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ABSTRACT

Constructing 3D multifunctional conductive framework as stable sulfur cathode contributes to develop
advanced lithium-sulfur (Li-S) batteries. Herein, a freestanding electrode with nickel foam framework
and nitrogen doped porous carbon (PC) network is presented to encapsulate active sulfur for Li-S
batteries. In such a mutually embedded architecture with high stability, the interconnected carbon
network and nickel foam matrix can expedite ionic/electronic transport and sustain volume variations of
sulfur. Furthermore, rationally designed porous structures provide sufficient internal space and large
surface area for high active sulfur loading and polar polysulfides anchoring. Benefiting from the
synergistic superiority, the Ni/PC-S cathode exhibits a high initial capacity of around 1200 mAh/g at 0.2 C,
excellent rate performance, and high cycling stability with a low decay rate of 0.059% per cycle after 500
cycles. This work provides a useful strategy to exploit freestanding porous framework for diverse
applications.

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

Published by Elsevier B.V. All rights reserved.

Lithium-sulfur battery as a high energy density storage device
has been considered as a promising next-generation rechargeable
system by virtue of high theoretical specific capacity (1675 mAh/g)
and energy density (2567 Wh/kg) [1-3]. Although the high energy
density is attractive, the commercial realization of rechargeable Li-
S battery is still impeded by dissolution and shuttle of soluble
lithium polysulfide (Li;Sx, 4 <x <8), poor electronic conductivity
of active materials, sluggish redox kinetics, and volume expansion
of cathode during discharge [4-6]. Thereinto, the shuttle effect of
polysulfide not only results in devolution of active materials for
sulfur cathode but also poisons the lithium metal anode, which
eventually induces fast capacity degradation and low Coulombic
efficiency [7,8].

To resolve abovementioned issues, numerous efforts have been
devoted to design and construct micro-nanostructure architec-
tures for encapsulation of active sulfur [9,10]. For ideal architec-
tures loaded by sulfur, essential characteristics should be
equipped, including high electrical conductivity to reduce the
polarization resistance of electrode, large specific surface area to
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provide plentiful anchor sites for polysulfides, abundant porous
structure to realize high sulfur loading and buffer the volumetric
variations of sulfur [11-14]. Because of the excellent electron
conductivity and stability, carbon-based encapsulation materials
can greatly improve the electronic conductivity of electrodes and
avoid the volume expansion of active materials, which demon-
strates high active material utilization and remarkable cycle
stability [15,16]. Porous carbon materials as one of the most
promising hosts possess above advantages and have achieve
remarkable results on improvements of battery capacity and
cyclability [17-20]. Heteroatom dopings such as B, N, O, P and S
atoms can effectively improve the polarity and sulfiphilic affinity of
porous carbon, which are beneficial to prevent the migration of
soluble polysulfides and reduce the need for infiltrated electrolyte
[21-26].

Nevertheless, for traditional sulfur cathodes, the inclusions of
binder, conductive additives, and metal current collector increase
the manufacturing cost and restricts the actual energy density. In
recent years, based on the inherent structural advantage, the
materials with two-dimensional (2D) and three-dimensional (3D)
structure are widely studied to facilitate the transportation of
electrons and ions and improve the electrochemical performance
of energy storage systems [27-29]. Furthermore, 3D frameworks
with high electronic conductivity are considered as self-supporting
hosts for high sulfur loading [30-33]. Compared with the
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traditional electrodes, the 3D foam electrode with relatively large
surface area can provide electric contact sites to promote redox
reaction kinetics and uniform deposition of active materials [34].
Furthermore, 3D conductive matrix can shorten the migration path
of electrons and lithium ions to reduce polarization resistance [35-
37]. Therefore, the design of self-supporting cathodes with 3D
framework is highly desirable for realizing high energy density Li-
S batteries.

Herein, we propose a feasible and scalable approach for
constructing a freestanding electrode with nickel foam framework
and nitrogen doped porous carbon (PC) network. Nickel foam as a
freestanding interconnected matrix provides efficient channels for
electron transport and increases the cathode conductivity. The
porous architecture of PC provides sufficient internal space and
large surface area for high active sulfur loading and electrolytic
infiltration. Simultaneously, 3D carbon architecture with a unique
interconnected microstructure is beneficial to retention of
polysulfide by physical confinement. Furthermore, the carbon
network is doped by nitrogen heteroatoms, which expedites
electron transport for improving kinetics of the electrochemical
reactions and facilitates anchoring effect for polar polysulfides
based on chemical interactions. The synergistic morphology and
structure engineering of nickel foam framework and PC network
boosts the sulfur utilization and cycling stability. This study
heralds a new avenue to exploit freestanding porous electrode for
high-volume energy storage systems.

Fig. 1a presents the schematic diagram of fabrication
procedure for Ni/PC-S freestanding electrode with intercon-
nected network architecture. First, porous Ni/PAN was synthe-
sized by nesting PAN collosol with urea onto nickel foam and
boiling process. In the collosol, PAN and urea serve as carbon
source and space-holder, respectively. After followed carboni-
zation strategy, the Ni/PC hierarchical porous framework was
obtained based on the in situ chemical conversion process. Finally,
active sulfur was loaded into the Ni/PC porous framework via the
solution and melt diffusion methods. The morphology of Ni/PAN
and Ni/PC were characterized by scanning electron microscopy
(SEM). As revealed in Figs. 1b-d, the PAN filled into nickel foam to
form Ni/PAN with continuous 3D backbone and interconnected
PAN porous network. The rationally designed Ni/PC inherits
similar structure and morphology as Ni/PAN, manifesting the
carbonization do not destroy the porous architecture. The
difference between Ni/PAN and Ni/PC is that the crevice is
observed on the surface of Ni/PC (Fig. 1e), which is beneficial to
electrolytic infiltration. Moreover, the interconnected porous
carbon network of Ni/PC ( Figs. 1f and g) could not only provides
fast electron and ion transport pathways, but also relieves volume
swelling during lithiation.

Ni/PAN

Ni/PC-§

After filling with sulfur, the interconnected network structure is
still maintained, and sulfur particles are loaded on the surface of
carbon framework, as presented in Figs. 2a and b. From elemental
mapping results in Fig. 2c, the distribution of sulfur is rather
homogeneous within the carbon network architecture. Further-
more, the nitrogen element is also uniformly distributed on the
carbon framework, which can promote electrode conductivity.
Homogeneous dispersion of polar nitrogen atom and large surface
area of carbon endow cathode with abundant anchoring sites for
confining polysulfides.

X-ray diffraction (XRD) pattern of as-prepared Ni/PC sample
(Fig. 2d) demonstrates the sharp peaks at 44.3° and 51.7°
corresponding to (111) and (200) phases of Ni and a broad
characteristic peak at about 26° corresponding to PC with
amorphous nature. After incorporated sulfur into the Ni/PC
framework, the diffraction peaks with weak intensity between
20° to 30° can be assigned to orthorhombic sulfur (JCPDS No. 85-
0799), which suggest that the sulfur is uniformly deposited into
the porous structure. The specific sulfur content is confirmed the
thermogravimetric analysis (TGA). As revealed in the TGA curve of
Ni/PC-S (Fig. S1 in Supporting information), the amount of sulfur
incorporated into Ni/PC framework is close to the theoretical 75%
loading determined from the cathode preparation protocol.

X-ray photoelectron spectroscopy (XPS) was carried out to
ascertain the surface chemical composition of Ni/PC—S and the
chemical adsorption sites of carbon framework. The refined C 1s
XPS spectrum (Fig. 3a) can be deconvolved into three peaks at
284.6, 285.9 and 286.9 eV, which are attributed to the C—C/C=C,
C—S and C—N bonds, respectively. The presence of C—S bond
signifies the chemical interaction and fast charge transfer between
sulfur and carbon framework. As shown in Fig. 3b, the high-
resolution N 1s spectrum is composed of three different types of
nitrogen defects centered at 398.1, 400.4 and 402.3 eV, which are
attributed to pyridinic N, pyrrolic N, and graphitic N, respectively
[12]. The ratios of pyridinic N, pyrrolic N and graphitic N are
estimated to be 47.7%, 43.9% and 8.4% according to the XPS peak
area analysis, respectively. These polar N are conducive to improve
the affinity of carbon framework and contribute abundant
anchoring sites for capturing the polar polysulfides by the electron
delocalization effect. For the high-resolution S 2p XPS spectrum,
the signals centered at 163.5, 164.7 and 168.6 eV corresponds to S
2p1j2, S 2psj2 and sulfate, respectively [38]. The peaks of S 2p;, and
S 2ps3p shift to lower binding energy in comparison to the
corresponding peaks of elemental sulfur (centered at 163.9 eV and
165.1 eV), indicating that the electron transfers from sulfur to
carbon host [39].

Nitrogen adsorption/desorption experiments were conducted
to define the specific surface area of Ni/PC framework (Fig. 3d). The

Fig. 1. (a) Schematic diagram for synthesis procedure of synthesis procedure. SEM images of (b-d) Ni/PAN and (e-g) Ni/PC.
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Fig. 3. High-resolution XPS spectra at (a) C 1s, (b) N 1s and (c) S 2p of Ni/PC-S. (d) Nitrogen adsorption/desorption isotherms of Ni/PC and Ni/PC-S.

Ni/PC exhibits a type IV isotherm with a sharp uptake in the low
relative pressure region (P/Py < 0.05) and distinctive hysteresis
within the relative pressure range (0.3 < P/Py < 1.0), revealing the
existence of porous microstructure, which can promote the ion
transport. According to the Brunauer-Emmett-Teller (BET) theory,
the specific surface area of Ni/PC is deduced to be 813.5 m?/g. High
BET surface area is conducive to deposit uniform active sulfur and
contribute sufficient anchoring sites for immobilizing polysulfides.
After the impregnation of sulfur particles, the surface area

decreases to 120.7 m?/g, indicating that sulfur was smoothly
immersed into the internal cavities of Ni/PC framework.

To systematically evaluate the electrochemical performance of
Ni/PC-S cathodes, the 2032-type coin cells were assembled. For
comparison, a sulfur cathode was fabricated by directly loading the
sulfur slurry onto the nickel foam under the same conditions. As
shown in Fig. 4a, the cyclic voltammetry (CV) curves of Ni/PC-S
cathode exhibit that two cathodic peaks (I and II) located around
2.34V and 2.04V are assigned to the reduction of sulfur to soluble
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Fig. 4. (a) Typical CV profiles of Ni/PC-S electrode at 0.1 mV/s. (b) Galvanostatic charge-discharge curves of the first cycle for sulfur and Ni/PC-S cathodes at 0.2 C. (¢) Cycling
performances of sulfur and Ni/PC-S cathodes at 0.2 C for 500 cycles. (d) Rate capabilities at different rates of sulfur and Ni/PC-S cathodes. (e) Cycling performance of the Ni/PC-
S cathodes with different high sulfur loadings at 1 C. (f) Schematic illustration of the structure for the Ni/PC-S electrode and the multipath rapid electron transfer for highly

efficient redox reaction.
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Li,Sx and the further transformation from Li,Sx to short-chain
lithium sulfides (Li»S, or Li,S), and one anodic peak (IlI&IV) at
around 2.37V is related to the oxidation of lithium sulfides to
sulfur. However, the CV curves of sulfur cathode (Fig. S2 in
Supporting information) reveal widened redox peaks and larger
peak separation between the cathodic and anodic peaks. Clearly,
Ni/PC as host facilitates upshifts of voltage potential at cathodic
peak and the downshifts at anodic peak, which suggests the
smaller electrochemical polarization and rapid conversion kinetics
[40]. As an important influence factor on the conversion kinetics,
lithium ion diffusion coefficients are determined by CV tests at
various scanning rates from 0.1mV/s to 0.4mV/s (Fig. S3 in
Supporting information). All anodic and cathodic peaks currents
are linear relationship with square root of scan rates, and the slope
reflects the lithium ion diffusivity that can be estimated by the
classical ~ Randles—Sevcik  equation  [22]:  I,=2.69 x 10°
n>SD;%C;v°>, where I, is the peak current, n is the numbers
of transfer electrons, S is the active electrode area, D;; is the lithium
ions diffusion coefficient, C;; is the concentration of lithium ions,
and v is the scan rate. The calculated D;; for anodic and cathodic
peaks are 4.15 x 1078, 1.65 x 1078 and 1.34 x 10~8 cm?/s. The high
lithium ions diffusion coefficients demonstrate that Ni/PC-S
electrode has excellent reaction kinetics by virtue of effective
adsorption sites and conductive framework.

Galvanostatic discharge-charge curves at 0.2 C (1 C=1675
mA/g) of sulfur and Ni/PC-S cathodes show two discharging
plateaus and a long charging plateau (Fig. 4b), in agreement with
the CV results according to the multistep redox reaction. Note that,
the tested CV and galvanostatic discharge-charge curve of pure Ni/
PC cathode have negligible reduction and oxidation peaks and
charge-discharge capacity (Figs. S4 and S5 in Supporting informa-
tion), suggesting that Ni/PC as electrode exerts little contribution
to the capacity. The Ni/PC-S cathode delivers an initial discharge
capacity of about 200 mAh/g higher compared with the sulfur
cathode, indicating that Ni/PC framework can elevate sulfur
utilization during cycling. More importantly, for Ni/PC-S cathode,
a smaller voltage gap (0.161 V) between discharging and charging
plateau is obtained compared with that of sulfur cathode (0.265 V).
It is demonstrated that porous network architecture of Ni/PC
expedites electron transport for decreasing polarization during
charge-discharge cycles. From the magnified discharge curves
(Fig. S6 in Supporting information), the Ni/PC-S cathode obviously
alleviates the interfacial energy barrier of 25 mV, which elucidates
that the nucleation and deposition of Li,S reaction are improved on
the interface of carbon framework [23,41]. Fig. 4c shows the
cycling performances of the Ni/PC-S and sulfur cathode at 0.2 C. It
is obviously observed that the sulfur cathode suffers from a fast
capacity decay of 0.14% per cycle after 500 cycles. In comparison,
the Ni/PC-S cathode exhibits excellent cycling stability with 70.5%
capacity retention and slow capacity fading rate of 0.059% per cycle
after 500 cycles. Simultaneously, Coulombic efficiency of above
99% further indicates that Ni/PC promotes the utilization of the
active materials and reversibility of the electrode reaction.

The rate performances of Ni/PC-S and sulfur cathode were
evaluated at different current rates from 0.1 C to 2 C (Fig. 4d and
Fig. S7 in Supporting information). Higher utilization of the active
sulfur endows Ni/PC-S electrode with a discharge capacity of
1350 mAh/g at 0.1 C, and reversible capacities of 760 mAh/g can be
achieved at a high current rate of 2 C. When the rate is returned
back to 0.2 C, a higher discharge specific capacity of around
1150 mAh/g can be still obtained, suggesting the stability and
reversibility of the electrode. The corresponding discharge-charge
curves of Ni/PC-S electrode still contain two typical discharge
plateaus along with the increase of rate (Fig. S8 in Supporting
information). However, the discharge plateaus are short and
unconspicuous at high current rate of 2 C for sulfur electrode. The

excellent rate capability indicates that the Ni/PC backbone can
accelerates ion diffusion and immobilize polysulfide to enhance
sulfuric utilization. The colour of PP separator after cycles is used to
further confirm the adsorption capacity of Ni/PC for polysulfide
(Fig. S9 in Supporting information). It is note that delicate colour is
observed after the cycles of the cell with Ni/PC-S cathode, which
indicates excellent capturing capacity of porous framework for
polysulfides. The electrochemical impedance spectra (EIS) of the
Ni/PC-S electrode before and after the cycles show smaller charge
transfer resistance (R) and interface resistance (R;) than that of
sulfur electrode (Fig. S10 in Supporting information), which
manifest that the Ni/PC backbone contributes to decrease
polarization and improve rate performance by promoting electro-
lyte infiltration and electron transference [42,43]. The severe self-
discharge induced by shuttle effect of polysulfides was also
investigated by detecting the variation of the open circuit voltages
(OCV) during the 48 h rest time. The evolution of OCVs with time
for the cells is shown in Fig. S11 (Supporting information). The OCV
suffers a drastic decline to 2.10V for sulfur cathode due to the
spontaneous reduction of polysulfides. In contrast, the OCV of Ni/
PC-S cathode reveals a slight decrease and stabilizes at 2.38V,
indicating that Ni/PC can effectively suppress polysulfides
shuttling to alleviate the self-discharge behavior of Li-S batteries
[44,45].

For satisfying the practical application, cycling stabilities of Ni/PC-S
electrodes with the sulfur loading of 3.0 and 4.2 mg/cm? were also
evaluated, as presented in Fig. 4e. With the sulfur loading of 3.0
mg/cm?, Ni/PC-S electrode delivers a decent capacity of nearly
800mAh/g at 1 C, as well as 750mAh/g after 100 cycles. Upon
increasing the sulfur loading to 4.2 mg/cm?, an initial capacity of
600 mAh/g and capacity retentions of 84.2% after 100 cycles can be
retained. All these results show that Ni/PC-S electrode reveals superior
sulfur utilization ability based on the advantageous constitute and
architecture, as illustrated in Fig. 4f. The porous framework provides
effective ion penetration pathways and enough space for remission of
volume expansion. Furthermore, the continuous carbon network with
nitrogen doping can facilitate rapid electron transference and
immobilize polysulfide through LiS4Li*- - -N binding arising from the
lone-pair electrons in nitrogen [46,47]. Consequently, the porous
carbon incorporated Ni foam framework build an interconnected 3D
conductive network to load sulfur, which improves the capacity and
cycling performance of Li-S batteries.

In summary, we successfully designed and constructed a 3D
freestanding conductive framework with nickel foam matrix and
nitrogen doped porous carbon network for Li-S battery. The
rationally designed Ni/PC-S freestanding electrode possesses a
mutually embedded architecture with high stability. In the unique
architecture, porous carbon incorporated nickel foam framework
builds an interconnected 3D conductive network, which improves
the low electrical conductivity of sulfur electrode and buffers
volume variations sulfur during cycling. In addition, nitrogen
doped carbon network relieves the diffusion of polysulfides and
promotes the utilization of active sulfur. Consequently, the Ni/PC-S
electrode delivers a high initial discharge capacity of around
1200mAh/g and excellent cycling stability with slow capacity
fading rate of 0.059% per cycle at 0.2 C after 500 cycles. In addition,
a high rate capability (about 600mAh/g at 2 C) is achieved.
Importantly, even sulfur loading up to 4.2 mg/cm?, high capacity
retention of 84.2% can be retained at 1 C after 100 cycles. This work
paves a simple way for design of freestanding porous electrodes
with great potential application in energy storage and conversion
devices.
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