) have always
received increasing attention because of their high economic
efficiency and mature practical product. Therefore, various active
materials are deposited on the surface of Ni foams to realize an
integrated electrode for battery application, particularly binder-
free free-standing structure. However, owing to the weak adhesion
between the substrate and deposited active materials, the active
materials are easily peeled off from Ni foam during the long-term
cycling period, thus dramatically decreasing the cycling
lifespan.**~*

Herein, the surface of a Ni foam was modified by an alloy
strategy of pre-planting copper seeds on the nickel foam surface
to strengthen the adhesion between the substrate and active
materials. First, a NiCu alloy thin layer was formed on the
surface of Ni foam and Ni-Cu sulfide (NCS) nanosheets were
in situ growing to form a porous flower-like architecture. It was
used as a binder-free and free-standing electrode for a sodium
ion battery. This architecture has also made great contribution
to the enhanced electrochemical performance by the inherent
advantages of shorter paths for ion insertion and extraction,
larger contact area for more sodium diffusion pathways and
superior electrolyte penetration. The as-prepared 3D-structured
electrodes exhibit a high specific capacity of 1107 mA h g~ * with
an initial coulombic efficiency of 85.6%. It also presents superior
rate performance, even at the current density of 2 A g, delivering
a capacity of 475 mA h g~ . It also exhibited excellent cycle lifespan
with 61.8% capacity retention after 1000 cycles at 0.5 A g~ .
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Results and discussion

The experimental schematic is described, as shown in Fig. 1a.
First, the surface of Ni foam was modified by the alloy technol-
ogy and a thin layer of the NiCu alloy was obtained. Second,
Ni-Cu hydroxide precursors were in situ grown on the surface of
the NiCu alloy by a hydrothermal method. Finally, Ni-Cu
hydroxide was converted into the corresponding Ni-Cu sulfide
(NCS) by further hydrothermal sulfuration reaction. The
morphologies of Ni-Cu hydroxide were characterized by field
emission scanning electron microscopy (FESEM), as shown in
Fig. 1b. The SEM image shows that the Ni-Cu hydroxide on the
surface of the Ni foam consists of numerous one-dimensional
twisted nanowires, with a diameter of about 10 nm. After the
sulfuration reaction, the obtained NCS shows a highly uniform
flower-like structure with a size of about 1 um, as shown in
Fig. 1(c-e), composed of numerous nanosheets (Fig. 1d). The
transmission electron microscopy (TEM) image (the inset of
Fig. 1d) further confirms a slim floc-like morphology on the
surface of nanosheets. In areas of the nanosheets in Fig. 1e,
clear lattice stripes with different interplanar distances of
2.87 A and 2.40 A are observed, which correspond to the (110)
and (102) planes of the hexagonal phase structure. In Fig. S1
(ESIT), the strong and sharp peaks at 44.6°, 52.0° and 76.6°
(JCPDS, 70-1849) can be assigned to the Ni foam substrate.
Several representative peaks can be attributed to the Ni-Cu
sulfide materials.

The chemical state and elemental composition of NCS is
further characterized by X-ray photoelectron spectroscopy
(XPS). The existence of Cu, Ni, O, C and S is proved in the survey
spectrum®>® (Fig. 2a). With C 1s (284.6 €V) as the reference,
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Fig. 1 (a) The experimental schematic of NCS; the low SEM images of
(b) Ni-Cu hydroxide and (c) NCS; (d) SEM image of nanosheets (the inset is
the TEM image); (e) the high resolution TEM image of nanosheets.
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Fig. 2 XPS spectroscopy of (a) survey spectrum and high-resolution
scans of (b) Ni 2p, (c) Cu 2p, and (d) S 2p.

Ni 2p, Cu 2p and S 2p XPS peak-fitting results of NCS are shown
in Fig. 2(b-d), respectively. In the Ni 2p spectrum, two main
peaks at 873.6 and 855.8 eV could be assigned to Ni 2p,,, and Ni
2ps/2, respectively, and the other two peaks correspond to the
accompanied satellite peaks of Ni 2p;/, and Ni 2p;/,. In the Cu
high-resolution XPS, the peaks at 951.6 and 931.8 eV corre-
spond to 2p3/, and 2p4/, of Cu. For S 2p, the peaks at 162.1 eV
and 160.9 eV originate from S 2p;, and S 2p;),, respectively.
Nitrogen adsorption—-desorption isotherm measurements were
conducted to examine the porous nature of the NCS composite.
The profile of the N, isotherms in Fig. S2 (ESIY) is identified as
type-IV with a small hysteresis loop, confirming the existence of
a mesoporous structure. The isotherms are characteristic of
micropore filling in the low-pressure region and display a mild
adsorption in the high-pressure region, indicating that both
micropore and mesopore filling occurred and the amount is
very small. The Brunauer-Emmett-Teller specific surface area
of the composite is 94.5 m* g, and the total pore volume is
0.179 mL g ' (Fig. S3, ESIt). The average pore size of the
multilevel pore structure is 7.4 nm. The mesopores have a
favourable effect on the transport of electrolyte ions.

To evaluate the electrochemical performance of NCS, two-
electrode configuration was applied using sodium metal as the
reference and counter electrode and binder-free NCS as the
anode material (Fig. 3 and Fig. S4, ESIT). The charge/discharge
profiles and CV curves could effectively elucidate the oxidation/
reduction of the sodium storage process. The initial three
charge and discharge curves of NCS are shown in Fig. 3a. The
voltage plateaus near 0.9 V in the first discharge process could
be attributed to the conversion reaction in which sulfide
converted into Ni, Cu particles, accompanied by the formation
of a solid electrolyte layer (SEI). In addition, the high rate
capability of such electrodes is presented in Fig. 3b. It delivers
reversible specific capacities of 1050, 949, 802, 662, 461 mA h g~ ' at
0.1,0.2,0.5,1.0and 2.0 Ag™ ', respectively. When the current density
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Fig. 3 Electrochemical measurements of the NCS electrode in sodium
ion battery. (a) The initial three charge and discharge curves at 0.5 A g™
(b) rate performance; (c) electrochemical impedance spectroscopy of
NCS; (d) cyclic properties at 0.5 A g~ (e) CV curves at different scan
rates of NCS; (f) log/ vs. logv at different oxidation and reduction states;
(9) normalized contribution ratio of capacitive capacities at different scan
rates.

was back to 0.05 A g™, a highly stable capacity of 1117 mA h g~ was
resumed for the NCS electrode, indicating good cycling stability and
rapid reaction kinetics, which is ascribed to the well-dispersed and
highly conductive NCS electrode. The improved electrochemical
properties are related to the internal resistance of the electrode,
including bulk impedance and interfacial impedance. Before and
after cycling, the Nyquist plots were collected (Fig. 3c). The com-
pressed semicircle in the high/middle-frequency region represents
charge-transfer resistance (R.) at the interface of the composite.
Further, the oblique straight line in the low-frequency region
corresponds to ion diffusion, which stands for the Warburg impen-
dence [ZW).37 After cycles, the R decreases apparently, indicating
improved interfacial wettability and sodium ion diffusion with
cycling. It further reveals that the cell with the NCS interlayer
possesses good electrochemical kinetics, which reflects the good
cycle performance of the cell. In addition, the slope in the low
frequency range is same. These interconnected nanosheets with
high conductivity are beneficial for fast electron transport during the
electrochemical process. Fig. 3d shows the cycle performance and
corresponding coulombic efficiency of NCS at 0.5 A g *. It could
deliver a discharge capacity of 940 mA h g™ ', and a charge capacity
of 478 mA h g™ " can still be achieved after 1000 long cycles and the
retention can reach 61.3%. Compared with the previously reported
transition-metal dichacolgenide electrodes (Table S1, ESIY), the
electrochemical performance of this material is comparable.**™”
The mesoporous nanostructure and large surface area could provide
efficient ion and electron transport, resulting in faster kinetics for
faradaic energy storage.

To further reveal the electrochemical kinetics of the NCS
electrode, cyclic voltammetry (CV) measurements under differ-
ent scan rates (0.1-1.0 mV s~ ') were conducted (Fig. 3e). At
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0.1 mV s, the CV curve possesses a pair of redox peaks, plots
of the cathodic process at ~0.87 V and the anodic process at
~1.75 V, which are in accordance with the plateaus of the
discharge and charge curves (Fig. 3a). As the scan rate
increased, the CV curves display similar shapes with the
cathodic and anodic peak potentials gradually shifting towards
the positive/negative potential and the redox current increases,
indicating diffusion-controlled reaction kinetics. A related
analysis can be performed regarding the behaviour of the peak
current by assuming that the current (i) obeys a power law
relationship with the scan rate (v):*®

i=a’® (1)

In this equation, a is a constant, and the b value can change
between 0.5 and 1.0. The b value is given by the slope of the In [
vs. Inv plots. If b approaches 1, the system is mainly controlled
by capacitance. If b is close to 0.5, it represents a diffusion
limited process. For simplifying the computation procedure, (1)
can be rewritten as:

Ini=b x Inv+1na (2)

The relationship of Inv — Ini is shown in Fig. 3f. Also, the b
values at different oxidation and reduction states are 0.75 and
0.71 with R, up to 0.9955 and 0.9959, respectively. It indicates
that the electrochemical reaction of NCS is controlled by the
combination of capacitive and diffusion processes. Moreover,
the relationship 7 = av” can be separated into two parts includ-
ing capacitive (k;v) and diffusion limited effects (kw'?), as
follows:**"!

1
i(v) =kyv+ky2 (3)

Here, v is the scan rate, and 7 is the total current response at
a fixed potential (V), which can be separated into two mechan-
isms. For simplifying the computation procedure, (3) can be
rewritten as:

] 1
@ = k2 + ks (4)
V2

Calculated and fitted data are illustrated in Fig. S5 (ESIf).
For example, approximately 71.5% of the total current comes
from capacitive contribution at a scan rate of 1 mV s~ * for NCS.
Capacitive-controlled currents predominately concentrated in
the peak regions. The remaining regions are almost entirely
diffusion controlled, which is in accordance with the result of
b-value. Fig. 3g summarizes the contribution of the capacitive
behavior under various scan rates. The capacitive contributions
are 57.9%, 65.6%, 68.9%, 70.0%, and 71.5% under the scan
rates of 0.1, 0.4, 0.6, 0.8, and 1.0 mV s ', respectively. The
kinetic analysis clearly exhibits that the capacitive charge-
storage does occupy a high proportion of the total capacity
and increases with the increase in the scan rate.

Ex situ XRD tests were carried out to investigate the storage
mechanism of NCS electrodes. Fig. 4 shows the XRD patterns of
NCS electrodes at different charge-discharge states. At 0.9 V,
the peak of Na,S appeared, while the peaks of Ni;S, and Cu,S

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ex situ XRD of NCS during charge and discharge.

gradually disappeared. At 0.01 V, the diffraction peaks of Na,S
and Cu; gNi alloy are obviously present after discharge. Possible
total electrochemical reactions during discharge process are
shown below:

NisS, + 5.7Cu,S + 15.4Na’ + 15.4e~ — 7.7 Na,S + 11.4Cu + 3Ni

(5)

This conjecture matches with the CV curves and typical
discharge and charge profiles above. The pattern at 1.5 V still
shows the representative peaks of Na,S and the alloy, but the
intensity reduced during the charge process.*> The pattern at
2.5 Vis almost the same as that of the fresh NCS encouragingly,
indicating that a reversible conversion reaction occurs during
the first cycle. The possible total desodiation reactions in the
charge process are shown below:

(x + 2)Na,S + 2xCu + 3Ni — Ni3S, + xCu,S
+2(x +2)Na" +2(x + 2)e”  (x < 5.7) (6)

Conclusions

A binder-free free-standing structured sulphide electrode was
synthesized and fabricated by the hydrothermal method. In
order to strengthen the adhesion between the substrate and
active materials, the surface of the nickel foam was modified by
alloy strategies. The obtained three-dimensional porous-
integrated electrode composited by numerous sulfide nano-
sheets provides much more active sites and the special
architecture can also short the diffusion path of the electrolyte
and electron during charge and discharge, resulting in faster
kinetics for energy storage. It delivers an initial coulombic
efficiency of 85.6% with a high reversible specific capacity of
1107 mA h g ' at 0.1 A g . The electrode exhibited excellent
cycling performance, with 61.3% retention after 1000 long
cycles at 0.5 A g ",
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