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ABSTRACT

Metal organic framework (MOF) has been confirmed as the promising precursor to develop the
conversion-typed anode materials of sodium-ion batteries (SIBs) because of the tunable structure design
and simple functional modification. Here, we prepare the ultrasmall Ni5S, nanocrystals embedded into
N-doped porous carbon nanoparticles using the scalable Ni-MOF as precursor (denoted as Ni3S,@NPC).
The ultrasmall size of Ni3S, can work for accelerated electron/ion transfer to facilitate the electrochemical
reaction kinetics. Moreover, the robust conductivity network originated from N-doped porous carbon
nanoparticles can not only improve the electron conductivity, but also enhance the electrode integrity
and stability of the electrode/electrolyte interface. In addition, the N heteroatoms provide extra Na
storage sites. Accordingly, the electrode delivers the obviously competitive capacities and high-power
output with respect to the currently reported Ni3S,/C composites. This study provides a scalable and
universal strategy to develop the advanced transition metal sulfides for practically feasible SIBs.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Lithium-ion batteries (LIBs) have been widely used in portable
electronic devices and electric vehicles. But the increasing
requirement has caused the shortage and the high price of lithium
resources. On the contrary, sodium-ion batteries (SIBs) provide the
promising substitute due to the natural abundance, low-cost and
similar electrochemical properties of Na to Li [1,2]. However, the
reaction kinetics of SIBs are slower than LIBs owing to the larger
radius of Na* (1.02A) than Li* (0.76A), resulting in the poor
capacities and cycle stability for SIBs [3]. At present, although a
variety of suitable cathode materials have been developed, SIBs
still confront severe challenges to pursue the satisfactory anode
materials with high specific capacity and excellent cycle stability.

According to the reaction mechanisms with Na*, the anode
materials can always be classified into three categories: intercala-
tion- [4,5], alloy- [6-8] and conversion-type materials [9-12]. In
view of the high theoretical capacity, moderate volume/structure
change, and rich species, the conversion-typed transition metal
sulfides (TMSs) have aroused great interest in recent years.
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Compared with transition metal oxides, the TMSs exhibit higher
electron conductivity owing to the relatively weak M-S ionic bonds
than M-O bonds, resulting in favorable conversion reaction
kinetics [13,14]. Among these TMSs, NisS; is a promising alterative
because of the high theoretical specific capacity of 446 mAh/g as
well as the low cost and toxicity of nickel [15-17]. However, similar
to the other TMSs, the sluggish reaction kinetics and serious
electrode pulverization, resulting from the poor electron/ion
conductivity and large volume stress of NisS,, bear the main
responsibility for undesirable rate capacities and cycle stability.
On this regard, the nanoengineering construction and the
reasonable composite with carbon materials have become reliable
strategies for boosting the sodium storage properties of TMSs [18-
20]. Recently, the metal organic framework (MOF), which
possesses constituent tunability, topological structure diversity
and tailoring capability, have been expounded as the simple and
feasible precursor and template to achieve the carbon-confined
NisS, nanocomposites [13,21,22]. Moreover, the organic ligands in
MOF containing various heteroatoms make the carbon materials
easily realize the heteroatoms doping, further improving the
electron conductivity of carbon and increasing the Na* storage
sites. For example, Shuang et al. designed the Ni3S; nanocomposite
encapsulated by N-doped carbon nanosheets by sulfuration of Ni-
MOF to achieve high-performance anode of SIBs [22]. Liu et al.
reported Ni3S,/CogSg/N-doped carbon composites with hierarchi-
cal hollow structure through the Ni-Co-MOF as the precursor, and
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the desirable capacity and rate performance was retained [13].
However, it remains a great concern to achieve the large-scale
preparation and reason design of the MOF and derived TMSs.

Herein, the ultrasmall Ni3S, nanocrystals embedded into N-
doped porous carbon nanoparticles were prepared with a large-
scale Ni-MOF viz. Ni (HNCN), as the precursor (denoted as
Ni3S,@NPC). Firstly, the Ni (HNCN), was simply synthesized with a
conventional stirring method, in which each Ni* was coordinated
by six N atoms from four amino-N and two nitrile-N shown by the
crystal structure. And then the low-temperature sulfuration was
carried out to acquire the final Ni3S,@NPC. The ultrasmall size of
Ni3S, can shorten the Na* transportation pathway for improved
electrochemical reaction kinetics. While the tight carbon confine-
ment can not only enhance the electron conductivity of Ni3S, but
also prevent the corrosion of electrode from electrolyte for stable
electrode/electrolyte interface. Moreover, the volume expansion
and the resultant pulverization of the active materials are validly
alleviated owing to the synergy of nanoengineering design and
carbon coating. Besides, the N heteroatoms greatly improve the
conductivity of carbon layer as well as provide more defect vacancy
for Na* transportation and storage. Consequently, a high charge
capacity of 467.6 mAh/g was retained for the Ni3S,@NPC at 0.1 A/g
with the Coulombic efficiency (CE) of 70.8%. Moreover, when the
current density is up to 5 A/g, the electrode still delivered a
reversible capacity of 229.1 mAh/g, which were superior to
presently reported Ni3S,-based anode materials in the literatures.
This work provides a promising Ni-MOF precursor to enable the
Nis3S,-based anode of SIBs to be practical and feasible.

Fig. 1 shows the detailed preparation process of the Ni3S,;/NPC.
Firstly, Ni-MOF viz. Ni(HNCN), was synthesized with a routine
stirring method. The XRD pattern of the Ni(HNCN), matches well
with the pnnm space group (a=6.46, b=8.77, c=3.23), agreed with
the result in the literature (Fig. S1 in Supporting information) [23].
Based on this, the crystal structure of Ni(HNCN),, which is
comprised of the NiNg octahedra framework, is well presented. In
the c-axis direction, every NiNg octahedra is orderly connected by
sharing two amino-N, while in the ab plane, every NiNg octahedra
is linked by the -N=C-N bond. Furthermore, from the space-filling
model of the crystal structure (Fig. S2 in Supporting information),
the obvious interconnected pore channels are observed, contrib-
uting to the abundant space for the ion transportation. FT-IR
spectra of Ni-MOF is recorded in Fig. S3 (Supporting information).
The peak observed below 1000cm™! contributes from the
presence of Ni-N and Ni-O bonds. A band at 3300 cm™! is assigned
to the N—H stretching vibration. The peak at around 1630cm
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Fig. 1. The graphic illustration for the preparation of Ni3S,@NPC from the Ni-MOF.

corresponds to bending vibrations of O0—H bonds. The peak at 1087
cm! corresponds to the C—N bonds. The peak at 2215cm™
corresponds to N-C=N formed by cyanamide, which is consistent
well with the crystal structure of Ni-MOF. Note that, the large-scale
preparation can be easily achieved by Ni-MOF through the low-
cost approach, implying the potential for practical application. And
then, the low-temperature sulfuration at 400 °C was conducted to
convert the Ni central ions into the Ni3S,; nanocrystals, which are
tightly embedded into the N-doped porous carbon derived from
the carbonized organic ligands.

The structural and morphology characterizations of the
samples were initially investigated in detail. As demonstrated in
Fig. 2a, the strong diffraction peaks of the Ni3S,@NPC match well
with the pure crystalline NisS, (PDF #44—-1418). Raman spectrum
in Fig. 2b reveals two obvious peaks corresponding to the D band
and G band of the N-coped carbon layer, respectively. The high Ip/Ig
ratio of 0.93 indicates the carbon materials possess the amorphous
structure owing to the porous feature and heteroatom doping. XPS
spectra is employed to further characterize the chemical state and
components of the Ni3S,/NPC. A pair of peaks at 855.7 and 873.2 eV
along with the accompanied satellite peaks give the sign for the
existence +2 valence state of Ni in the Ni3S, (Fig. 2¢). The S 2p XPS
spectrum exhibits two peaks located at 167.9 and 169.1 eV, which
are correlative to the Ni-S bond in the NisS, (Fig. 2d). Furthermore,
the N doping with the main pyrrolic-N species is evidently
detected from the N 1s and C 1s XPS spectra (Fig. 2e and Fig. S4 in
Supporting information). As demonstrated in the present work, the
adsorption energy of the electron-rich N sites for sodium is lower
than that the pristine carbon skeleton, which will enhance the
charge storage located at/nearby the dopants [18,19]. TGA profile is
plotted to record the main four stages of weight loss of the
Ni3S,@NPC, as shown in Fig. 2f. A slight weight loss in Stage 1 is
ascribed to the evaporation of adsorbed water while the weight
loss at the Stages 2 and 3 correspond to the full oxidation of NPC.
Finally, the oxidation of Ni5S, into NiO is responsible for the weight
loss at Stages 4. According to the decomposition chemistry, the
NisS, takes up 81.7 wt% of the weight ratio in the Ni3S,@NPC. The
5.31 wt% of N content in the Ni3S,@NPC is evaluated through the
energy dispersive X-ray spectrum (EDS) shown in Table S1
(Supporting information).

The spindle-shape Ni-MOF with lateral size of around 1 um is
observed from the SEM image in Fig. 3a. After the sulfuration
process, the original spindle-like morphology is almost maintained
except that the size of every unit shrinks obviously and the surface
become rougher (Fig. 3b). Furthermore, the high-resolution SEM
image in Fig. 3¢ presents that the uniform nanoparticles with size
lower than 100 nm are stick together through the carbon layer to
form continuous conductive network for quick electron transfer. In
addition, the obvious pore channels are existed to facilitate the full
electrolyte infiltration and quick ion transportation. Noted that, the
compact stack of the nanoparticles is conducive to achieve the high
loading for active materials. The uniform distribution of C, Ni, and S
is witnessed through the elemental mapping measurements in
Figs. 3d-i. In addition, the N mapping gives the hint that the
heteroatoms are also evenly doped into the porous carbon, agreed
with the XPS result. The O heteroatoms may come from the
adsorbed water in the Ni-MOF. The in-depth insight into the inner
structure of the nanoparticle is performed through the TEM images
(Figs. 3j-1). Interestingly, the ultrasmall Ni3S, nanocrystals with
size of only 5-10 nm are casually encapsulated into the porous and
amorphous carbon nanoparticles tightly to enable the quick charge
transfer between the NPC and NisS,. HRTEM image demonstrates
the evidence interplanar spacing of 0.29nm which is well
coincided with the (110) plane of the crystalline NisS,, further
demonstrating the successful preparation of pure NisS, after the
low-temperature sulfuration of the scalable Ni-MOF.
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Fig. 2. The chemical composition and structure characterizations of the Ni3S;@NPC. (a) XRD pattern. (b) Raman spectrum. XPS spectra of (¢) Ni 2p, (d) S2p and (e) N 1s. (f) TGA

curve.

Fig. 3. SEM images of (a) Ni-MOF precursor and (b, c¢) Ni3S,@NPC. (d-i) Elemental
mapping of C, N, O, Ni, S for Ni3S,@NPC. (j-1) Different resolution of TEM images of
the Ni3S,@NPC.

It is well known that the pyrolysis temperature has an
important impact on the physicochemical properties of the final
products, including the morphology, components, and the particle
size. Based on this, a series of samples obtained at the other
sulfuration temperatures are prepared. As displayed in Fig. S5
(Supporting information), the XRD patterns of the sample acquired
at 350°C are indexed as the pure NiS, phase (PDF #65-3325),
while the diffraction peaks of the samples obtained at 450°C and
500°C are consistent with the crystalline Ni3S, phase. Therefore,
the three samples are denoted as NiS,@NPC-350, Ni3S,@NPC-450,
and Ni3S,@NPC-500, respectively. Owing to the low sulfuration
temperature, the organic ligands of Ni-MOF can not be full
carbonized into porous carbon, as confirmed by the SEM image in

Fig. S6a (Supporting information). This phenomenon leads to the
blocked charge transfer and thus poor electrochemical reaction
kinetics. When improving the sulfuration temperatures from
400°C to 450°C and further to 500 °C, the size of the nanoparticles
become larger gradually, resulting in the increased electrode stress
and prolonged charge transfer pathways (Figs. S6b-d in Supporting
information). Therefore, it is predicted that the Ni3S;@NPC
possesses the superior electrochemical performance to the other
three contrast samples benefited from the special nanoengineering
design and the functional modification with N-doped carbon
nanoparticles.

Accordingly, the electrochemical behavior of Ni3S,@NPC is
investigated by the CV tests at the scan rate of 0.1 mV/s ranging
from 0.01V to 3V (Fig. 4a). The unremarkable peak at 1.01 V during
the first cathodic scan can be affiliated to the insertion of the Na*
into the Ni3S,@NPC electrode, while the strong reduction peak
near 0.65V is ascribed to the conversion reaction of NisS, into
metal Ni and Na,S as well as the formation of the solid electrolyte
interface (SEI) film. During the first oxidation process, the sharp
peak at 1.7V corresponds the recovery of NisS,. This result is
similar to the previous studies of NisS, for SIBs [24,25].
Remarkably, the reduction peaks during the subsequent cycles
shift positively while the oxidation peaks have little change,
indicating the decreased polarization because of the full electrolyte
infiltration and thus the electrode activation. Besides, the CV
profiles remain almost overlapped, suggesting the excellent
electrode stability and reversibility for Na* storage. Fig. 4b exhibits
the charge-discharge profiles of the Ni3S,@NPC electrode at 0.1 A/g
during the first five cycles. As anticipated, the charge-discharge
curves reveal the similar conversion reaction process with the CV
results. Specially, a high initial discharge capacity of 689.1 mAh/g is
achieved for the Ni3S,@NPC, giving an initial CE of 70.5%. As well
known, the irreversible Na* storage on the NPC and the inevitable
formation of SEI film are responsible for the initial capacity loss. In
accordance with the CV results, the charge-discharge curves after
the first cycles are coincided with each other, further indicating the
excellent electrochemical stability. As shown in Fig. S7 (Supporting
information), a reversible capacity of 244.2 mAh/g is sustained
after 60 cycles at 0.1 A/g. Overall, the NiS;@NPC-350 has obviously
different oxidation peaks because of the slight different electro-
chemical reaction process of NiS, with NisS, (Fig. S8a in Supporting
information). The result is further proved through the charge-
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Fig. 4. Electrochemical performance of the Ni3S,@NPC electrode. (a) CV curves at different cycles, (b, c) charge-discharge profiles at different cycles and current densities, (d)
rate performance at different current densities, (e) the capacities comparison with presently reported NisS,/C composites at different current densities.

discharge curve in Fig. S9 (Supporting information). The initial
reversible capacity of NiS,@NPC-350 is slight higher than that of
the Ni3S,@NPC owing to the higher theoretical capacity of NiS,.
However, the cycle performance is poorer than Ni3S,@NPC because
of the incomplete carbonization of the organic ligands in the Ni-
MOF, as certified above. Reversely, the Ni3S;@NPC-450 and
Ni3S,@NPC-500 show the similar characteristics of CV curves as
the Ni3S,@NPC, revealing the same chemical compositions of them
(Figs. S8b and c in Supporting information). Clearly, the polariza-
tion of the Ni3S,@NPC is smaller than Ni3S,@NPC-450 and
Ni3S,@NPC-500 owing to the smaller particle size and thus the
more smooth electrochemical reaction and the more stable
electrode architecture, which is further confirmed through the
smallest charge transfer resistance (R.) of Ni3S,@NPC from the
electrochemical impedance spectra (EIS) result (Fig. S10 in
Supporting information). Certainly, the cycle reversibility of the
Ni3S,@NPC-450 and Ni3S,@NPC-500 are also poorer than that of
the Ni3S,@NPC. Moreover, the Ni3S,@NPC electrode also exhibits
desirable rate performance. Fig. 4c gives the proof that the obvious
plateaus are well kept at different current densities even at 5 A/g,
implying the high-power output. Notably, the reversible capacities
of 467.6, 410.3, 376.2, 335.1, 291.2 and 229.1 mAh/g are achieved
under the current densities of 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0A/g,
respectively. Moreover, after recovering current density to 0.1 A/g,
the electrode can restore the reversible capacity to 396.3 mA h/g,
further demonstrating the sustainable electrochemical cycling
(Fig. 4d). The rate performance exhibits the distinct competitive-
ness with respect to the presently reported Ni3S,/C composites in
the literatures, as exhibited in Fig. 4e [26-34]. The outstanding rate
performance and cycle stability is ascribed to the shortened charge
transfer pathways and robust electrode structure owing to the
synergy of the ultrasmall size of the Ni3S; and the tight wrapping
by porous N-doped carbon nanoparticles [35-37]. After different
cycles, the charge transfer characteristics of Ni3S,@NPC were
tracked by EIS measurement, as shown in Fig. S11 (Supporting
information). The R after the cycle is lower than the initial state.
This is due to the stable formation of SEI layer after repeated cycles
and the increased contact between the electrode and the
electrolyte, which are conducive to the transport of Na*. The R

has remained stable during different cycles, suggesting the
excellent electrode stability and robustness of Ni3S,@NPC. There
is no doubt that the rate performance of Ni3S,@NPC-350,
Ni3S,@NPC-450 and Ni3S,@NPC-500 is also inferior to Ni3S,@NPC.

In summary, the nanocomposite composed of the ultrasmall
NisS; nanocrystals encapsulated by N-doped porous carbon
nanoparticles were prepared with the large-scale Ni-MOF as the
precursor. When employed as the anode materials of SIBs, the
apparent competitiveness aimed at the cycle stability and rate
capacities were well achieved compared with the presently
reported Ni3S,/C composites. The excellent storage performance
for SIBs can be put down to the synergy of nanoengineering design
of the NisS; and the modification of N-doped porous carbon
nanoparticles. From one side, the ultrasmall size of Ni3S, can not
only shorten the Na* diffusion pathways but also decrease the
inner stress of the active materials originated from the volume
change upon the discharge process. From another side, the N-
doped porous carbon layers are profitable to enhance the electron
conductivity of electrode and further protect the active NisS, from
the corrosion of the electrolyte. As a result, the quick charge
transfer channels and the robust electrode structure are well built
during cycling. The approach to the large-scale Ni-MOF is also
universal to other low-cost and environmentally friendly metal-
based MOFs. Therefore, we believe that this study provides a
scalable and all-purpose strategy to develop the advanced TMSs for
practically feasible SIBs.
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