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NisS, attracts much attention for sodium batteries owing to its natural abundance, low cost, and high theoretical
capacity. However, poor conductivity of NisS, and large volume expansion hamper its potential application. We
describe a facile strategy to construct monolithic Ni5S,-Poly(3,4-ethylenedioxythiophene) (PEDOT) electrodes
with stable electrochemical performance for sodium batteries. NisS, is directly grown on Ni foam substrate

with superior electron transport efficiency. The PEDOT layer would efficiently protect the NisS, from being
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wrecked by the severe volume expansion during charge-discharge process. The as-prepared Ni3S,-PEDOT elec-
trodes display stable cycling performance with a capacity of 280 mAh g~ ! after 30 cycles between 0.5 and 2 V.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Rechargeable Na batteries have attracted tremendous attention
because of their low cost and natural abundance of sodium [1,2]. To
realize Na technology, a variety of cathodes and electrodes have been
explored for Na-storage capability [3-8]. As a promising electrode can-
didate of sodium batteries, Ni3S, has many advantages including rich
in natural resources, low cost, environmental friendly and high theoret-
ical capacity [9-11]. However, the poor conductivity of Ni3S, hampers
its potential application [12-14]. To address this issue, designing mono-
lithic electrodes with well electronic conductivity is a promising strate-
gy [15]. One of the most attractive concepts is to directly grow NisS,
on electroconductive substrates as binder-free electrodes [12]. In this
design, many competitive benefits such as short ion transport pathways,
superior electron transport efficiency and rich accessible electroactive
sites are simultaneously achieved to exhibit desirable electrochemical
performance [16-18]. On the other hand, the large volume change dur-
ing discharge and charge caused by the inherent large size of Na ion
(35% much larger than Li ions in radius) may lead to rapid capacity fad-
ing [19]. This problem can be alleviated if an electroactive polymer layer
with good binding compatibility was introduced to protect NisS,. There-
fore, much attention has been paid to Poly(3,4-ethylenedioxythiophene)
(PEDOT) because of its high stability, mechanical flexibility and excellent
conductivity [20-22].

In this communication, we adopt a facile strategy to design mono-
lithic Ni3S,-PEDOT electrode for sodium-ion batteries. NisS; is directly
grown on Ni foam substrate and the PEDOT protective layer was
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electrodeposited subsequently. The monolithic NisS,-PEDOT electrode
displays a high reversible specific capacity of 400 mAh g~ ! even at
600 mA g~ ! and high initial coulombic efficiency.

2. Experimental
2.1. Hydrothermal preparation of NisS,

All the chemicals are used directly without further purification. In a
typical synthesis process, 0.142 g Na,SO,4 and 0.048 g Na,S,03 are
dissolved into 40 mL deionized water to obtain a transparent solution.
The solution is transferred into Teflon stainless steel autoclave with a
piece of Ni foam (5 cm x 3 cm) in it. The autoclave is kept in an oven
at 150 °C for 3 h. After cooled down to room temperature, the Ni foam
in the autoclave changes into black that NisS, is obtained. This black
NisS, is washed with deionized water and absolute ethanol for three
times, then dried at 120 °C in vacuum oven for 8 h. The active NisS, is
about 1 mg cm™2 on Ni foam, which is calculated from m(NisS,) =
Am x M. /2Ms. Am is the mass difference of Ni foam before and
after hydrothermal synthesis (3Ni — NisS;,). The mass is carefully
weighed by a microbalance with an accuracy of 0.01 mg.

2.2. Electrodeposition of PEDOT on NisS,

PEDOT is synthesized at 1 V for 60 s in 40 mL aqueous solution that
contained 0.45 g EDOT (3,4-ethoxylene dioxy thiophene), 0.426 g LiClO4
as well as 1.6 g SDS (sodium dodecyl sulfate), where potentials are
measured relative to an Ag/AgCl reference electrode using a Pt foil as a
counter electrode and Ni&NisS, as a working electrode. After electrode-
position, monolithic Ni3S,-PEDOT electrode is finally obtained. PEDOT is
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about 0.1 mg cm ™2 after comparing the mass of electrode before and
after electrodeposition, which is about 10% of active NisS,.

2.3. Characterization

XRD patterns were recorded with a Bruker-AXS Microdiffractometer
(D8 Advance) using Cu Ka radiation (\ = 1.5406 A) from 5 to 90° at a
scanning speed of 3° min~'. Morphological information and Energy
Dispersive X-ray Spectroscopy (EDX) elemental analysis were attained
from field emission scanning electron microscopy (FESEM, HITACHI
S-4800).

The sodium coin cells are assembled in an argon filled glove box
(<1 ppm H,0 and O,) by using the Ni3S,-PEDOT as the active working
electrode and sodium pieces as the counter and reference electrode, a
glass-fiber and a polypropylene (Celgard 2400) as separators, and 1 M
NaClO4 dissolved in EC:DMC (1:1 in volume) with 10% FEC as the
electrolyte. Galvanostatic charge-discharge experiments are tested in
a LAND battery testing system at a current density of 600 mA g~ .

3. Results and discussion

The X-ray diffraction (XRD) patterns of the as-prepared Ni3S,-PEDOT,
Ni5S; and the used Ni foam are illustrated in Fig. 1a. As can be seen, the
three strongest diffraction peaks at 44.4°, 51.7° and 76.2° in all patterns
are corresponding to (111), (200) and (220) of Ni (JCPDF#65-0380)
framework, respectively. After hydrothermal reaction, some obvious
peaks at 21.7°, 31.1°, 37.7°, 50.1° and 55.3° appear on the patterns,
which can be indexed to (101), (110), (003), (113) and (112) of NisS,
(JCPDF#44-1418). No other peak suggests the high purity of the Ni3S,
crystalline phase we prepared. Interestingly, only the strongest peak of
(110) at 31.1° can be identified after PEDOT electrodeposition of the
electrode, which may indicate that PEDOT homogeneously wraps the
NisS, and further provides a flexible protective polymer layer.

Fig. 1b depicts a SEM image of the pristine Ni foam substrate, where
the surface of Ni foam is smooth. As shown in the low-magnification
SEM image (inset of Fig. 1b), an obvious three dimensional structure
can be found. After hydrothermal treatment at 150 °C for 3 h, the surface
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of Ni is rough and composed of microparticles in the range of 100-
400 nm (Fig. 1c). According to XRD results, these particles can be iden-
tified as Ni3S,. It is indicated that NisS; is directly grown on Ni foam with
fast electron path as well as good contact with electrolyte. However,
owing to the large size of Na™, the volume change during Na™ insertion
and extraction would probably destroy the integrity of Ni3S, and Ni sub-
strate, which would further impact the electrochemical performance. In
order to protect NisS, electrode, PEDOT is electrodeposited directly on
NisS, to form a flexible conductive layer. Fig. 1d displays the morpholo-
gy of PEDOT protective layers, which is quite different from the mor-
phology of NisS,. PEDOT is mostly like nanoflakes (inset of Fig. 1d).
This protective layer can be expected to effectively alleviate the struc-
ture destruction of NisS, during charge-discharge. According to EDX
analysis (as shown in Table 1), the main element was Ni for both
Ni3S; and Ni3S,-PEDOT electrodes owing to the Ni foam substrate.
After electrodeposition, the contents of S and O increase because of
the formation of PEDOT.

The monolithic Ni3S,-PEDOT on Ni foam is directly explored as an
ointegrated electrode for sodium batteries. Ni3S, on Ni foam without
PEDOT protection is also introduced as a fair comparison. Fig. 2a exhibits
the initial five galvanostatic charge-discharge voltage profiles, between
0.5 and 2.8 V, of monolithic Ni3S; electrode at a current density of
600 mA g~ . The discharge profile can be attributed to the reaction of
Na™ and NisS,. The reversible charge capacity of NisS; is about 78%,
which may be caused by the large volume change and irreversible
side reactions. On the other hand, NisS, electrode delivers poor cycle
stability that there is only 60% capacity retention after five cycles. The
effect of PEDOT protective layer to buffer the volume change is appar-
ent, where Ni3S,-PEDOT electrodes display high coulombic efficiency
and stable cycle performance as shown in Fig. 2b. Fig. 2e shows the
change in XRD patterns of the NisS,-PEDOT electrode during the initial
electrochemical discharge and charge reaction. After the first discharge
reaction, the peaks of NisS, (110) disappear with new peaks of
Na,S occurring. It is suggested that NisS, changes into Na,S and Ni
(4Na™ + 4e™ + NisS, — 3Ni + 2Na,S). While being charged at 2.8 V,
the peaks of Ni3S, (110) appear with decreased intensity compared to
the original electrode. It should be noted that the contribution to the

Fig. 1. (a) XRD patterns of Ni foam, Ni3S; and Ni;S,-PEDOT. (b) Typical SEM image of Ni foam substrate. (c) Typical SEM image of Ni5S, obtained from hydrothermal treatment on Ni sub-
strate. (d) Typical SEM image of Ni3S,-PEDOT synthesized by electrodeposition of PEDOT on NisS,.
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Table 1

Elemental composition of Ni3S; and Ni3S,-PEDOT electrodes obtained by EDX analysis.
Electrode 0 at% Sat% Ni at%
NisS, - 32+02 96.8 £ 0.2
Ni3S,-PEDOT 9.7 £ 0.2 8.1+ 0.2 822 + 0.2

capacity between 2 and 2.8 V is not negligible. The initial charge capac-
ity by cycling between 0.5 and 2 V is only 318.3 mAh g~ ! with an
irreversible capacity of 140 mAh g~ ' and a capacity of 280 mAh g~!
after 30 cycles (Fig. 2f). As illustrated in Fig. 2c, the Ni3S,-PEDOT elec-
trodes retain over 50% of the initial discharge specific capacity after 50
cycles, while NisS, electrodes decay to only 6% of the initial discharge
specific capacity. Fig. 2d displays that the monolithic Ni3S,-PEDOT elec-
trode exhibits a reversible specific capacity of 600, 503, 408 and
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310 mAh g~ ! ata current density of 150, 300, 600 and 1200 mA g~ !, re-
spectively. Particularly, when the current density decreased to
600 mA g~ ! after rate cycles, the specific capacity of monolithic Ni3S,-
PEDOT electrode recovers to 400 mAh g~ !, indicating a strong potential
for rapid Na* insertion and extraction.

The cycle performance of NisS, is so poor that the capacity retention
is only 6% as demonstrated in Fig. 2c. As a consequence of Na™ insertion/
deinsertion during cycling, NisS, typically breaks into Ni because it can
react with Na to form Na,S, leading to large volume expansion and de-
struction of structure, resulting in severe loss of capacity upon cycling.
Stabilizing the interface between NisS; and the electrolyte is therefore
essential in improving the cycling performance. The ideal protective
layer for NisS, electrode needs to be chemically stable and mechanically
strong. High flexibility is also desired to accommodate the volume
expansion of Na* insertion/deinsertion without structure damage.
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Fig. 2. The initial five charge-discharge profiles of Ni3S, (a) and NisS,-PEDOT (b) electrodes, respectively. (c) The long-term cycling performance of Ni3S, and NisS,-PEDOT electrodes.
(d) The cycling and rate capabilities of monolithic NizS,-PEDOT electrode at various current densities from 150 to 1200 mA g~ ', as well as the galvanostatic charge-discharge profiles
at a current density of 600 mA g~ (inset). (e) XRD patterns of NisS,-PEDOT electrode: original, after 1st discharge and after 1st charge, respectively. (f) The initial five charge-discharge
profiles of Ni3S,-PEDOT electrodes with a cut-off voltage of 2 V, as well as its long-term cycling performance.
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The monolithic Ni3S,-PEDOT electrode delivers stable performance dur-
ing cycling without any overcharging behavior, which further indicates
the effective protection of PEDOT layer.

Here, we describe a flexible PEDOT coating with the aim of realizing
cycle stability. The superior reversibility capacity of monolithic NisS,-
PEDOT electrodes could be ascribed as follows: (i) Ni3S, particles are
directly grown on Ni foam, which improve the electrical contact be-
tween NisS; active materials and Ni foam current collector. (ii) There
is enough void space between the particles, which is beneficial to the
contact of active materials and electrolyte. (iii) Monolithic design avoids
the use of conductive additives and polymer binder and enhances the
utilization of active materials. (iv) Ultrathin flexible PEDOT would
encapsulate NisS, inside the polymer shells with a buffer void, which
maintains the structural integrity of NisS, during charge-discharge pro-
cess. All the desired functions of each component are efficiently utilized
to realize a synergistic effect that monolithic Ni3S,-PEDOT electrodes
exhibit desirable cycling stability for sodium-ion batteries.

4. Conclusions

In summary, a facile strategy has been developed to construct Ni3S,-
PEDOT monolithic electrodes with stable electrochemical performance
for sodium-ion batteries. The PEDOT layer would efficiently protect
the NisS; arrays from being wrecked by the severe volume change
during charge-discharge process. The as-prepared Ni5S,-PEDOT elec-
trodes display a reversible specific capacity of 400 mAh g~ ! even at
600 mA g~ ! and high initial coulombic efficiency (83.6%). This monolithic
design of electrodes presented here will be further investigated for the
extension to fabricating other new types of materials in sodium-ion
batteries.
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