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Lithium-sulfur (Li-S) batteries with high theoretical energy densities have long been identified a promising energy
storage system. Nonetheless, it is not trivial to simultaneously achieve dendrite-free lithium metal anode and
stable sulfur cathode for practical applications. To tackle this issue, we herein design an oxygen-functionalized
mesoporous carbon nanofiber framework decorated with well-distributed nickel nanoparticles as bifunctional
hosts for both electrodes. The combined theoretical and experimental results reveal that the regulated electric field
stemming from the oxygenated and mesoporous structure can effectively facilitate the uniform nucleation and
growth of dendrite-free Li metal in local nanofiber and whole electrode levels. Meanwhile, the strong affiliation
of oxygenated groups to lithium polysulfides greatly alleviate the shuttle effect, leading to impressive cyclic
stability. When coupling above optimal electrodes into a flexible Li-S full battery with an ultralow negative to
positive capacity ratio of 2.0, the new battery presents remarkable electrochemical performance with a high rate
capability of 882 mAh g~! at 2.0 C and an extremely low capacity decay rate of 0.005% per cycle over 300
cycles. The stable electrochemical performance exhibited by a flexible Li-S battery under different mechanical
deformations paves the way for future practical applications in flexible energy storage devices based on the
bifunctional hosts.

Dendrite-free
Tunable E-field distribution
Flexible Li-S full batteries

shows great market potentials with multi-advantages of ultrahigh the-
oretical specific capacity (1675 mAh g~1), natural abundance and low

1. Introduction

Over the past years, the rising of novel intelligent electronics like
roll-up displays and smart textiles have created increasing demands for
lightweight and flexible rechargeable batteries which are expected to
possess superior energy density to the conventional lithium-ion batter-
ies [1-4]. Lithium-sulfur (Li-S) batteries, based on the redox reactions
of lithium metal anode and sulfur cathode, have been regarded as one
of the most promising candidates with an ultrahigh theoretical energy
density of 2600 Wh kg1 [5-7]. Noteworthy is that the lithium metal is
an ideal anode to Li-S batteries, due to its remarkably high theoretical
specific capacity of 3860 mAh g1, a low gravimetric density of 0.534 g
cm~3 and a low electrochemical potential of -3.04 V versus standard hy-
drogen electrode [8-10]. Furthermore, the eco-friendly elemental sulfur
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cost [11-13] .

However, practical implementation of Li-S batteries has been hin-
dered by a multitude of fundamental challenges. On one hand, the
lithium metal anode has been troubled with lithium dendrite growth,
unstable solid electrolyte interphase (SEI) and poor cyclic stability, aris-
ing from its high chemical reactivity and host-less essence [14-16].
Li dendrite growth is ready to induce internal short circuit and dev-
astate safety concerns during repeated Li plating/stripping processes,
especially at high working rates [17,18]. On the other hand, the sul-
fur cathodes present unsatisfactory electrochemical capability because
of the insulating nature of sulfur and lithium sulfides, the large volu-
metric change of sulfur (~ 80%) during discharge/charge, and shuttling
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effect of the reaction intermediates, lithium polysulfides (LiPSs). Con-
sequently, the electrochemical performance of sluggish redox kinetics,
low active material utilization, fast capacity attenuation and poor cy-
cling life are observed for Li-S batteries [19-22]. As the heavy demands
for flexible energy storage systems [23-26], it is highly necessary to de-
sign the bifunctional flexible host with simultaneously improved electro-
chemical performances for both dendrite-free anode and LiPSs-anchored
cathode.

Self-standing carbon-based materials like carbon nanofiber mem-
branes have been regarded as one of the most promising carriers, on
account of their excellent mechanical integrity, superior electron con-
ductivity and reproductive preparation processes [17,27-30]. Besides,
its three-dimensional (3D) open framework with high porosity can also
benefit ion transport and minimize the volume change from active ma-
terials upon long-term cycling [31-33]. However, the severe LiPSs shut-
tle cannot be totally suppressed by the physical confinement of porous
structure. On Li anode side, the aggregated electric field (E-field) and
shorten Lit diffusion pathway offered by the 3D conductive framework
will drive the preferential initiation/growth of Li metal on the upper re-
gion which is called “top-growth” mode. The surface accumulation of Li
metal/dendrites close to the anode/separator interface will cause early
cell failure [34-37]. In terms of the interconnected nanofibers within the
framework, lithium tends to deposit on the junctions of fibers with sig-
nificantly higher E-field instead uniformly on the fiber surface, which re-
sults in abundant dead Li with a reduced Coulombic efficiency [33,38].
Apparently, the E-field distribution for the 3D conductive framework is
of essentially importance in guiding the electrochemical deposition of
Li metal, which is far from satisfactory at current stage to ensure stable
Li anodes.

Herein, we report an oxygen-functionalized 3D mesoporous car-
bon nanofiber framework with well-distributed nickel nanoparticles
(Ni@PCNF-0) as bifunctional hosts for both lithium metal anode and
sulfur cathode. Apart from the large volume changes of Li and S can be
alleviated by the flexible 3D porous structure during cycling, the oxygen
groups and rich mesopores are able to tune the electric field distribu-
tion via simultaneously reducing the whole electrode conductivity and
optimizing nanofiber surface structure, thus regulating Li metal deposi-
tion in a smooth and dendrite-free manner. Meanwhile, the Ni@PCNF-O
composite can serve as the strong adsorbent to inhibit LiPSs diffusion in
the sulfur cathode. Benefitting from both the dendrite-free Li deposition
and enhanced sulfur utilization, the coupled Li-S full batteries deliver
excellent rate performance of 882 mAh g~! at 2.0 C and long cycling
stability of only 0.005% decay per cycle over 300 cycles at 1.0 C. The
stable electrochemical performance exhibited by a flexible Li-S battery
under different mechanical deformations paves the way for future prac-
tical applications in flexible energy storage devices based on the bifunc-
tional hosts.

2. Results and discussion

2.1. Multi-scale uniform Li regulation by the oxygen-functionalized porous
framework

Due to its infinite volume change and high chemical/electrochemical
reactivity, the hostless metallic Li prefers uneven deposition and then
forms dendrites during plating/stripping processes, eventually leading
to fast capacity fading and safety hazards. Considering the highly inter-
connected conductive network which can facilitate rapid electron trans-
port and alleviate large volume expansion of Li metal upon cycling, a 3D
carbon nanofiber framework with well-distributed nickel nanoparticles
(Ni@CNF, Fig. S1) was initially proposed to host Li metal anode as il-
lustrated in Fig. 1a. Nonetheless, the COMSOL Multiphysics simulation
reveals that the E-field is concentrated on the upper area of Ni@CNF
composite (Fig. 1c¢), which will lead to the asymmetric deposition of Li
on the top section of the Ni@CNF electrode, and finally results in un-
controllable Li dendrites shown in Fig. 1a.
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In order to inhibit the top-growth of Li metal, the Ni@CNF composite
is further treated under O, microwave plasma to obtain the oxygen func-
tionalized carbon nanofiber framework with Ni nanoparticles (Ni@CNF-
0). According to the simulation of the electric field in Ni@CNF-O elec-
trode (Fig. 1d), the polarization of E-field reduces after the introduction
of oxygenated groups. This can be attributed to the decreased conduc-
tivity and increased electron transport barrier in the whole electrode
region. Furthermore, the cross-sectional E-field profiles along the nor-
mal Z direction of the electrode similarly imply a smaller electric field
intensity differential within the 3D Ni@CNF-O electrode (Fig. 1e), which
is beneficial to homogenous lithium deposition. In the mid to late Li de-
position period, the Li* concentration plays a more dominant role than
the electric field. Compared to the typical concentration polarization of
the Ni@CNF electrode, the Ni@CNF-O electrode displays a smaller Li*
concentration gradient in the simulation diagram of Li* flux distribution
(Fig. S2). Additionally, the oxygen groups can effectively improve the
lithiophilicity of the carbon framework (Fig. S3), further contributing to
the uniform and dendrite-free Li deposition.

As aforementioned, another challenge to realize uniform Li de-
position lies in the interconnected nanofibers within 3D conductive
frameworks. To prevent the preferential plating of Li at the junctions
of Ni@CNF nanofibers, mesoporous structure has been introduced to
Ni@CNF nanofiber surface by adding pore-forming agent to form meso-
porous Ni@CNF, which is designated as Ni@PCNF. As simulated in one
simplified porous nanofiber during Li deposition (Fig. 1f), the pore edges
present the higher current density because of the larger curvature based
on the classical “lightning rod theory”, which also correspond to the fa-
vorable electrochemical reactivity for Li deposition [39,40]. As the fur-
ther plating continues, Li distribution spreads from the outermost circle,
following the flow lines of Li ion flux movement (Fig. 1g), into the pores
with denser lines until all the pores are filled, as illustrated in Fig. 1h.
Abundant mesopores on the Ni@PCNF nanofiber surface are beneficial
to act as the active sites for Li nucleation/growth, thus gradually form-
ing a dense lithium layer around the interconnected nanofibers. Hence,
an oxygen-functionalized 3D mesoporous carbon nanofiber framework
with well-distributed nickel nanoparticles (Ni@PCNF-O) is rationally
designed with oxygen groups as well as mesoporous structure, which
are expected to achieve the tunable E-field and Li-ion flux distribu-
tion to regulate the uniform Li deposition at whole electrode and local
nanofiber scales (Fig. 1a).

2.2. Preparation and characterization of Ni@PCNF-O composite

To fabricate the Ni@PCNF-O composite, a simple but rationally de-
signed route including electrospinning, carbonization and O, plasma
processes is conducted (Fig. 2a), to achieve the dual-functional flexible
nanofibrous membrane host (Fig. S4) for multi-scale uniform deposition
of lithium and efficient immobilization of LiPSs. As shown in the scan-
ning electron microscopy (SEM) image of Fig. 2b, the Ni@PCNF-O com-
posite exhibits fibrous morphology with uniform size. The Ni nanopar-
ticles embedded carbon nanofiber membrane also displays high flexi-
bility (inset in Fig. 2b). The transmission electron microscopy (TEM)
image and corresponding energy-dispersive X-ray spectroscopy (EDX)
clearly show that Ni nanoparticles with an average diameter of about
10 nm are evenly distributed within the carbon nanofiber matrix (Fig. 2c
and d). X-ray diffraction (XRD) (Fig. S5) and X-ray photoelectron spec-
troscopy (XPS) characterizations (Fig. S6a) further validate the incorpo-
ration of Ni nanoparticles. The Ni content is determined to be 19.4 wt%
from the thermogravimetric analysis (TGA) in Fig. S7. Under TEM ob-
servation, abundant mesopores can be clearly observed in Ni@PCNF-O
nanofibers (Fig. 2e). The porosity is further quantitatively character-
ized by Brunauer-Emmett-Teller (BET) with a notably high surface area
of 153.3 m? g1 (Fig. 2f), and the pore size is mainly located from 4 to
10 nm, consistent with the TEM image. The exceptionally high surface
area and large pore volume (0.288 cm® g~!) of Ni@PCNF-O compos-
ite are expected to lower the local current density for steady lithium
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Fig. 1. Multi-scale uniform Li regulation by the oxygen-functionalized porous framework: (a) schematic illustration of the Li plating behavior within Ni@CNF and
Ni@PCNF-O composites. (b) COMSOL simulation model of Ni@CNF and Ni@CNF-O half-cell systems. Electric field distribution simulations and (e) the corresponding
E-field profiles along Z directions in (c) Ni@CNF and (d) Ni@CNF-O electrodes. (f) Schematic showing the Li deposition into pore structure. (g) Electric field
distribution simulations and (h) the corresponding Li ion flow lines in Ni@PCNF electrode.

deposition and physically confine LiPSs within each nanofiber. Further-
more, O, plasma treatment is carried out to decrease the conductiv-
ity of Ni@PCNF matrix and achieve the uniform Li deposition in the
whole electrode scale. Compared with Ni@PCNF without O, plasma, the
oxygen content sharply rises from 4.1% to 12.7% as indicated by XPS
(Fig. 2g), together with the peaks of carbonyl oxygen (533.2 eV) and
hydroxyl oxygen (531.2 eV) appear in the high-resolution O 1s spectra
(Fig. S6b), which verifies the introduction of functional oxygen groups
in Ni@PCNF-O composite [41]. Furthermore, the in-plane conductivity
decreases from 10.5 S cm™! of Ni@PCNF to 2.6 S cm™! of Ni@PCNF-O
under a four-probe tester (Fig. S8).

2.3. Li metal plating/stripping behaviors in Ni@PCNF-O composite host

The optimized Ni@PCNF-O composite membrane is directly applied
as a 3D scaffold to accommodate Li metal without additional current
collectors. The Li plating/stripping on Ni@CNF and conventional cop-
per (Cu) foil current collectors are also investigated as comparisons.
As observed by the in-situ optical microscopy (Figs. 3a, b and S9), the
operando cells without conventional polymer separators are assembled
using different substrates and bare Li which act as the working and
counter electrodes, respectively. Under a plating current density of 4 mA
cm~2, the visible formation of Li dendrites on Cu foil appears only after
7 min, and Li dendrites continue to grow close to the anode in 10 min
(Fig. S9). When lithium is deposited on Ni@CNF electrode (Fig. 3a), the
Li layer gradually loosens after 10 min and obvious dendrites appear in
15 min. On the contrary, the deposited Li uniformly emerges on the pris-
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tine Ni@PCNF-O electrode with a thickness of ~80 ym during the first
five minutes of deposition (Fig. 3b), suggesting a successful regulation of
Li metal plating. The following deposited Li gradually extends from vast
existing sites (7 min), and then homogeneously wraps on the Ni@PCNF-
O electrode upon further plating (10 min). After 30 min of Li loading,
the Ni@PCNF-O composite with deposited Li (Ni@PCNF-O@Li) expands
to ~100 um, but still remains compact and dendrite-free. Fig. 3c and d
show the optical images of the Li-deposited Ni@CNF (Ni@CNF@Li) and
Ni@PCNF-O@Li electrodes with 3 mAh cm~2. The distinct color change
from Ni@CNF to Ni@CNF@Li indicates that Li is plated in the top re-
gion of Ni@CNF composite which is close to the separator due to the
severe E-field polarization. By contrast, Li is deposited uniformly within
the whole Ni@PCNF-O composite without any color change, implying
the “top-growth” mode is effectively relieved.

Meanwhile, the nanoscale morphology evolution with various areal
capacities of deposited Li on different substrates is explored by SEM.
As shown in Fig. S10, with the plating current density of 1 mA cm™2,
the surface of Cu substrate is covered with massive uneven dendritic Li
with the length of over tens of micrometers even after the first plating. In
the case of neat Ni@CNF substrate (Figs. 3e, S11a and S12a), Li tends
to nucleate and grow on the junctions of the interconnected Ni@CNF
nanofibers due to its uneven E-field distribution (Fig. 3e;). After plat-
ing with 8 mAh cm~2 of Li, it can be observed that mossy Li aggre-
gates heavily on the top surface of the Ni@CNF composite membrane
instead of filling inside the whole carbon nanofiber matrix (Figs. 3e,
and S12a). In sharp contrast, the surface of NN@PCNF-O@Li composite
membrane obviously demonstrates much smoother morphology without
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Fig. 2. (a) Schematic illustration of the synthetic procedure of Ni@PCNF-O composite. (b) SEM image, (c-e) TEM images and the corresponding EDX mappings, and
(f) N, adsorption-desorption isotherm (inset) and pore size distribution of Ni@PCNF-O composite. (g) XPS spectra of Ni@PCNF and Ni@PCNF-O composites.

Li dendritic formation (Figs. 3f, S11b and S12b), which demonstrates
the well-guided Li deposition contributed by the rich mesopores on the
nanofiber surface and improved lithiophilicity as well. With the increas-
ing Li plating capacities to 2 mAh cm~2 and 8 mAh cm~2, the diameter of
Ni@PCNF-O@Li nanofibers increases to 240 nm (inset of Fig. 3f;) and
530 nm (inset of Fig. 3f,) respectively compared to that (200 nm) of
the original nanofibers, illustrating a flat lithium coating layer formed
on the surface of Ni@PCNF-O nanofibers. Therefore, the Ni@PCNF-O
composite deposited with 8 mAh ecm~2 of Li still shows denser morphol-
ogy without any apparent mossy or dendritic Li in the cross-sectional
SEM image (Fig. S12b), which strongly demonstrates the uniform de-
position from the interconnected nanofibers to the whole Ni@PCNF-
O composite membrane scale. Moreover, the Ni@PCNF-O composite
exhibits much smoother and intact network structure with a recover-
able fiber diameter of about 210 nm after stripping 8 mAh cm=2 of Li
(Fig. 3f3) and extensive cycling (Fig. 3f,), while the uneven surface mor-
phologies with multiple accumulated and isolated dead Li are observed
for the Cu foil (Figs. S10d and S13) and Ni@CNF composite without
original fibrous structure (Fig. 3e; and e4). The obvious morphological
difference in macro/micro scales strongly proves the efficiency of intro-
ducing oxygen-containing groups and rich mesoporous structure into
the Ni@PCNF-O framework in tuning E-field distribution for uniform
nucleation and subsequent growth of dendrite-free Li metal anode.

The electrochemical performances of repeated Li plating/stripping
on different substrates are further tested in the coin-cell configurations.
As depicted in Fig. 4a, the initial nucleation overpotentials are measured
by galvanostatic charge/discharge (GCD) curves at a current density of
0.5 mA cm~2. The Ni@PCNF-O electrode renders a much lower nucle-
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ation overpotential (10 mV) than those of Cu foil (48 mV) and bare
Ni@CNF electrode (21 mV), implying the positive effects of Ni@PCNF-
O composite on guiding the initial Li metal nucleation. The Coulombic
efficiency (CE), defined as the ratio of Li stripping capacity to plating
capacity, is considered as an indicator to evaluate the reversibility of
Li metal anodes in half-cells [42]. As depicted in Fig. 4b, at a current
density of 0.5 mA cm~2 and capacity of 1.0 mAh cm~2, the CE of Cu foil
drops to below 85% within 70 cycles, manifesting a poor cycling perfor-
mance similar to the previous reports [43-45]. The Ni@CNF electrode
exhibits better performance over Cu foil due to its 3D interconnected
conductive network with low local current density, but still provides
limited cycle life with declined CE after 170 cycles. Impressively, the CE
of the Ni@PCNF-O electrode increases from 95.4% (1%t plating cycle) to
98.1% (10 plating cycle), and remains stable at about 99.3% over 400
cycles (1600 h). The voltage versus areal capacity curves of Li plat-
ing/stripping on Ni@PCNF-O, Ni@CNF and Cu electrodes are presented
in Fig. S14. As for the Ni@PCNF-O electrode, the curves of different
cycles are almost coincident, which is consistent with the high CEs of
above 99%, indicating the excellent reversibility upon cycling process.
Whereas for the Cu foil, the Li stripping capacity is significantly less
than the plating capacity after 100 cycles, which signifies the large irre-
versible capacity loss owing to the formation of dendritic and dead Li.
Moreover, the Ni@PCNF-O electrode exhibits a low and stable voltage
hysteresis of ~ 23 mV for more than 400 cycles, much smaller than ~ 40
mV hysteresis for Ni@CNF and ~ 70 mV for Cu foil (Fig. 4c). Such merit
is more prominent at higher current densities and larger capacities. As
shown in Figs. S15 and S16, the Ni@PCNF-O electrode shows outstand-
ing cycling stability with much smaller voltage hysteresis. Even when
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cycled at 2 mA cm~2 for 4 mAh cm~2, the Ni@PCNF-O electrode can
run for 100 cycles with a final CE of 98.7% (Fig. 4d), which confirms
that the dendrite-free growth behavior and outstanding structure in-
tegrity of NI@PCNF-O electrode can efficiently improve lithium utiliza-
tion during the cycling process. Besides, the CE stabilities of Ni@PCNF
and Ni@CNF-O electrodes are also improved in different degrees (Fig.
S17). The CE tests are further measured under step-increased current
density from 0.5 to 3.5 mA cm~2 and capacity from 1 to 20 mAh cm~2 in
Fig. 4e and f. The CE of Ni@CNF electrode starts to oscillate drastically
over the current density of 3 mA cm~2 or the capacity of 8 mAh cm2,
while the Cu foil electrode has already failed at lower current density
or capacity. On the contrary, the Ni@PCNF-O electrode displays high
CE retention even at a high current density of 3.5 mA cm~2 (Fig. 4e)
or a large deposition capacity of 20 mAh cm~2 (Fig. 4f), demonstrat-
ing the excellent rate performance and high loading capability of the
Ni@PCNF-O electrode.

Apart from the CE test, symmetric cells are assembled by Ni@PCNF-
O with pre-deposited 3 mAh cm~2 Li to evaluate the long-term elec-
trochemical stability. The voltage-time profiles of Ni@PCNF-O@Li,
Ni@CNF@Li and bare Li foil symmetric cells at 0.5 mA cm~2 for 1 mAh
cm~2 are exhibited in Fig. 4g, which shows that the symmetric cell with
Li foil displays the largest voltage overpotential of about 250 mV. Fur-
thermore, the voltage hysteresis starts to increase only after 50 h for Li
foil, accompanied by the random voltage vacillations, which can be at-
tributed to the formation of unstable SEI layer and severe Li dendrites in
the cell. When the Ni@CNF composite is used as the Li metal host, the
cell shows an improved performance with around 400 h of stable cycles
before failure. Remarkably, the Ni@PCNF-O@Li symmetric cell displays
a consistent overpotential of 17 mV and achieves ultra-long lifespan over
1200 h (300 cycles). The inset of Fig. 4g also clearly reveals that the volt-
age profiles of NI@PCNF-O@Li still integrally remain the shape with
regular and flat plateaus during 250 cycles, verifying the steady interfa-
cial property of Ni@PCNF-O composite due to the buffered 3D structure
and uniform plating/stripping behavior. To further demonstrate the su-
perior electrochemical stability of Ni@PCNF-O composite, comparisons
of the symmetric cell performance at higher current densities are ob-
tained. Under the circumstance that Li dendrites are more likely to form
by high-rate deposition, the Ni@PCNF-O@Li electrode can still present
a stable and lower voltage hysteresis even under 6 mA cm~2 (Figs. 4h
and S18), whereas higher overpotential and faster short-circuit can be
detected in the cases of both NI@CNF@Li and bare Li symmetric cells.
Therefore, the results of CE test and symmetric cells for Ni@PCNF-O
electrode, which precede many previous works of designed anode ma-
terials (Tables S1 and S2), reconfirm the important roles of tuning E-field
distribution from the whole electrode to interconnected nanofiber scales
in guiding Li metal deposition. Thus, greatly improved reversibility of
Li plating/stripping and structural stability upon long-term cycling can
be achieved for high-performance lithium metal batteries.

2.4. LiPS immobilization for Ni@PCNF-O composite

Benefiting from the mesoporous carbon skeleton with multiple ad-
sorptive sites, the Ni@PCNF-O composite is also employed as the ele-
mental sulfur host to effectively inhibit the shuttle effect. To verify the
improved interaction with LiPSs contributed by mesopores and polar
oxygen groups on the nanofiber surface, the visual adsorption results
are presented in Fig. 5a. Compared with that of Ni@CNF composite, the
Li,Sg solution with Ni@PCNF-O composite become colorless after soak-
ing for 12 h. Nevertheless, the color of Li,Sg solutions with Ni@PCNF
and Ni@CNF-O composites still remains slight yellow, suggesting the
superior affinity of Ni@PCNF-O composite toward LiPSs. The Li,S nu-
cleation measurements in Fig. S19 also indicate the efficient catalytic ac-
tivity of NI@PCNF-O composite in the accelerated conversion dynamics
from LiPSs to solid Li,S. Given the homogeneous dispersion of sulfur and
strong immobilization of Ni@PCNF-O, the incorporation of active sul-
fur has been achieved by dropping Li,Sg catholyte onto the Ni@PCNF-O
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composite to obtain Ni@PCNF-O@Li,S¢ electrode. Uniform nanoparti-
cles cover the surface of Ni@PCNF-O nanofibers according to the SEM
images (Fig. S20a and b). Furthermore, the uniform distribution of S
element signal in the EDS mapping confirms the successful diffusion of
Li,Sg into the electrode (Fig. S20c). For comparison, the S and carbon
black (CB@S) mixture is prepared as a control sample (Fig. S21). Fig. 5b
shows the typical cyclic voltammetry (CV) profiles of the Ni@PCNF-
O@Li,Sg¢ half-cell in the range of 1.7-2.8 V under various scan rates. Two
representative cathodic peaks (R; and R,) can be attributed to the reduc-
tion of Sg to higher-order Li, S, (4 < n < 8) and the further reduction of
the long-chain Li,S, to solid-state Li,S,, eventually to Li,S. The anodic
peak (0O,) is ascribed to the oxidation of Li,S/Li,S, to polysulfides and
then to sulfur. Correspondingly, the GCD curves of Ni@PCNF-O@Li,Sg
half-cell at various current densities are shown in Fig. 5c. All the curves
present distinct plateaus during the discharge/charge process, which is
consistent with the prior CV results as representative phenomenon for
Li-S batteries. Even at high current rates, the plateaus of GCD curves are
well maintained because of the efficient LiPSs immobilization. Fig. 5d
shows the rate capabilities of Ni@PCNF-O@Li,S,, Ni@CNF@Li,Sg and
CB@S half-cells. Among them, the Ni@PCNF-O@Li,S¢ half-cell exhibits
1611, 1270, 1119, 1001 and 888 mAh g~ at 0.1, 0.2, 0.5, 1.0 and 2.0
C, respectively. Meanwhile, a high discharge capacity of 1011 mAh g~!
is still maintained when the current density returns to 1.0 C, implying
the excellent structural integrity and chemical stability of the electrode
material. The superior capacity at high current densities compared with
Ni@CNF@Li,Sg and CB@S electrodes, is believed to be contributed to
the stronger physical/chemical absorptivity in the NI@PCNF-O@Li,Sg
electrode. The Ni@PCNF@Li,Sg and Ni@CNF-O@Li,Sg half-cells also
exhibit better rate capacities than that of NI@CNF@Li,Sg (Fig. S22),
indicating the enhanced immobilization of LiPSs from the chemical
adsorption of oxygenated groups and physical confinement of meso-
pores within the oxygen-functionalized porous carbon nanofiber ma-
trix. Simultaneously, the Ni@PCNF-O@Li,Sg half-cell delivers a high
initial capacity of 1206 mAh g~! at 0.2 C and still maintains 1080
mAh g1 with nearly 100% CE over 100 cycles (Fig. S23). The long
cycling stability is also investigated at 1.0 C (Fig. 5e). Remarkably, as
for Ni@PCNF-O@Li, S, half-cell, a high capacity of 951 mAh g~! and a
retention of 97.6% can still be retained after 300 cycles. In contrast, the
Ni@CNF@Li,Ss and CB@S half-cells demonstrate discharge capacities
of only 498 and 190 mAh g~! after 300 cycles with low retentions of
63.7% and 42.9%, respectively. The dramatic drop of capacity is also in-
tuitively shown in the discharge/charge curves (Fig. S24), where the sec-
ond discharge plateaus of Ni@CNF@Li,Sg become significantly shorter
after cycling. Nonetheless, the Ni@PCNF-O@Li,Sg half-cell still delivers
an initial discharge capacity of 820 mAh g~! and a high capacity reten-
tion of 81.8% after 500 cycles at 2.0 C due to the successful anchoring
of LiPSs through physical/chemical confinement (Fig. S25). This can be
also ascribed to the smaller internal resistance and charger transfer re-
sistance of Ni@PCNF-O@ Li,Sg half-cell over CB@S half-cell (Fig. S26).

To validate the potential of Ni@PCNF-O based Li-S cells for practi-
cal applications, the free-standing Ni@PCNF-O@Li,S, electrodes with
high-areal sulfur loading has been fabricated by dropping more Li,Sg
[46,47]. As shown in Fig. S27, the Ni@PCNF-O@Li,S, electrodes at
areal S loadings of 1.8 mg cm~2 and 4.0 mg cm~2 exhibit reversible areal
capacities of 2.4 mAh cm~2 and 4.9 mAh cm~2 at 0.1 C, respectively.
Even under a high current density of 1.0 C, the Ni@PCNF-O@Li, S cath-
odes with 1.8 mg cm~2 and 4.0 mg cm~2 of S can still achieve stable
cycling for 100 cycles with a high areal capacity of 1.6 mAh cm~2 and
3.2 mAh cm~2 respectively (Fig. 5f), which implies that the high-areal
sulfur loading cells of Ni@PCNF-O electrode can still realize high sulfur
utilization and excellent electrochemical performance.

2.5. Electrochemical performance of Li-S full batteries

Ultimately, the Ni@PCNF-O@Li,Ss cathode and Ni@PCNF-O@Li
anode are assembled as a Li-S full battery, which is denoted as
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Fig. 5. LiPSs immobilization of Ni@PCNF-O composite: (a) Digital photographs of different samples after static adsorption of Li,Ss. (b) CV curves under different
scanning rates, and (c) Voltage profiles at various current densities of Ni@PCNF-O@Li,S, half-cell. (d) Rate capabilities and (e) long-term cycling stability at 1.0 C
of different half-cells. (f) Cycling performance of the Ni@PCNF-O@Li,S4 half-cells with different sulfur loadings at 1.0 C.

Ni@PCNF-O@Li,Sg || Ni@PCNF-O@Li, to evaluate the electrochemical
performance (Fig. 6a). As shown in Fig. 6b, the Ni@PCNF-O@Li,Sg ||
Ni@PCNF-O@Li full battery with a low N/P of 2.0 presents the same
typical discharge/charge curves as the previously studied Ni@PCNF-
O@Li,S¢ half-cell, meaning that no other side reactions occur in the
whole reaction process. Motivated by the superiority of Ni@PCNF-O
composite membrane as flexible hosts for both S cathode and Li metal
anode, the Ni@PCNF-O@Li,S, || Ni@PCNF-O@Li full battery exhibits
higher capacities of 1616, 1372, 1184, 1042, 882 mAh g~! at 0.1, 0.2,
0.5, 1.0 and 2.0 C respectively, compared to the commercial CB@S ||
Li full battery (Fig. 6¢). The cyclability of these full batteries at a high
current density of 1.0 C is further tested for 300 cycles in Figs. 6d and
S28. The initial capacity of the Ni@PCNF-O@Li,Sg || Ni@PCNF-O@Li
full battery is 1011 mAh g~! and preserves a high capacity of 996 mAh
g~1 over 300 cycles (capacity retention of 98.5%) with a high CE of
nearly 100%, which is superior to most of the recently reported bifunc-
tional hosts for Li-S full batteries (Table S3). In comparison, the routine
CB@S || Li full battery initially exhibits the capacity of 454 mAh g1
but only retains 193 mAh g~! after 300 cycles, with a rapid capacity
decay rate of 0.14% per cycle which is much faster than that (0.005%)
of the Ni@PCNF-O@Li,S4 || Ni@PCNF-O@Li full battery. Remarkably,
the capacity retention (98.5%) can be similar to the Ni@PCNF-O@Li,Sg
half-cell which coupled with Li foil anode (97.6%), although the much
less pre-plated Li (3 mAh cm~2) than Li foil (x 100 mAh cm~2). More-
over, the Ni@PCNF-O@Li,S¢ || Ni@PCNF-O@Li full battery displays a
high discharge capacity of 752 mAh g~! over 500 cycles with nearly
100% Coulombic efficiency and capacity retention of 90.1% (Fig. S29),
indicating a high sulfur utilization and outstanding cyclic stability. At-
tributed to the highly flexible characteristic of Ni@PCNF-O electrode, a
home-made bendable Ni@PCNF-O@Li,S¢ || Ni@PCNF-O@Li pouch cell
has been attained and repeatedly discharged/charged at different bend-
ing angles for 50 cycles at 0.2 C (Fig. 6e and f), indicating its good me-
chanical flexibility and commercial potentials in wearable and portable
storage applications.

3. Conclusion

In summary, an oxygen functionalized three-dimensional meso-
porous carbon nanofiber framework with well-distributed nickel
nanoparticles (Ni@PCNF-0) has been rationally designed for dendrite-
free Li metal anode and LiPSs-anchored cathode, simultaneously. As the
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lithium host, COMSOL simulation and experimental results demonstrate
that the introduced oxygen groups and mesoporous structure can tune
the distribution of electric field and offer abundant nucleation sites for
Li. This would eliminate the “top-growth” mode and regulate the uni-
form dendrite-free Li deposition from the whole membrane electrode
to the interconnected nanofiber scales. As the sulfur host, LiPSs can
be physically/chemically anchored in the oxygen-functionalized porous
framework, markedly alleviating LiPSs shuttling and improving sulfur
utilization. Owing to these structural superiorities, the assembled Li-S
full batteries with a low N/P of 2.0 allow to deliver multi-scale uni-
form Li deposition, extraordinary rate performance (882 mAh g~! at
2.0 C) and prominent cycling lifespan (98.5% retention after 300 cy-
cles). Furthermore, the flexible Li-S batteries also possess good mechan-
ical integrity and electrochemical stability in different bending status.
This work not only provides a promising design to overcome challenges
from both anode and cathode in Li-S batteries, but also sheds light on the
electric field regulation on Li plating behaviors for safe and high-energy
Li metal electrochemistry.

4. Experimental section
4.1. Materials

Polyacrylonitrile (PAN) with molecule weight (M,,) of 150, 000 was
provided by Sigma-Aldrich, Inc. N,N-dimethyl formamide (DMF), zinc
acetate (Zn(CH3COO),) and nickel acetate (Ni(CH3;COO),) were re-
ceived from Sinopharm Chemical Reagent Co., Ltd.

4.2. Fabrication of Ni@PCNF-O composite membrane

The oxygen functionalized three-dimensional mesoporous carbon
nanofiber framework with well-distributed nickel nanoparticles was pre-
pared by the electrospinning method, carbonization and oxygen mi-
crowave plasma treatment. Typically, PAN (1.0 g), zinc acetate (0.1 g)
and nickel acetate (0.4 g) were added to 10 mL DMF solution and stirred
for 4 h. The resultant precursor solution was electrospun at a high volt-
age of 17.5 kV and a liquid pump rate of 1 mL h~!. Then, the sample was
peeled off from the collector and pre-sintered in air at 250°C for 2 h, fol-
lowed by carbonization at 900°C for 2 h in an argon (Ar) atmosphere to
obtain the self-standing membrane consisting of nickel nanoparticle em-
bedded mesoporous carbon nanofibers, which was named as Ni@PCNF.
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Fig. 6. Electrochemical performance of the flexible Li-S full batteries: (a) Scheme of the Li-S full battery with Ni@PCNF-O@Li,Sg as cathode and Ni@PCNF-O@Li
as anode. (b) Voltage profiles at various current densities of Ni@PCNF-O@Li, S, || NI@PCNF-O@Li full battery. (c) Rate capabilities and (d) cycling performance of
Ni@PCNF-O@Li,S, || Ni@PCNF-O@Li and CB@S || Li full batteries. (e) Cycling performance at 0.2 C and (f) illuminating tests of NN@PCNF-O@Li,S, || Ni@PCNF-

O@Li flexible pouch cell in various folded states.

The Ni@PCNF-O framework was yielded by treating Ni@PCNF under
oxygen microwave plasma at a power of 160 W with 200 s. For compar-
ison, Ni@CNF composite was also fabricated based on the above steps
without the addition of Zn(CH3COO), and Ni@CNF-O composite was
obtained by treating Ni@CNF under O, plasma.

4.3. Physical characterization

Morphology of all the samples was observed with field-emission
scanning electron microscope (FESEM, JSM 7500F) and field-emission
transmission electron microscope (FETEM, Talos F200S). The crystalline
phase was measured by X-ray diffraction (XRD, X’Pert PRO X-ray diffrac-
tometer, Cu K, radiation). The surface characteristics were investigated
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB
250Xi equipped with Al Ka X-ray source). The surface area was deter-
mined by using nitrogen adsorption/desorption collected with a Quan-
tachrome Autosorb-iQ/MP®XR system. The thermogravimetric analy-
sis (TGA) was carried out on a NETZSCH TG209F1 Libra device. In-situ
optical microscopies were carried out to visualize Li plating behavior
within Ni@PCNF-O, Ni@CNF and Cu substrates at 4 mA cm~2 by adopt-
ing a special polytetrafluoroethylene cell device and a microscope cam-
era (Belona, 200X-800X). The applied current density was set by using
electrochemical working station.

Li,S¢ adsorption tests: The 5 mM Li,Sg solution was prepared by
mixing Li,S and S at a molar ratio of 1:5 in 1,3-dioxolane/1,2-
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dimethoxyethane (DOL/DME) (1:1 in volume) solvent followed by
continuous stirring in glove box. Ni@PCNF-O, Ni@CNF-O, Ni@PCNF,
Ni@CNF, and CNF membranes were added to 3 mL of Li,Sg solutions
respectively, with the pure Li,S¢ solution as blank sample. Digital pho-
tos were taken after soaking for 12 h.

4.4. Electrochemical measurement

Lithium metal anode tests: The electrochemical performances of all
samples were conducted using the CR2025 coin cells. The self-standing
membranes of Ni@PCNF-O, Ni@PCNF, Ni@CNF-O, Ni@CNF compos-
ites were cut into round disks with a diameter of 16 mm, and employed
as electrode materials while Celgard 2500 membrane was used as the
separator and 1 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI)
in DOL/DME (1:1 in volume) containing 2 wt% lithium nitrate (LiNO3)
was adopted as electrolyte. For the Coulombic efficiency measurement,
half-cells were assembled using Li foil as the counter electrode. For the
symmetric cell test, the Ni@PCNF-O electrodes with pre-plating 3 mAh
cm~2 of Li were used as both electrodes to replace Li foil. The thickness
of electrode materials was fixed at about 100 ym and 40 uL electrolyte
was added to each battery. Commercial planar Cu foil and Ni@CNF elec-
trode were also measured together with Ni@PCNF-O electrode for com-
parison. All the cells were operated via galvanostatic charge/discharge
(GCD) at 0.5 mA cm~2 between 0.01 and 1 V for the initial three cycles
to stabilize the SEI films and eliminate impurities in the cells.
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Sulfur cathode tests: All the electrochemical tests were performed with
CR2025 coin cells with the sulfur cathodes and lithium foils separated
by Celgard 2500 separator. 1 M LiTFSI in a mixture of DOL and DME
(1:1 in volume) with 2 wt% LiNO;3 was used as the blank electrolyte.
The polysulfide catholyte with 2.0 M Li,S, was prepared by stirring
stoichiometric sulfur and lithium sulfide (Li,S) in the blank electrolyte
for 24 h. Then, different volume of polysulfide solution was dropped
onto the circular Ni@PCNF-O electrode with a diameter of 12 mm in
an Ar-filled glove box to obtain the Ni@PCNF-O@Li,Sg cathode. The
electrolyte/sulfur ratio was fixed at 14 uL mg~!. The GCD tests were
conducted by using a LAND CT2001A battery testing system at different
current densities within a voltage window of 1.7-2.8 V. The active Li,Sq
was converted to sulfur after the initial few cycles and all the capacity
values were calculated according to the weight of sulfur in the cath-
odes. The cyclic voltametric (CV) tests were carried out with an Arbin
BT2000 system and electrochemical impedance spectroscopy (EIS) was
measured by using a CHI660C electrochemistry workstation over the
frequency range from 0.1 to 10° Hz.

Full Li-S batteries tests: Full Li-S batteries were assembled with
Ni@PCNF-O@Li as the lithium anode and Ni@PCNF-O@Li,Ss as
the sulfur cathode. Ni@PCNF-O@Li anodes were prepared by pre-
depositing 3 mAh cm~2 of Li metal onto Ni@PCNF-O electrodes at 0.5
mA cm~2, The sulfur cathodes and electrolyte were similar to that in
the half-cells. The average sulfur mass of cathode used in this work was
controlled around 0.9 mg cm~2, and the negative to positive electrode
capacity ratio (N/P) was about 2.0. The GCD tests were performed by
using a LAND CT2001A battery testing system with the cut-off voltages
of 1.7-2.8 V at room temperature.

4.5. Numerical simulation

The finite element analysis simulations of the electric field and Li-
ion flux distribution within two different models were performed by
COMSOL Multiphysics. The first was a simplified 3D model of randomly
arranged Ni@CNF and Ni@CNF-O fibers, where the fibers of each layer
with an alternating direction were stacked horizontally on the X-Y plane,
and the spacing on the Z-axis of neighboring layer was fixed. The second
model simulated the porous structure on a single fiber after simplified
and unified processing. In the above two simulations, the initial elec-
trolyte concentration (Cy) was set as 500 mol m~3 (0.5 mol L) and
the Li* diffusion coefficient was set to 1.5x10710 m2 s~1,
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