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ABSTRACT

Lithium (Li) metal batteries (LMBs) can potentially deliver much higher energy density but remain plagued by uncontrollable Li
plating with dendrite growth, unstable interfaces, and highly abundant excess Li (> 50 mAh-cm2). Herein, different from the
artificial layer or three-dimensional (3D) matrix host constructions, various dielectric polymers are initially well-comprehensively
investigated from experimental characterizations to theoretical simulation to evaluate their functions in modulating Li ion
distribution. As a proof of concept, a 3D interwoven high dielectric functional polymer (HDFP) nanofiber network with polar C-F
dipole moments electrospun on copper (Cu) foil is designed, realizing uniform and controllable Li deposition capacity up to
5.0 mAh-cm, thereby enabling stable Li plating/stripping cycling over 1400 h at 1.0 mA-cm™. More importantly, under the high-
cathode loading (~ 3.1 mAh-cm™) and only 0.6 x excess Li (N/P ratio of 1.6), the full cells retain capacity retention of 97.4% after
200 cycles at 3.36 mA-cm™ and achieve high energy density (297.7 Wh-kg™ at cell-level) under lean electrolyte conditions
(15 pL), much better than ever-reported literatures. Our work provides a new direction for designing high dielectric polymer

coating toward high-retention-rate practical Li full batteries.
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1 Introduction

Lithium metal batteries (LMBs) arouse great attention as the next-
generation energy storage system because the lithium metal
anode (LMA) possesses ultrahigh theoretical specific capacity
(3860 mAh-g) and the lowest electrochemical potential (-3.04 V
vs. standard hydrogen electrode) [1-8]. However, LMAs
suffer from Li dendrites growth, unstable solid electrolyte
interphase (SEI), and colossal volume expansion during cycling,
leading to continuous consumption of the limited electrolyte, low
Coulombic efficiency (CE), and depressed capacity fading [9-13].
More severely, the cycling lifespans usually become much
shortened under low N/P ratio (< 3) without using excessive Li
(<10 mAh-cm?) [14].

To address these thorny issues, tremendous efforts have been
made from SEI layer construction by artificial designs [15-21] or
electrolyte additive engineering [22,23] to host/current collector
fabrication and modification [12,24-27], extending the lifespan.
However, most three-dimensional/two-dimensional (3D/2D)

current collectors have high electrical conductivity, which
inevitably leads to random Li aggregation on the top surfaces or in
the edge due to the concentrated electric field [24]. Modifying the
surface with ion-conductive materials seems promising to
modulate the lithium behaviors to inhibit dendrite growth
[27-35], especially using the ion-conductive but electronic-
insulating materials [21]. Thanks to the unique properties of
polymers, various organic dielectric films/hosts, such as polyimide
(PI) [36], poly(dimethylsiloxane) (PDMS) [37], and p-
polyvinylidene fluoride (B-PVDEF) [38, 39], have been used in the
LMBs and anode-free Li batteries, so as to exhibit the capability in
bearing focused stress when forming dendrites. Nevertheless,
tedious treatments, special nanochannel, and nonporous nature
are needed to provide more pores to facilitate ion diffusion
[36-38]. As pointed out by Lopez and others [40,41], the
dielectric constants of polymers can be regarded as the descriptors
to evaluate their protective effect on metallic Li. However, a clear
understanding of how the dielectric constants of these polymer
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coatings control the deposition of Li and affect the performance of
full cells has not yet been systematically investigated. In reality,
there is a “trade-off” between the dielectric constant and the
plating morphology [41]. For example, when the dielectric
constant of polymers or their derives is too high (e.g., > 15), the
transport of Li* might be suppressed from the electrode/electrolyte
interface to Li electrode [41,42]. The dielectric constant of a
polymer is closely associated with the polar groups [43]. Thus,
designing polymers with suitable groups on conductive copper
(Cu) planar is the key to providing massive deposition sites and
adapting large volumetric changes for achieving high-performance
practical LMAs.

Herein, for the first time, various dielectric polymers employed
with C=0, C=N, and C-F polar groups on modulating Li
behaviors are systematically investigated on the Cu surface. Briefly,
three representative polymer nanofiber layers (e.g., low dielectric
functional polymer (LDFP), medium dielectric functional polymer
(MDFP), and high dielectric functional polymer (HDFP)) with
C=0, C=N, or C-F polar groups are selected as SEI layers on bare-
copper (b-Cu) via electrospinning method, respectively.
Interestingly, in comparison to the instability of the LDFP
nanofiber employed with C=O groups when reaching the
electrolyte, the MDFP and HDFP nanofibers maintain their
original porous structures, homogenizing and regulating the Li-
ion distribution and transport. The interwoven nanofibers not
only expose massive C=N/C-F deposition sites on the electrolyte,
but also offer porous structures to accommodate large volumetric
changes during the Li plating/stripping processes, so as to achieve
dense and smooth LMAs. As comprehensively understood and
compared by experimental results and theoretical calculations, the
electroactive C-F groups will also react with Li* to generate a
robust LiF-rich SEI layer on b-Cu foil, further increasing the
dielectric constant, guiding uniform Li nucleation at the molecular
level, and obtaining smooth Li deposition. Consequently, the b-Cu-
HDFP/Li electrode cell can last for 1400 h and exhibit an average
CE above 98.7% at 1 mA-cm™. More importantly, with an ultralow
0.6 x excess Li (N/P ratio of 1.6), the assembled b-Cu-
HDFP/Li|[NCM523 full cell with the loading of 18.69 mg-cm™
delivers a high capacity of 149.7 mAh-g", corresponding to the
areal capacity of 2.8 mAh-cm™ at 1.0 C (3.36 mA-cm™), and it
manifests a 97% capacity retention after 200 cycles. Further, under
harsh lean-electrolyte conditions (15 L), the coupled full cell also
shows a high-capacity retention of 90% after 100 cycles at 1.0 C.
This work opens an innovative strategy of modulating the surface
chemical groups with suitable dielectric constants to develop
practical high-performance LMBs.

2 Results and discussion

Polymethyl methacrylate (PMMA), polyacrylonitrile (PAN), and
PVDF are selected as the LDFP, MDFP, and HDFP demo with
non-polar C=0, weak-polar C=N, and strong-polar C-F groups,
as shown in Fig. 1(a). Because of the employment of the C=0,
C=N, and C-F, the HDFP has the highest dielectric constant of
9.73 (@100 Hz) compared with MDFP (4.24@100 Hz) and LDFP
(3.06@100 Hz) (Fig. 1(b)), indicating the strongest polarity of C-F
in HDFP than C=N in MDFP and C=0 in LDFP. Although the
representative polymers have different dielectric constants, all
polymers are highly electrically insulating as the conductivity and
dielectric loss are very low (Fig.S1 in the Electronic
Supplementary ~ Material ~ (ESM)). X-ray  photoelectron
spectroscopy  (XPS) analysis suggests different surface
characteristics of LDFP, MDFP, and HDFP (Fig. 1(c)), including
the existence of F 2s, F 1s, F KL1, F KL2, N 1s, and O 1s peaks.

The C 1s spectrum of LDFP with three peaks at 284.8, 286.3, and

2884 eV, assigned to C-C/C-H, C-O, and O-C=O bonds,
respectively (Fig. 1(d)). In MDFP, deconvolution of C 1s peaks at
284.8 and 285.6 eV corresponds to C-C/C-H and C-N bonds,
respectively (Fig. 1(e)) [44]. The C 1s peak for HDFP indicates the
presence of -CH-, -CH,-, and —CF,~ with binding energies of
2864, 287.1, and 291.5 eV, respectively (Fig. 1(f)) [45]. These
results show large difference between LDFP, MDFP, and HDFP.
The O 1s for LDFP, N 1s for MDFP, and F 1s for HDFP further
prove their difference (Fig. S2 in the ESM).

Adsorption energies of b-Cu, LDFP, MDFP, and HDFP with Li
were calculated by density functional theory (DFT) to investigate
their affinity with Li. As suggested in Fig. 1(g), with the decoration
of dielectric polymer, the capability of adsorbing Li atom becomes
stronger. However, the HDFP shows the most negative adsorption
energy of —144 eV toward Li* when compared with MDFP
(-1.09 eV), LDFP (-0.66 eV), and b-Cu (-0.6 V), indicating the
highest lithiophilic property of the HDFP, which can provide
more C-F sites to adsorb Li atoms due to the strong electron-
withdrawing property of the F atom, further facilitating the
uniform Li nucleation at the molecular level. The corresponding
adsorption structures are shown in Fig. S3 in the ESM. Moreover,
the differential charge transfer between Li and functional groups
was also performed to further explore the Li affinity of b-Cu,
LDFP, MDFP, and HDFP (inset in Fig. 1(g)). The electrons are
distributed layer by layer on the b-Cu surface, indicating there is
no interaction between Li and Cu. And the electrons of LDFP and
MDEFP are mainly localized at the Li atoms position accompanied
by weak charge transfer around the O and N atoms, suggesting a
weak interaction between LDFP/MDFP and Li. In contrast, the
electrons of HDFP are highly localized near the binding sites,
demonstrating that the F atom can adjust the electron density and
bond with Li atom. All these results validate our hypothesis and
provide a promising design principle to introduce a dielectric
nanofiber layer for regulating Li deposition.

The b-Cu with HDFP, MDFP, and LDFP electrodes were
prepared by electrospinning, respectively (Fig. 2(a)) (see details in
the ESM). The optical and scanning electron microscopy (SEM)
images of b-Cu are exhibited in Fig. S4 in the ESM. The color of b-
Cu turns from bright yellow (Fig.S4(a) in the ESM) to well-
proportioned and coherent in white after interweaving dielectric
polymer, as shown in Figs. S5-S7 in the ESM. And the fabrication
scale can be enlarged as desired as A4 paper (> 600 cm’),
indicating a good potential for practical application. Besides, the
SEM images show the polymer nanofibers are distributed
uniformly on the surface of Cu foil (Figs. 2(b), 2(d), and 2(f), and
Figs. S5(b), S6(b), S7(c), and S7(d) in the ESM). The thickness of
the HDFP nanofiber layer is 15 um (Fig. S7(b) in the ESM), and
the layer loading is only 0.2 mg-cm™, which helps enhance the
energy density of LMBs. And the thicknesses of the LDFP and
MDEP are also controlled to 15 pm by controlling spinning time.
Compared with the b-Cu (Fig. S4(b) in the ESM), the b-Cu-
polymers (Figs. 2(b), 2(d), and 2(f)) show smooth surfaces with
non-polar C=0 (LDFP), weak-polar C=EN (MDFP), and strong-
polar C-F (HDFP) group nanofibers, which are favorable for
electrochemical deposition processes.

Transmission electron microscopy (TEM) images clearly
demonstrate diameters of LDFP, MDFP, and HDFP nanofibers
are about 1.2 um (Fig. 2(c)), 160 nm (Fig. 2(e)), and 360 nm (Fig.
2(g)), respectively. Moreover, the energy-dispersive X-ray (EDX)
mapping images further confirm the uniform distribution of C
and O elements in LDFP (Fig. 2(c)), C and N elements in MDFP
(Fig. 2(e)), and C and F elements in HDFP nanofibers (Fig. 2(g)),
respectively. Fourier transform infrared (FT-IR) spectroscopy was
further used to confirm the existence of different functional
groups from non-polar C=0 to weak-polar C-N then to strong-
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Figure1 Properties of the LDFP, MDFP, and HDFP. (a) Chemical and molecular structures of the LDFP, MDFP, and HDFP. (b) Dielectric constants of the LDFP,
MDEFP, and HDFP vs. frequency. (c) XPS survey scan spectra of LDFP, MDFP, and HDFP. C 1s XPS spectra of (d) LDFP, (¢) MDFP, and (f) HDFP. (g) The
adsorption energies of b-Cu, b-Cu-LDFP, b-Cu-MDFP, and b-Cu-HDEFP after coupled with Li atom. The insets in (g) are the corresponding 2D charge density

differences of b-Cu, LDFP, MDFP, and HDFP after adsorbing one Li atom.

polar C-F groups (Fig.2(h)). The HDFP demonstrates a
dominant portion of the B-phase crystalline structure as the strong
B-phase characteristic peaks appear at 510, 840, 1072, 1276, and
1431 cm™ (Fig. 2(h)) [38, 39]. The B-phase has higher polarity and
higher dielectric constant in comparison with the a- and y-phase
because the fluorine and hydrogen atoms in B-phase locate on
opposite sides of the polymer backbone while a- and y-phases
have them in antiparallel dipole structure [39]. This B-phase
HDFP nanofiber layer with highly oriented C-F groups has a
good affinity with Li* and further enhances Li* transportation.

In order to investigate the Li deposition behavior on the
nanofiber layers, CR-2032-coin cells were assembled using Li
anodes coupled with b-Cu, b-Cu-LDFP, b-Cu-MDFP, and b-Cu-
HDFP as working electrodes to deposit different amounts of Li,
respectively. 1 M lithium bis(trifluoromethanesulfonyl)imide
(LiTESI) in 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME)
with 2 wt.% LINO; was used as the electrolyte. Before assembling,
10 pL electrolyte was dropped on the surfaces of b-Cu-LDFP, b-
Cu-MDFP, and b-Cu-HDFP electrodes to verify the polymer
stability in this electrolyte and further analyzed by SEM, as shown
in Fig.S8 in the ESM. After soaking, the LDFP nanofiber
disappeared and formed a dense film on the b-Cu surface (Fig.
S8(a) in the ESM). The MDFP and HDFP nanofibers structures
maintained their original designs (Figs. S8(b) and S8(c) in the
ESM), suggesting that the medium-dielectric and high-dielectric

nanofibers are more suitable to regulate Li-ion transport and guide
Li deposition. Figure 3(a) shows the galvanostatic nucleation
overpotential voltage profiles of asymmetric b-Cul|Li, b-Cu-
LDFP||Li, b-Cu-MDFP||Li, and b-Cu-HDFP||Li at a fixed current
density of 1.0 mA-cm™ with a fixed plating capacity of 5.0
mAh-cm™. Clearly, the b-Cu-HDEFP presents the lowest nucleation
onset potential (~ 36.6 mV) in comparison with the b-Cu (~ 243.3
mV), b-Cu-LDFP (~ 91.8 mV), and b-Cu-MDFP (~ 77.5 mV)
(Fig. 3(b)), indicating the high lithiophilic property of HDFP
nanofiber layer accompanied with a smaller charge transfer
resistance. Consistent with the calculated binding energies shown
in Fig. 1(g), HDFP is seen to have the lowest nucleation
overpotential. Based on these experimental and theoretical results,
it is believed that the HDFP nanofiber layer is a suitable material
for regulating Li deposition.

Ex-situ SEM and COMSOL Multiphysics theoretical
simulations (see details in Table S2 in the ESM) were further used
to observe the deposited Li morphology of these four samples. The
b-Cu with a low fixed capacity of Li (b-Cu/Li) presents a
cobblestone-like  structure  firstly and  further  forms
conglomeration with the increasing Li plating capacity (Fig. 3(c)
and Fig. S9 in the ESM). However, the b-Cu/Li shows numerous
grain boundaries and nonuniform Li blocks with loose structure
(Fig. S9 in the ESM). More seriously, when Li plating capacity up
to 5 mAh-cm™, some dendritic Li appears on the surface (Fig. S9(f)
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Figure2 Preparation and characterization of the b-Cu-LDFP/MDFP/HDEFP electrodes. (a) Schematic preparation of the b-Cu-LDFP/MDFP/HDEP electrodes. SEM,
TEM, and EDX mapping images of the (b) and (c) LDFP, (d) and (e) MDFP, and (f) and (g) HDFP, respectively. (h) FT-IR spectra of the LDFP, MDFP, and HDFP.

in the ESM) in the outmost position (Fig. S10 in the ESM) due to
the “tip effect” and nonuniform Li* distribution (Fig. 3(c)). When
the LDFP nanofiber layer was introduced, the fiber structure
disappeared because of the strong polar property of the liquid
ether electrolyte and formed a dense LDFP film, thus some
spherical Li particles were observed with a low fixed capacity of Li
(from 0.1 to 1.0 mAh-cm™), as shown in Fig. 3(d) and Fig. S11 in
the ESM. And the average intensity of the electric field with the
LDFP interlayer (left part of Fig. 3(d)) was lower than b-Cu in the
COMSOL simulation (left part of Fig. 3(c)). The b-Cu-LDFP with
an uneven surface without Li blocks when plating 5.0 mAh-cm™
(Fig. 3(d)), suggesting that the LDFP film can also guide Li
deposition.

When the MDFP fiber layer was introduced, Li could easily be
deposited on the MDEFP fibers at a low capacity of 0.1 mAh-cm™
and became denser when Li plating capacity increased (Figs.
S12(a)-S12(d) in the ESM). From 1.0 to 5.0 mAh-cm?, some Li
protruded from the MDEFP fiber surface without obvious grain
boundaries and non-uniform Li blocks (Figs. S12(c) and S12(d) in
the ESM) when compared with b-Cu/Li (Figs. S9 and S10 in the
ESM). However, some thorn-like projections appear on the b-Cu-
MDFP/Li surface with a high capacity of 5.0 mAh-cm? as shown
in Fig. 3(e) and Fig. S12(f) in the ESM, which is attributed to the
relative weak binding energy between MDFP and Li* (Fig. 1(g)).
And the average intensity of the electric field with the MDFP
interlayer (left part of Fig. 3(e)) is higher than the LDFP (left part
of Fig. 3(d)) due to the relatively high dielectric constant of MDFP.
In stark contrast, uniform particles are observed on the HDFP
fibers surface at the early stage (0.1 mAh-cm™, Fig. S13(b) in the
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ESM) when compared with pure HDFP fibers (Fig. S13(a) in the
ESM). After deposition for 0.5 h, Li was homogenously plated on
the surface of b-Cu-HDFP (Fig. 3(f)). With more Li plating (from
0.5 to 5.0 mAh-cm™), Li was fused together and coated the entire
surface of b-Cu-HDFP without any dendritic Li (Fig. 3(f) and Figs.
S13(d)-S13(f) in the ESM). Notably, flat and dense Li with
homogenous smooth surface (Fig. 3(f)) was achieved by using the
HDEP fiber layer. Further, to reveal the lithiophilic property of the
HDFP fiber layer, we used the b-Cu and b-Cu-h-HDFP (half of
the HDFP fiber coating on the b-Cu) as the work electrodes to
deposit Li in Li||Cu cells at 1 mA-cm? and 2 mAhcm?
respectively. The schematic illustration of these collectors and
corresponding voltage profiles of Li plating are shown in Figs.
S14(a)-S14(c) in the ESM. Interestingly, comparing the Li plating
curves of the b-Cu, b-Cu-h-HDFP, and b-Cu-HDFP at
1 mA.cm? the b-Cu-HDFP shows the lowest nucleation
overpotential (Fig. S14(d) in the ESM). And a uniform Li was
preferentially deposited on the b-Cu-h-HDFP rather than the b-
Cu due to the strong affinity between F atoms in HDFP and Li,
suggesting that the HDFP nanofibers can supply plenty of
lithiophilic sites to guide Li nucleation and growth (Figs. S14(e)
and S14(f) in the ESM). And the average intensity of the electric
field with the HDFP interlayer (left part of Fig. 3(f)) is the highest
when compared with LDFP (left part of Fig. 3(d)) and MDEP (left
part of Fig. 3(e)) layers but is still lower than the b-Cu (left part of
Fig. 3(c)). These results clearly reveal that the HDFP fiber layer
can redistribute the access of Li* and is suitable for preparing
dendrite-free Li anodes.

Based on these results and understanding, we propose the
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Figure3 Battery performance with b-Cu, b-Cu-LDFP, b-Cu-MDFP, and b-Cu-HDFP electrodes. (a) and (b) Voltage profiles of the b-Cu]|Li, b-Cu-LDFP||Li, b-Cu-
MDFP||Li, and b-Cu-HDFP|[Li cells at 1 mA-cm™ COMSOL simulation, SEM images, and schematic mechanism of Li deposition models on (c) b-Cu, (d) b-Cu-

LDFP, (e) b-Cu-MDEFP, and (f) b-Cu-HDFP surfaces.

possible Li deposition models on the b-Cu and b-Cu-
LDFP/MDFP/HDFP nanofiber layers (right half parts of Figs.
3(c)-3(f)). On the b-Cu surface, due to the “tip effect” caused by
the defects on Cu foils, a high local electrical field is generated on
the micro-bulges, leading to nonuniform Li* flux distribution and
deposition (right half of Fig. 3(c)). Moreover, with the continuous
consumption of Li* near the bulged surfaces, the Li tends to
deposit with a dendritic structure at a high deposited capacity.
Introducing the LDFP nanofiber layer, the ion-transport channel
was blocked because the LDFP fibers were dissolved and formed a
dense film. Thus, the Li* is challenging to transport through the
LDFP film. The possible deposition model is shown in the right
half of Fig. 3(d). However, introducing the MDFP nanofiber layer
provides a relatively weak dipole to interact with Li’, further
guiding Li deposition along the MDFP nanofiber surface (right
half of Fig. 3(e)). On the contrary, HDFP layer offers strong
dipoles along its nanofibers, providing enough deposition sites
and enabling Li* flux through the HDFP nanofiber layer (right half

of Fig. 3(f)). Moreover, the high lithiophilic property of HDFP
nanofiber layer alleviates the irregularity of local Li* concentrations
on the b-Cu-HDFP surface via spreading out Li* pathways along
the polar HDFP fibers, resulting in lower nucleation overpotential
and uniform Li deposition. These results imply that the thin
HDFP nanofiber layer is the key to inducing dendrite-free Li
deposition owing to its highest dielectric constant and relatively
uniform distribution of both Li* flux and electronic field, which
will significantly improve the electrochemical performance of the
b-Cu-HDFP/Li anodes in the full LMBs.

XPS was further applied to investigate the chemical
composition of the deposited surface of the b-Cu/Li, b-Cu-
MDFP/Li, and b-Cu-HDFP/Li (Fig.S15 in the ESM). The
deconvolution of the Li 1s of b-Cu/Li shows three peaks at 52.9,
54.5, and 55.7 eV, which can be assigned to interstitial Li (Li
defects), Li/LiOH, and Li,O species, respectively (Fig. S15(a) in the
ESM) [46]. In the C 1s spectrum, only one peak of C-C specie
originates from the decomposition of the electrolyte. And a weak



signal of N 1s can also be observed. The C 1s peak for b-Cu-
MDEFP/Li shows the presence of C-C and C-N with binding
energies of 284.8 and 286.2 eV, respectively (Fig. S15(b) in the
ESM). But the Li 1s peaks at 56.2 and 57.2 eV correspond to LiF
and Li-N species [47], indicating the weak couple interaction
between MDFP and Li*, which is in agreement with the DFT
calculation result (Fig. 1(g)). And the signal of N 1s is strong due
to the high N content ratio in the MDFP. In comparison, the C 1s
peaks of the b-Cu-HDFP/Li assigned to C-C, C-F, -CH,-CF,-,
and CF; at 284.8, 286, 290.5, and 293.2 eV generated from the
HDEP fiber [1], respectively (Fig. S15(c) in the ESM). Similar to
the b-Cu/Li, the N 1s signal of b-Cu-HDFP/Li is also weak
because there is no N-containing in the b-Cu and b-Cu-HDFP. In
addition, the Li 1s spectrum shows three peaks at 55.2, 56.2, and
59.0 eV, corresponding to Li/LiOH, LiF, and Li-C species,
respectively. The formation of high content ratio LiF indicates the
chemical couple reaction between F atoms in HDFP with Li* in
the liquid electrolyte, consistent with the simulated DFT
prediction (Fig. 1(g)). The formed LiF can effectively protect the b-
Cu-HDFP/Li anode, reducing undesirable side reactions and
improving Li* diffusion through the b-Cu-HDFP/Li-LiF
interphase.

Considering Li reversibility is the most crucial parameter for
practical LMBs to reflect the sustainability and efficiency of the
LMAs, continuous Li plating/stripping experiments were carried
out in the b-Cul|Li, b-Cu-LDFP||Li, b-Cu-MDFP||Li, and b-Cu-
HDFP||Li cells. The electrochemical impedance spectroscopy
(EIS) plots (Fig.4(a)) demonstrate that the b-Cu-HDFP|[Li

exhibits the smallest charge-transfer resistance when compared
with the b-Cul|Li, b-Cu-LDFP||Li, and b-Cu-HDFP|[Li cells,
indicating the correlation between the HDFP fiber layer and Li
deposition kinetics. Furthermore, the HDFP nanofiber layer
homogenizes the local electric field because of its high lithiophilic
and high-dielectric nature, which accelerates Li* flux
transportation and reduces the nucleation potential. As shown in
Figs. S8(a)-S8(c) in the ESM, the LDFP nanofibers were dissolved
by the electrolyte (LiTFSI, DOL/DME + LiNO;) and formed
dense LDFP film without enough nanopores to transport Li ions,
thus the charge-transfer resistance of b-Cu-LDFP||Li cell is only
slightly larger than the b-Cul|Li cell.

CE is usually used to evaluate the practicality and sustainability
of the LMAs, which is defined as the ratio of stripped capacity to
plated capacity in the Cul|Li half cell. The results are plotted as CE
versus cycle number of cells at 1 mA-cm™ with the plating capacity
of 1 mAh-cm?, as illustrated in Fig. 4(b). Specially, the b-Cu-
HDFP||Li cell exhibits stable CE of 98.7% over 230 cycles,
however, the b-Cu||Li, b-Cu-LDFP||Li, and b-Cu-MDFP||Li cells
exhibit CEs of 89.5%, 82.5%, and 94.4% after 89, 120, and
170 cycles, respectively (Fig. S16 in the ESM). These results fully
indicate the b-Cu with HDFP nanofiber coating can greatly
improve the CEs and extend the cycling life of half cells when
compared with LDFP and MDFP nanofiber coating, which can be
assigned to high adsorption energy between C-F groups in HDFP
with Li* in electrolyte.

Reversible Li plating and stripping were further evaluated in
symmetric cells. First, 5 mAh-cm™ Li was deposited on b-Cu, b-Cu-
LDFP, b-Cu-MDFP, and b-Cu-HDFP electrodes to obtain the b-
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Cu/Li, b-Cu-LDFP/Li, b-Cu-MDFP/Li, and b-Cu-HDFP/Li
anodes, respectively. Then b-Cu/Li||b-Cu/Li, b-Cu-LDFP/Li||b-Cu-
LDFP/Li, b-Cu-MDFP/Li||b-Cu-MDFP/Li, and b-Cu-HDFP/Li|[b-
Cu-HDFP/Li cells were assembled to test long-term cycling at
1 mA-cm™ and 1 mAh-cm? respectively. The b-Cu-HDFP/Li||b-
Cu-HDFP/Li displays steady cyclability over 1400 h with a small
overpotential of 15 mV (Fig. 4(c)). By contrast, the b-Cu/Li|[b-
Cu/Li, b-Cu-LDFP/Li[b-Cu-LDFP/Li, and b-Cu-MDFP/Lil[b-Cu-
MDFP/Li cells show an overpotential over 100 mV after 10, 210,
and 450 h, respectively. The b-Cu-HDFP/Li||b-Cu-HDFP/Li cell
possesses the lowest hysteresis voltage due to the lithiophilic
HDFP nanofiber layer with fast Li* flux transportation and b-Cu-
HDFP/Li-LiF interphase. After cycling, b-Cu/Li shows obvious
wire-shaped Li dendrites (Fig. 4(d)), whereas b-Cu-LDFP/Li and b-
Cu-MDFP/Li exhibit an uneven and loose surface without
dendrites, respectively, as shown in Figs. 4(e) and 4(f). On the
contrary, b-Cu-HDFP/Li displays a very flat and dense surface
(Fig.4(g)), indicating the stable interphase and excellent
reproducibility during cycling. Therefore, it can be concluded that
this HDFP nanofiber layer can effectively regulate the Li
deposition behavior, homogenize the electric field, and stabilize
the Li anodes interphase.

The electrochemical performance of b-Cu/Li, b-Cu-HDFP/Li, b-
Cu-MDFP/Li, and b-Cu-HDFP/Li anodes were further evaluated
in coin-full cells paired with high-loading LiNi,;Co,,Mn,;0,
(NCM523) (3.2 mAh-cm?, Fig. S17 in the ESM) cathodes at a low
N/P ratio of 16. Before cycling, EIS curves of the b-
Cu/Li|[NCM523, b-Cu-HDFP/Li|[NCM523, b-Cu-MDFP/Li||
NCM523, and b-Cu-HDFP/Li|[NCM523 full cells were tested (Fig.
S18 in the ESM). Obviously, the b-Cu-HDFP/Li|[NCM523
displays the smallest internal and transfer-charge resistance when
compared with the b-Cu/Li|[NCM523, b-Cu-LDFP/Li|[NCM523,
and b-Cu-MDFP/Li|[NCM523 full cells (Fig.S18 in the ESM),
indicating the fast Li* transportation through the b-Cu-HDFP/Li-
LiF interphase and high affinity of b-Cu-HDFP/Li anode with the
liquid carbonate electrolyte.

The assembled b-Cu/Li|[NCM523, b-Cu-LDFP/Li|[NCM523, b-
Cu-MDFP/Li|[NCM523, and b-Cu-HDFP/Li|[NCM523 full cells
were cycled from 3.0 to 4.3 V with initial four activation cycles at
0.1/0.1, 0.5/0.1, 0.5/0.2, and 0.5/0.5 C, respectively (Fig. S19 in the
ESM). The b-Cu/Li||[NCM523 full cell exhibits fast capacity fading
(Fig. 5(a)) and low capacity retention (28.7% after 50 cycles) at
1.0 C (3.36 mA-cm™), which is mainly attributed to the side
reaction between b-Cu/Li and carbonate electrolyte. The
corresponding voltage profiles from the 1* and 200" cycles are
shown in Fig. S20(a) in the ESM. Whereas the b-Cu-
LDFP/Li|[NCM523 and b-Cu-MDFP/Li|[NCM523 full cells
deliver a relatively higher capacity retention (68.7% and 92.3%
after 100 cycles, respectively) and drop quickly after 100 cycles
(Fig. 5(a), and Figs. S20(b) and S20(c) in the ESM), Both the b-
Cu/Li[NCM523,  b-Cu-LDFP/Li|[NCM523, and  b-Cu-
MDFP/Li|[NCM523 full cells show sudden fluctuations in CEs
(Fig. 5(a)). By contrast, the b-Cu-HDFP/Li|[NCM523 presents the
highest capacity retention (97.4% after 200 cycles) and steady CEs
(Fig. 5(a)). With the consumption of liquid electrolytes, the
overpotential increases slightly but keeps a high specific capacity
(Fig. S20(d) in the ESM).

Rate performance of these three full cells was also investigated
at different rates from 0.1 to 5.0 C (16.84 mA-cm™), as shown in
Fig. 5(b). The b-Cu-HDFP/Li||[NCM523 full cell delivers higher
specific capacities of 164.2, 162.9, 159.7, 152.3, 140.2, 121.7, 88,
and 50.8 mAh-g™ at 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 C when
compared with the b-Cu/Li||[NCM523, b-Cu-LDFP/Li|[NCM523,
and b-Cu-MDFP/Li|[NCM523 full cells, respectively (Fig. 5(b) and
Fig.S21 in the ESM). And the performance of the b-Cu-

HDFP/Li|[NCM523 full cell with a low N/P ratio of 1.6 delivers
higher capacity retention (97.4% after 200 cycles) with the highest
cathode loading when compared with the previous reported full
cells (Fig. 5(c) and Table S3 in the ESM) [11,48-56]. Even under
lean electrolyte condition (15 pL), the b-Cu-HDFP/Li||[NCM523
full cell manifests a high specific capacity of 150.4 mAh-g” with a
capacity retention of 90.0% after 100 cycles (Fig. 5(d) and Fig. S22
in the ESM). And this coin-cell offers a high gravimetric energy
density 0f297.9 Whkg™ (Table S4 in the ESM).

After cycling at 1.0 C for 200 cycles, the NCM523 cathode
keeps the complete structure without obvious change (Fig. S23
in the ESM) compared with that before cycling (Fig.S17
in the ESM). Thus, the capacity fading in b-Cu/Li||NCM523,
b-Cu-LDFP/Li|[NCM523, and b-Cu-MDFP/Li||[NCM523 full cells
was mainly ascribed to the poor stability of b-Cu/Li, b-Cu-
LDFP/Li, and b-Cu-MDFP/Li anodes (Fig.5(e) and Figs.
$24(a)-S24(i) in the ESM). And the b-Cu-HDFP/Li anode shows
dense and smooth morphology after cycling at 1.0 C for 200 cycles
(Figs. S24(j)-S24(]) in the ESM), indicating excellent interfacial
stability in full cells for long-term circulation. Furthermore, the b-
Cu-HDFP/Li|[NCM811  full cell with high capacity
LiNi,5Co,;Mn,,0, (NCM811) cathode (4.28 mAh-cm™) shows a
high-capacity retention of 90.4% after 50 cycles at 1.32 mA-cm™
with a low N/P (1.16) and lean condition (15 pL) (Fig. 5(f) and
Fig.S25 in the ESM), and reaches a high energy density of
382.4 Whkg™ at cell-level (Table S4 in the ESM), demonstrating
the full functional features of the b-Cu-HDFP/Li. These results
suggest that the high-dielectric fiber layer ensures the stable
electrolyte/electrode interphase and high reversibility, and exhibits
potential application for high-energy LMBs.

3 Conclusions

In summary, a series of chemical groups of C=0 in LDFP, weak-
polar C=N in MDFP, and strong-polar C-F in HDFP
contributing to different dielectric constants are well-
comprehensively investigated in modulating Li ion behaviors from
experimental characterizations to theoretical simulations. The
designed high dielectric functional polymer nanofiber coating on
Cu exhibits highly polarized C-F groups, interwoven network,
and high lithiophilic property to improve the cycling stability of Li
anode. This optimized HDFP nanofiber with long-range-ordered
dipole moments effectively homogenizes Li* flux, forms stable LiF-
enrich interphase, and accommodates large volumetric changes,
facilitating long-term cycling stability over 1400 h at 1 mA-cm™
Moreover, with 0.6 x excess Li (N/P ratio of 1.6), the b-Cu-
HDFP/Li||[NCM523 full cell delivers a capacity retention of 97.4%
after 200 cycles at 1.0 C, which is superior to the ever-reported
ones. Under realistic electrolyte conditions (15 uL), the full cell
manifests a high-capacity retention (90%) after 100 cycles at 1.0 C
and achieves a high energy density of 297.9 Wh-kg™ at cell-level.
This work provides a new strategy to design high-performance full
cells with limited excessive Li by employing high dielectric
functional polymer nanofiber coating for practical applications.
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