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Synergistic effect of porous carbon shell
confinement and catalytic conversion of nickel
nanoparticle cores for improved lithium—sulfur
batteries}

Liu Jianming,? Zhang Jin, ©*2 Jiang Shang® and Zhao Jianguo*?®

Lithium—sulfur batteries (LSBs) are some of the most promising energy storage systems to break the ceiling
of Li-ion batteries. However, the notorious shuttle effect and slow redox kinetics give rise to low sulfur
utilization and discharge capacity, poor rate performance, and fast capacity decay. It is proved that the
reasonable design of the electrocatalyst is one of the important ways to improve the electrochemical
performance of LSBs. Here, a core—shell structure with gradient adsorption capacity for reactants and
sulfur products was designed. The Ni nanoparticles core coated with graphite carbon shell was prepared
by one-step pyrolysis of Ni-MOF precursors. The design takes advantage of the principle that the
adsorption capacity decreases from the core to the shell, and the Ni core with strong adsorption
capacity is easy to attract and capture soluble lithium polysulfide (LiPS) during the discharge/charging
process. This trapping mechanism prevents the diffusion of LiPSs to the outer shell and effectively
inhibits the shuttle effect. In addition, the Ni nanoparticles within the porous carbon, as the active center,
expose most of the inherent active sites to the surface area, thus achieving a rapid transformation of
LiPSs, significantly reducing the reaction polarization, and improving the cyclic stability and reaction
kinetics of LSB. Therefore, the S/Ni@PC composites exhibited excellent cycle stability (a capacity of
417.4 mA h g~ for 500 cycles at 1C with a fading rate of 0.11%) and outstanding rate performance
(1014.6 mA h g™t at 2C). This study provides a promising design solution of Ni nanoparticles embedded

rsc.li/rsc-advances

1 Introduction

Currently, the theoretical capacity of traditional lithium-ion
batteries is limited and it is difficult to meet the demand,
especially in large-scale and electric transportation applica-
tions.* Therefore, the next generation of secondary batteries
with higher theoretical energy density, lower cost, and longer
cycle life is urgently needed.” Lithium-sulfur batteries (LSBs)
have been considered promising energy storage devices due to
their high theoretical capacity and energy density, as well as
their abundant sulfur storage.* However, there are still some
inherent major obstacles, such as the low electron/ionic
conductivity of sulfur,® rapid expansion (=80%) in the
charge-discharge process,® and shuttle effect of soluble inter-
mediates in electrochemical reactions.®® These problems inev-
itably lead to low sulfur utilization rate, severe structural
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in porous carbon for high-performance, safe and reliable LSB.

instability, limited capacity, rapid capacity decay, poor coulomb
efficiency and so on.*®

To handle these challenges, various carbon/sulfur compos-
ites, such as nanostructured porous conducting carbon (e.g.,
Micro/mesoporous carbon, carbon nanotubes (CNTS), gra-
phene, activated carbon),”** have been paid close attention by
improving electrode conductivity, providing fast ion/electron
transport paths and capturing polysulfide via physical
domain. For instance, Nazar et al.® reported a simple and widely
available method for encapsulating sulfur into the porous
structure of ordered mesoporous carbon (CMK-3) to provide
both electrical contacts with sulfur and adequate controlled
porosity for trapping polysulfides species. The nanostructured
composite had an initial capacity of up to 1320 mA h g~* and
excellent cycling performance. But the conversion of LiPS is
kinetically sluggish due to the weak affinity between the non-
polar carbon material and the polar sulfur material, which
inevitably brings about severe capacity degradation.* There-
fore, it is put forward to introduce an effective catalyst for LiPSs
conversion to significantly reduce the shuttle effect and improve
the conversion kinetics of LiPSs. Metallic nanocatalysts (e.g.,
Ni," Co,* and Fe") with high conductivity utilized in sulfur

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ni-MOF

Fig. 1 Schematic illustration of synthesis of S/Ni@PC.

cathodes have a considerable affinity and catalytic capability for
polysulfide conversion. Meanwhile, uniformly dispersed metal
nanoparticles can be also used as LiPSs anchoring centers and
electrocatalytic active sites to obtain satisfactory LSBs perfor-
mance."® Therefore, the incorporation of metal nanoparticles
into the conductive porous carbon skeleton is considered to be
an effective integration of their advantages to obtain an ideal
sulfur material.

As far as we know, the metal-organic framework (MOF) is
composed of metal ions or clusters connected with organic
ligands through coordination bonds. MOFs possess richer pore
structures and larger specific surface areas than porous carbon
materials.’ Moreover, due to their inherent porous structure
and adjustable chemical composition, MOFs have been used as
precursors/templates to prepare metal-porous carbon nano-
structures with specific morphology and composition.”*** The
presence of polar metal species can effectively trap polysulfide
and catalyze the redox reaction of sulfur species by providing
some active sites. And their high conductivity and ionic
conductivity provide fast lithium ion and electron transport
paths.

Here, we design a core-shell structure in which the core of Ni
nanoparticles is encased by a graphite-carbon shell with an
adsorption gradient (Fig. 1). Among them, the carbon skeleton
and the derived porous carbon are together handled to
construct a conductive network and sufficient ion pathways.
The Ni nanoparticles cores with strong LiPS adsorption ability
attract and capture soluble LiPS during the discharge/charge
process, which significantly prevents LiPSs from diffusing to
the outer shell and effectively inhibits the shuttle effect. The
construction of interconnected macroscopic/mesopore chan-
nels effectively alleviates the accumulation of metal Ni nano-
particles and exposes most of the inherent active sites to the
surface region, while the transition metal interface ensures
rapid electron transfer, thus achieving efficient capture of
lithium polysulfide (LiPSs) and rapid conversion during elec-
trochemical processes. Based on these synergistic effects, the S/
Ni@PC cathodes exhibit excellent electrochemical performance
with a low capacity decay rate of 0.11% for 500 cycles at 1C and
a high capacity of 1014.6 mA h g " at 2C.

2 Experimental

2.1 Material preparation

2.1.1 Preparation of Ni-MOF. Normally,"” 1,4-dicarbox-
ybenzene (BDC, 0.1 M) and nickel nitrate hexahydrate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Ni(NO3),-6H,0, 0.1 M) were dissolved in 40 mL N,N-dime-
thylformamide (DMF) by vigorously stirring. The mixture solu-
tion was then put into a Teflon-lined stainless steel autoclave
(100 mL) and heated to 120 °C for 24 h. The final green product,
known as Ni-MOF, was washed 3-5 times with DMF and ethanol
before being dried at 60 °C overnight.

2.1.2 Synthesis of Ni@PC and S/Ni@PC, S/SP composites.
To obtain Ni@PC composites, the Ni-MOF materials were
heated to 900 °C for 3 h in an Ar environment at a heating rate of
5 °C min~". Then, Ni@PC and Super P (SP) materials were
mixed with sublimed sulfur at a mass of 3 : 7 and ball-milled for
2 h. The S/Ni@PC and S/SP complexes were then obtained at
155 °C for 10 h.

2.1.3 Synthesis of S/Ni@PC and S/SP cathodes. The
composites (S/Ni@PC or S/SP) were combined with conductive
carbon black (Super P) and poly(vinyl difluoride) (PVDF) in the
N-methyl pyrrolidone (NMP) solution to form the slurries,
where the weight ratio was 7 : 2 : 1. Then, the formed slurries are
pasted onto the aluminum foils and allowed to dry overnight in
a vacuum at 60 °C. The mass loading of the sulfur specie was

~1.0 mg cm >,

2.2 Physical characterizations

X-ray diffraction (XRD) patterns were performed on a RINT2000
apparatus (Rigaku). The Scanning Electron Microscopy (SEM,
JSM-6700E) and Transmission Electron Microscope (TEM, JEM-
2010) were operated to analyze the morphology of the structure.
Thermogravimetric analysis (TGA, HCT-1) was used to assess
the sulfur loading in the composites at a heating rate of 10 °
C min~* in N2 atmospheres.

2.3 Electrochemical measurements

The CR2025 coin-type cells were assembled in an argon-filled
glovebox (M Braun), where 1 M LiTFSI dissolved in DOL/DME
(1:1, vol) with 1 wt% LiNOj, Celgard 2400 polypropylene,
lithium plate, and S/Ni@PC or S/SP were served as electrolytes,
separator, anode, and cathodes, respectively. The cells were
aged for 12 h prior to electrochemical measurements to guar-
antee a completely wetted electrode. A program-controlled test
system (LAND CT2001A) was used to carry out the galvanostatic
charge/discharge tests in the range of 1.6 to 2.8 V at room
temperature. On an Autolab electrochemical workstation
(PGSTAT302N), cyclic voltammetry measurements were
measured from 1.6 to 2.8 V at 0.1 mV s~ ". If not specified, the
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loading mass of sulfur in the electrode was ~1.0 mg cm ™2, and
the electrolyte/sulfur ratio (E/S) is 25 pL mg™".

2.4 Symmetric cell assembly

The identical working and counter electrodes of Ni@PC and SP
were assembled with 0.2 M Li,Se (50 pL) electrolyte, respectively.
The CV measurements were carried out on the electrochemical

workstation with scanning speeds from 1 to 30 mV s~ .

2.5 Adsorption tests

Ni@PC (10 mg) or SP (10 mg) and 3 mL of diluted Li,Ss solution
(~3 mM) were put into a transparent vial and aged 24 h to
observe the change of liquid color.

3 Results and discussion

The morphology and composition of the prepared samples are
detected by XRD and microscopy. The uniform spherical Ni-
MOF particles with an average diameter of ~500 nm are
shown in Fig. 2(a and b). After pyrolysis at high temperatures,
the typical diffraction peaks of nickel are found at 44.5°, 51.8°,
and 76.3°, indicating that Ni** in Ni-MOF is reduced to metal
Ni."® And another small diffraction peak of ~26° is attributed to
the (002) crystal surface of graphitic carbon (Fig. 2c). The
average particle size of Ni nanoparticles calculated by the
Scherrer formula is ~25 nm. A rough surface is formed because
many smaller Ni nanoparticles are embedded inside the carbon
sphere, while the original skeleton of the MOF is preserved
(Fig. 2d and e). The TEM images (Fig. 2d and e) reveal that the
highly dispersed Ni nanoparticles with average diameters of
~25 nm (ranging from ~10 to ~50 nm), which is match with the
XRD results. And the Ni core is coated with graphitic carbon
(Fig. 2f), indicating the formation of a core-shell structure. The
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lattice spacing of 0.2 nm is consistent with Ni(111), indicating
the presence of metallic Ni nanoparticles.

The pore structures of Ni@PC are evaluated via the N,
adsorption-desorption isotherm (Fig. 3a). Mixed isotherms of
type I and type IV with hysteresis loops are exhibited, indicating
the presence of mesoporous and microporous structures.
Accordingly, the calculated pore size distribution indicates that
the internal pores of Ni@PC composites consist of mesopore
and macropore (Fig. 3b). These pores not only facilitate the
penetration of the electrolyte but also are beneficial to the
encapsulation of sulfur particles.”® Moreover, the Brunauer—
Emmett-Teller (BET) surface area and total pore volume of
Ni@PC are 129.4 m* g ' and 0.504 cm?® g™, respectively. This
high-porosity porous structure is favorable for the penetration
of electrolytes, providing sufficient space for sulfur loading, the
rapid and durable electrochemical reactions. In addition, the
XRD pattern of S/Ni@PC cathodes prepared by the typical
melting diffusion method demonstrates the typical diffraction
peak of S (Fig. 3c), and the peak intensity of Ni decreases
significantly (Fig. S27), indicating that the sulfur powder has
successfully diffused into the pores of Ni@PC.'* Meanwhile, the
S content in S/Ni@PC composites determined by TGA is 69 wt%
(Fig. 3d), which is close to the theoretical value.

The interaction between Ni@PC and LiPS is tested by static
visible adsorption. After 24 h, the color of the vials labeled
Ni@PC becomes colorless, while the Li,S¢ solution remains
primrose yellow after adding SP, indicating there is a strong
interaction between Ni@PC and LiPSs. In order to further
investigate the mechanism of chemisorption, XPS tests are
performed before and after adsorption. As shown in the S 2p
spectrum (Fig. 4a), except for bridge S (165.3 eV) and terminal S
(164.0 eV) of Li,Se. The appearance of the Ni-S bond (162.3 eV)
further verifies the interaction between LiPSs and metal Ni.**
Meanwhile, three peaks are also found at 167.6, 169.2 and
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(a) SEM images of Ni-MOF. (b) XRD pattern of Ni@PC. SEM (c) and TEM (d, f) images of Ni@PC. (e) The particle size distribution of Ni.
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170.4 eV in the high binding energy region, indicating the
formation of sulfate and thiosulfate complexes.* For the Ni 2p
spectrum (Fig. 4b), the Ni 2p spectrum can be deconvolved into
four peaks assigned to Ni® 2p;, (853.1 eV), Ni*" 2p;, (855.6 €V),
Ni® 2py), (871.1 V) and Ni** 2py;, (873.6 V) peaks.>* After
adsorption, the peaks of Ni shift towards higher binding energy,
indicating that the electrons are transferred from metal Ni to
the S atoms of Li,Se, thus changing the electron cloud density.

~
=\
~

Ni@PC-Li,S, ° 5 1 -
s "ew

=
s

Intensity (a.u.)

(b)

Intensity (a.u.)

Furthermore, the content of Ni** in Ni@PC-Li,S, is higher than
that in Ni@PC. The change of chemical valence indicates that
the Ni metal in Ni@PC may also participate in the redox reac-
tion. By interacting with LiPSs, it can act as a medium/catalyst
to improve reaction kinetics.**

In order to demonstrate the advantages of S/Ni@PC, the
cyclic voltammetry (CV) is performed on S/Ni@PC and S/SP
cathodes in the voltage range of 1.6-2.8 V in Fig. 5a. At the
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Fig.4 The images of LiPSs solutions samples adsorbed by Ni@PC and SP (a). S 2p (a) and Ni 2p (b) high-resolution XPS spectra of Li,Sg adsorbed

by Ni@PC.
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Fig.5 (a—c)CV curves of S/Ni@PC and S/SPat 0.1 mV s L. (d) CV curves of Ni@PC and SP symmetric cell with 0.2 M Li,Sg electrolytesat 1 mV s %,
CV curves of Ni@PC (e) and SP (f) symmetric cell with 0.2 M Li,Sg electrolytes at the scan rate from 1 to 30 mV s,

scanning rate of 0.1 mV s ', the CV curves of S/Ni@PC and S/SP
show two reduction peaks, corresponding to the reduction of Sg
to high-order Li,S, (4 =< x =< 8) and the further reduction of these
polysulfides to solid Li,S,/Li,S.*> The oxidation peaks are
attributed to the oxidation of Li,S,/Li,S back to long-chain LiPS
and Sg.*® Compared with the S/SP cathode, a shift of the
cathodic toward higher potential and the anodic peak toward
lower potential in the CV curves of the S/Ni@PC cathode are
exhibited. A decreased potential difference (i.e. lower polariza-
tion) between these two peaks indicates an improved redox
reaction kinetics for the S/Ni@PC cathode.>* Moreover, the
apparent positive shift and a negative shift in the onset reduc-
tion and oxidation peaks are exhibited in the CV curve of the S/
Ni@PC cathode, accompanied by a higher peak current, con-
firming the excellent catalytic performance of uniformly
dispersed Ni nanoparticles.”® In addition, excellent electro-
chemical reversibility with satisfactory overlap is also achieved
(Fig. 5b and c).

The CV of the Li,Ss symmetrical cell is conducted to further
reveal the electrocatalytic efficiency of Ni nanoparticles
(Fig. 5d). There are two pairs of redox peaks in the CV curves of
Ni@PC, corresponding to electrochemical steps of Li,Ss <
Li,S,/Li,S (at —0.36/—0.08 V) and Li,Sg < Li,Ss (at 0.08/0.36
V).?*?” In contrast, no CV peak is observed without the Li,Se
electrolyte, confirming that the well-defined redox peaks origi-
nate from the LiPS conversion step.>” However, only a pair of
redox peaks in the CV curves of SP appears at —0.63/0.65 V,
indicating the limited and incomplete conversion rate of LiPSs
without an effective catalyst*” (Fig. 5d). In addition, for Ni@PC
materials, the peak current increases after the 10th cycle
(Fig. S37), and the redox peaks remain with only slight offsets
even at the high scanning rates of 30 mv s~ ' (Fig. 5e),

12796 | RSC Adv, 2023, 13, 12792-12798

suggesting that the polysulfide conversion process is progress-
ing smoothly and efficiently."®*” In contrast, the redox peak of
SP is greatly shifted at a high scanning rate, indicating its poor
catalytic capacity (Fig. 5f).

The enhanced catalytic activity and kinetics are also reflected
in galvanostatic current discharge/charge curves, where the
discharge plateau is consistent with the CV curves (Fig. 6a). The
polarization (AE) is defined as the voltage difference between
charge and discharge at a half discharge capacity.*® The S/
Ni@PC cathode shows a lower polarization potential than the
S/SP positive electrode and still maintains an extremely lower
polarization potential even after 50 cycles (Fig. S4 and S57). At
such a low polarization potential, the S/Ni@PC cathode obtains
the initial discharge capacity of 1544.6 mA h g~ ' and a revers-
ible capacity of 915.0 mA h g~ " even after 100 cycles (Fig. 6b),
showing high capacity and excellent cyclic stability. In contrast,
the S/SP cathode exhibits a humble capacity and poor capacity
retention rate (54.3%) during the charge/discharge process due
to its limited conversion rate of LiPSs. Furthermore, a high
discharge capacity of 1387.4 mA h g~ and a stable discharge
capacity of 677.7 mA h g~ over 300 cycles for S/Ni@PC cathode
are exhibited at 0.5C (Fig. 6¢c and S6t), which is significantly
higher than that of the S/SP cathode. These all prove that the
reasonable design of Ni@PC catalyst is helpful to enhance
sulfur utilization rate and obtain high capacity.

In addition to cyclic behavior, the rate performance is also
critical to batteries. The rate performance of S/Ni@PC and S/SP
cathodes at different current densities of 0.2-2C are tested. As
shown in Fig. 6d, the discharge capacities of S/Ni@PC cathode
are 1620.7, 1179.1, 1081.1, and 1029.4 mA h g~ ! at 0.2, 0.5, 1,
and 2C, respectively, which is obviously larger than that of S/SP
cathode (1235.6, 814.5, 757.4 and 687.7 mA h g71 at 0.2, 0.5, 1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) The initial charge/discharge curves of S/Ni@PC and S/SP at 0.2C. Cycling stability of S/Ni@PC and S/SP at 0.2C (b) and 0.5C (c). (d) Rate

capability of S/Ni@PC and S/SP from 0.2 to 2C. (e) Galvanostatic charge/discharge curves of S/Ni@PC from 0.2 to 2C. (f) The dependence of AE
on the different current density. (g) Cycling performance of S/Ni@PC and S/SP at 1C.

and 2C). The enhanced rate performance of the S/Ni@PC
cathode is attributed to the presence of Ni nanoparticles,
resulting in the rapid redox Kkinetics of LiPSs.'"® When the
current density is returned to 0.2C, the discharge capacity of the
S/Ni@PC cathode is restored to 1211.0 mA h g™, indicating its
excellent structural stability. The corresponding charge/
discharge curves and polarization behavior of the two cath-
odes are shown in Fig. 6e and f and S7.f When the current
density increases from 0.2C to 2C, S/Ni@PC maintains a small

Porous carbon

Ni nanoparticle

Fig. 7 Mechanism of electrochemical reaction of S/Ni@PC and S/SP.

© 2023 The Author(s). Published by the Royal Society of Chemistry

increase in AE. In contrast, the S/SP cathode exhibits greater
polarization due to limited active sites.

In addition, the cyclic performance of the S/Ni@PC and S/SP
positive electrode at a high rate of 1C is further measured
(Fig. 6g). After being activated for two cycles at 0.2C, the initial
discharge capacity of the S/Ni@PC cathode is 927.7 mA h g™*
and a capacity of 424.4 mA h g~ ' remains, corresponding to
a decay rate of 0.108% per cycle. These results clearly show that

® )
soluble
polysulfides

Li,S,
oo

Insoluble
polysulfides
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high sulfur utilization and capacity are achieved by introducing
Ni nanoparticles into the porous carbon.

In conclusion, the high capacity and excellent rate capability
of S/Ni@PC are attributed to (Fig. 7): (1) core (Ni)-shell (carbon)
structure with gradient adsorption capacity makes the Ni
nanoparticles expose more active sites, providing efficient
electrocatalytic activity and effectively suppresses shuttle effect;
(2) the porous structures, especially suitable mesopore and
macropore, allow efficient charge transfer and rapid diffusion
of ions. The synergistic effect effectively enhances the conver-
sion rate of LiPSs and improves the utilization of sulfur.

4 Conclusions

In conclusion, the Ni@PC core-shell structure with adsorption
gradient was successfully synthesized by a simple hydrothermal
method and one-step pyrolysis. Ni nanoparticles not only
inhibit the shuttle effect by trapping LiPSs but also reduce the
electrochemical reaction polarization and catalyze the redox
reaction. Simultaneously, appropriate pore volume can enhance
the electrolyte wettability, adapt to volume expansion, and
improve sulfur utilization and structural stability. As a result,
the S/Ni@PC cathode exhibited an impressive capacity of
1544.6 mA h g ' at 0.2C, and still had a capacity of
1014.6 mA h g~ ' even at 2C, and a loss rate of 0.11% per cycle
was obtained after 500 cycles at 1C.
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