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Satisfactory ionic conductivity and mechanical stability are the prerequisites for the applications of solid polymer
electrolytes in Li-ion batteries. Herein, by using aramid nanofibers (ANFs) as multifunctional nano-additives,
comprehensively-upgraded polyethylene oxide (PEO)-LiTFSI electrolytes with 3D ANF network frames are
achieved through the hydrogen-bond interactions between the 1D ANFs. The hydrogen-bond interactions be-
tween the ANFs and the PEO chains and TFSI™ anions can greatly prevent the ANF agglomeration, suppress the
PEO crystallization, facilitate the LiTFSI dissociation, and prolong the ion transport paths at the 3D ANF
framework/PEO-LiTFSI interfaces. Thus, the ANF-modified electrolytes show superior room-temperature con-
ductivity of 8.8 x 107> S cm™!. The ANF-containing composite electrolytes also display greatly-enhanced me-
chanical strength, thermostability, electrochemical stability and interfacial resistance against Li dendrites,
attributed to the 3D ANF framework. In consequence, the composite electrolyte-based LiFePO4/Li cells exhibit
better rate performance and cycling stability (e.g., 135 mAh g~" after 100 cycles at 0.4 C). This work offers a
novel and effective strategy to comprehensively upgrade polymer electrolytes by employing organic nanofillers
in the composite electrolyte design and revealing the ion transport mechanism for promising all-solid-state Li-ion

battery applications.

1. Introduction

Lithium-ion batteries (LIBs) are widely applied in many areas such as
portable devices and electric vehicles [1]. Nevertheless, the utilization
of organic liquid electrolytes elicits severe safety issues resulted from the
leakage, volatility, flammability, dendrite formation, and side reactions
[2,3]. The replacement of these liquid electrolytes with solid-state
electrolytes (SSEs) cannot only circumvent the safety problems, but
also achieve high-energy-density solid-state batteries by using
high-capacity cathodes and Li metal anodes [4-6]. Additionally, the
battery fabrication processes would be simplified by removing polymer
separators [7]. Compared to ceramic-type SSEs, solid polymer electro-
lytes (SPEs) comprised of polymer matrices and Li salts have higher
flexibility, easier film-forming ability and lower interface resistance
with the electrodes, and are suitable for solid-state LIBs [3,8-12].
Especially, polyethylene oxide (PEO) with the soft chains is regarded as
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an excellent electrolyte matrix, owing to its strong capability to dissolve
Li salts and low cost [13-15]. However, the applications of the SPEs are
restricted by the unsatisfactory ionic conductivity and mechanical
properties that can easily cause the penetration by Li dendrites [10,
16-19].

Designing composite polymer electrolytes (CPEs) by dispersing
inorganic particles such as inert TiOy and active Li;LazZr,012 (LLZO) in
the polymer matrices offers an important way to improve the properties
of the SPEs [20-26]. The addition of the inorganic nanoparticles can
improve the ionic conductivity of the SPEs, due to their high surface area
and Lewis acid-base interaction with the anions of the electrolyte ion
species, which could inhibit the polymer crystallization and facilitate
the Li salt dissociation [20,27,28]. Specifically, the Li™ ion conduction
mostly occurs at the filler/polymer-Li salt interfaces [29-34], and con-
trolling the filler size and dispersity is extremely important because it is
related to the effective interaction areas between the fillers and the
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polymer/Li salt matrices [24,35-38]. The further utilization of
one-dimensional (1D)/2D inorganic nanofillers such as LLZO nanowire
and graphene oxide can prolong the Lit ion transport pathway for
higher ionic conductivity [14,27,31,32,39]. Unfortunately, the strong
van der Waals forces between the large-surface-area nanofillers, poor
interactions between the inorganic nanofillers and the electrolyte
matrices, and the resulted poor nanofiller dispersity, high polymer
crystallization and low Li salt dissociation, severely affect the electrical
properties of the CPEs [40-43]. The mechanical strength and thermo-
stability cannot be also greatly enhanced, due to the failure to form
interconnected nanofiller reinforcements [19,44]. Filling polymer
electrolytes in 3D porous ceramic electrolyte substrates cannot only
avoid the nanofiller dispersity issue, but also enhance the ionic con-
ductivity and mechanical stability by forming 3D continuous filler
framework [5,45-49]; however, the applications of these CPEs in
solid-state LIBs are severely limited by the high stiffness and brittleness
of the ceramic scaffolds, and the low-efficiency fabrication processes
[13,30,43].

All these fruitful researches shed lights on improving the SPE prop-
erties by applying new inorganic filling materials, designing electrolyte
structures and exploring the mechanisms. Nevertheless, there are few
reports on the utilization of organic nanofillers, though the possible
improvement on the nanofiller compatibility/dispersity with/in the
electrolyte matrices with the help of their functional groups and the
strong interactions with the polymer matrices. Previous studies have
confirmed that the organic molecules or polymer additives [50-52]
show good compatibility with the electrolyte matrices (e.g. PEO) and
can improve the ionic conductivity of the PEO-based SPEs. Besides, a
few researchers have reported high-conductivity inorganic active
nanofiller-modified CPEs but not yet given the solid-state battery per-
formance at low operation temperatures [20,27,33,53-56], which is
vital to their practical applications. With these considerations, we are
wondering if there is a multifunctional organic nanofiller that combines
the advantages of the organic additives (functional groups for compa-
tibility/dispersity with/in the electrolyte matrices), inorganic nano-
fillers (1D/2D morphologies for long ion transport paths), and 3D porous
ceramic substrates (3D nanofiller frame for continuous ion migration
routes and high mechanical stability) to greatly improve the overall
electrolyte properties for their practical battery applications.

Aramid fibers constituted with polyparaphenylene terephthalamide
(PPTA) molecules have combined characteristics such as abundant
amide groups, large aspect ratio, high mechanical tensile strength (up to
3.8 GPa), high thermo-decomposition temperature (500 °C), light
weight, high chemical inertness and low electrical conductivity, and are
widely used to prepare body armors and other high-strength products
[57-59]. Nevertheless, their applications in nanocomposites are hin-
dered by the macroscale of the commercial aramid fibers. Since the
discovery of stable aramid nanofiber (ANF) dispersion by Kotov group,
there are a lot of interesting works on the 1D ANF-reinforced nano-
composites [57-62]. We have employed the ultralong ANFs to fabricate
flexible ANF films [57] and ANF/Au (Ag) [58,59] nanocomposite con-
ductors with 3D ANF networks through the hydrogen-bond interactions
between the amide groups in ANFs. ANF/polypropylene and ANF/PEO
composite membranes were also prepared as high-performance sepa-
rators in the organic liquid electrolyte-based LIBs, owing to the effective
inhibition of the Li dendrite growth by the high-strength ANFs [60,61].
Moreover, the polar carbonyl groups in the polyamides can also greatly
increase the electrolyte wettability of the separators for higher ionic
conductivity [63,64]. Poly(m-phenylene isophthalamide) (PMIA),
another aromatic polyamide with meta-type benzene-amide linkages in
its skeletal chain, has also been fabricated as separators with great en-
hancements in thermostability and electrochemical stability [63]. Thus,
ANF may act as a proper multifunctional nanofiller to comprehensively
upgrade the SPE properties such as ion conductance, mechanical
strength and thermostability.

Herein, we aim to fabricate comprehensively-improved PEO-LiTFSI
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electrolytes by employing the multifunctional ANFs as nanofillers based
on the following considerations: (1) the hydrogen-bond interactions
between the amide groups of the ANFs and the PEO chains and TFSI™
anions would effectively prevent the ANF agglomeration in the elec-
trolyte matrices, suppress the PEO crystallization, promote the LiTFSI
dissociation, and thus elevate the ionic conductivity of the CPEs
(Fig. 1A); (2) the ultralong 1D ANFs with large aspect ratio would
lengthen the Li* ion transport paths at the ANF/PEO-LiTFSI interfaces
(Fig. 1B); (3) the hydrogen-bond interactions between the ANFs can
induce the formation of 3D ANF networks in the CPEs, and thereby lead
to the simultaneous enhancement of the mechanical/thermal stabilities
and the ionic conductivity by forming 3D continuous ion conduction
routes at the ANF framework/PEO-LIiTFSI interfaces (Fig. 1B). As is
verified by various measurements, the ANF-modified electrolytes exhibit
greatly-improved ionic conductivity, mechanical properties, thermo-
stability, electrochemical stability, and resistance against Li dendrites.
When paired with conventional LiFePO4 cathodes and Li anodes, the
ANF/PEO-LIiTFSI CPE-based solid-state cells display superior rate per-
formance and cycling stability. Hence, this CPE design criteria with
multifunctional organic nanofillers and the ion transport mechanism
open a new way to achieve comprehensively-upgraded electrolytes for
high-energy and safe LIBs.

2. Results and discussion
2.1. Microstructure and morphology

To prepare the ANF/PEO-LiTFSI CPE films by the traditional solution
casting method (Fig. S1), we first prepared ANF-containing dime-
thylformamide (DMF)/dimethylsulfoxide (DMSO) solutions with high
ANF dispersity demonstrated by the optical photographs (Fig. 1C). After
the dissolution of PEO and LiTFSI and the following drying process,
high-flexibility and semi-transparent ANF/PEO-LiTFSI CPE films can be
easily fabricated (Fig. 1D). The CPE films with 0, 1, 3, 5, 10 and 20 wt%
ANFs were denoted as ANFO, ANF1, ANF3, ANF5, ANF10 and ANF20,
respectively. It should be also noted that a few pores and cracks formed
during the drying process when the ANF content exceeded 10 wt%,
because of the increasing viscosity of the ANF solution and fast solvent
evaporation in vacuum. With the help of SEM technology, we can see
that the electrolytes without and with low-content ANFs show the
similar surficial and cross-sectional morphology, and many wrinkles
formed at the electrolyte surfaces (Fig. 1E-H and Fig. S2A-B). However,
a few pores generated in the 10 wt% ANF-containing CPEs (Fig. S2C-D).
The energy dispersive X-ray spectroscopy (EDS) mapping images fur-
therly verified the effective incorporation of the ANF nanofillers in the
PEO/LiTFSI matrices by the solution casting method (Fig. S3).

In the high-resolution TEM images, the ultralong 1D ANFs with an
average diameter of 9.4 nm formed a network structure due to the strong
hydrogen-bond interactions between their amide groups (Fig. 1),
consistent with our previous works [57-59]. Compared to the pristine
PEO-LIiTFSI electrolyte (Fig. 1J), the ANFs still remained the high dis-
persity and network constitution in the ANF-containing electrolyte
(Fig. 1K). The average diameter of the ANFs in the CPE was calculated to
be 8.5 nm, attributed to the strong interactions between the ANFs and
the PEO/LiTFSI matrices and their high compatibility. Different from the
inorganic nanofillers with aggregation behaviors and poor
particle-to-particle connections, the high ANF dispersity and the
continuous networks in the CPEs would be beneficial to the electrolyte
properties such as ionic conductivity and mechanical strength.

2.2. Ionic conductivity

The ionic conductivity (¢) can be described with the classic equation
(1): 0 = 2CiQyu;, where Q;, C; and y; represent the charge, concentration
and mobility of the charge carriers, respectively [65,66]. In typical
polymer electrolyte systems, the dominated cation motions occur in the
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amorphous polymer regions through the local segmental chain motion,
which is considered as the driving force for the ion transport and affects
the ion mobility [32,65-68]. The interactions between the components
in the polymer electrolytes also have an important influence on the free
ion concentration. As we know that the elements of Li, H, S, N, Cl, O and
F have the electronegativity values of 0.98, 2.18, 2.58, 3.04, 3.16, 3.44
and 3.98, respectively. There is an ion-dipole or coordination interaction
between the —O— groups in PEO and the Li" cations in Li salts [65]. The
hydrogen-bond interactions between the -NH groups in polyamides and
the —O— groups in PEO can afford their layer-by-layer assembly for
composite membranes [69,70]. Moreover, it has proven the existence of
strong hydrogen-bond interactions between the -NH groups in PMIA
and the Cl™ anions in LiCl [71]. A few researchers furtherly find that
urea calix[2]-p-benzo[4]pyrroles [72] and calis[4]arene [73,74] can
capture the anions (e.g., ClOy4) of Li salts by hydrogen-bond interactions
through their -NH groups, and thus release more free Li* ions in the
electrolytes. Therefore, the ANFs (exactly the -NH groups in PPTA)
should have hydrogen-bond interactions with both the —O— groups in
PEO and the TFSI” anions in LiTFSI in theory (Fig. 1A-B), and would
have great impact on the polymer electrolytes (e.g., C; or yiz; of the Li™
ion).

Fourier transform infrared (FT-IR) measurements were performed to
investigate the interactions between the ANF nanofillers and PEO/
LiTFSI (Fig. 2A-B). A few typical absorbance peaks at 850, 1466 and
2890 cm ! related to the CH, and C-H stretching and bending appeared
in the PEO-LIiTFSI electrolyte film, and other important peaks at 788,
952, 1055, 1104, 1188, 1230 and 1345 cm™! were ascribed to the
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Fig. 1. Schematic illustration of (A) the in-
teractions between ANFs and PEO chains
and LiTFSI, and (B) the ion transport paths
in ANF/PEO-LiTFSI CPEs. Optical images of
(C) ANF/DMF/DMSO solutions and (D) CPE
films, and (E, G) surficial and (F, H) cross-
sectional SEM images of the CPEs with
(E-F) 0 and (G-H) 5 wt% ANFs, respectively.
TEM images of (I) ANFs, and (J) 0 and (K) 5
wt% ANF-containing CPEs (diluted ANF/
PEO/LIiTFSI solutions with DMF for TEM
characterization), respectively.

PEOQ-LIiTFSI matrices

ANF/PEO-LITFSl interface

(3D continuous ion transport path)

stretching and bending vibrations of C-O and C-O-C groups of the PEO
matrices [28,75]. The PEO-LIiTFSI electrolyte also showed obvious peaks
at 572, 740, 760 and 1285 cm ™!, which were attributed to the stretching
vibration of CF3 and C-F groups in LiTFSI [76,77]. Other characteristic
peaks at 653, 1140 and 1634 cm ™! also appeared in the PEO-LiTFSI
electrolyte, and were related to the S-O stretching, C-SO2-N stretch-
ing and LiTFSI aggregation, respectively [76,77]. The stretching and
bending of the N-H bands in the ANF film were located at 724, 1512 and
3320 cm ™Y, and the peaks at 1647 and 1544 cm™! corresponded to the
C=0 and C-N stretching also appeared in the ANF film, respectively.
We can easily observe the changes of the FT-IR spectra to disclose the
effects of the ANF nanofillers on the PEO-LiTFSI electrolyte. The obvious
peak shifting of the N-H bands from 724 cm™! in the ANF film to 708
em ! in the ANF-containing electrolyte, and other peak position and
shape changes of the C—=0 and C-N bands of the ANFs together indi-
cated the strong interactions between the ANFs and the PEO/LiTFSI
matrices. Compared to the pristine PEO-LiTFSI electrolyte, the C-O-C
stretching-resulted peak positions shifted from 952 to 960 cm™! and
from 1230 to 1239 cm ! (in the 5 wt% ANF/PEO-LiTFSI electrolyte),
and the shapes of the absorbance peaks at 9501150 cm ™ * also changed
significantly. These obvious changes should be attributed to the
hydrogen-bond interactions between the N-H groups of the ANFs and
the C-O-C groups of the PEO matrices, which effectively prohibited the
ANF aggregation in the CPEs (Fig. 1K), and meanwhile perturbed the
ordering of the PEO chains and thus suppressed the PEO crystallization,
which was proved by the XRD tests (Fig. 2E). Specifically, the intensity
of the typical peaks at around 19.5 and 23.6° related to the PEO
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Fig. 2. (A-B) FT-IR spectra of the ANF and electrolyte films. The chronoamperometry (CA) curves of Li/electrolyte/Li cells under a potential step of 0.01 V at 80 °C
for the (C) ANF-free, and (D) 5 wt% ANF-containing electrolytes, respectively. The insets showed the corresponding EIS spectra before and after the polarization tests.

(E) Typical XRD patterns, and (F) ionic conductivity of the electrolyte films.

crystallinity degree became weaker in the ANF-containing electrolytes,
manifesting the effective inhibition of the PEO crystallization by the
ANF nanofillers. The suppression of the PEO crystallization would
accelerate the segmental chain movements in the amorphous areas, and
thereby elevate the Li* cation mobility (uz;) by hopping between/along
the PEO chains [65].

Moreover, the intensity of the peaks at around 740 and 760 cm ™!
corresponding to the ion pairs in LiTFSI decreased greatly with the
addition of the ANFs, indicating that less triflate-containing anions were
in pairs in the ANF-filled electrolytes [77]. The peak intensity at around
1634 cm™! representing the LiTFSI aggregation [76] also decreased,
furtherly suggesting the strong hydrogen-bond interactions between the
N-H groups of the ANFs and TFSI", and the effective promotion of the
LiTFSI dissociation. Specifically, the hydrogen-bond interactions be-
tween the -NH groups in PMIA and the TFSI” anions (mainly the F
atoms, due to the high F electronegativity and the F-related peak
change) resulted in the effective dissociation and dissolution of LiTFSI,
based on the FTIR analyses, the elemental electronegativity values and
the reports from other researchers [71-74]. To accurately verify the
impact of the ANF additive on the LiTFSI dissociation, the Lit ion
transference numbers (&) of the electrolytes were calculated with the
combination of chronoamperometry (CA) and electrochemical imped-
ance spectroscopy (EIS) tests. t7; of the 5 wt% ANF-containing electrolyte
was 0.40 (Fig. 2D and Table S1), which was nearly two times that of the
pristine electrolyte (0.23, Fig. 2C) in accordance with the previous re-
ports (0.2-0.3) [35,38,78-80], once again proving the effective facili-
tation of the LiTFSI dissociation by the ANF nanofillers and the anion

capture capability of the ANFs. The release of Li™ cations from LiTFSI
would increase the Li* cation concentration (C;) to improve the Li* ion
conduction, while the immobilization of the TFSI™ anions on the ANF
fillers could be beneficial to reduce the electrode polarization and pre-
vent the Li dendrite growth [81,82].

According to the ion conductance equation (1): 6 = ZCiQu;, either
increase of the C; or y; can contribute to the enhancement in the elec-
trolyte conductivity. In the ANF/PEO-LIiTFSI electrolyte system, because
of the positive synergistic effects of the ANF nanofillers on PEO and
LiTFSI (i.e., the increase in y;; and Cy;), the CPE with 5 wt% ANFs
exhibited much higher ionic conductivity of 8.8 x 10> and 1.0 x 107>
S cm ™! than the pristine PEO-LiTFSI electrolyte (1.3 x 107> and 5.3 x
104 S em™1) at 30 and 60 °C, respectively (Fig. 2F). The excellent Li™
ion conduction property of the 5 wt% ANF-containing CPEs was even
comparable to the active nanofiller- or 3D inorganic ceramic electrolyte
scaffold-based CPEs (Table S2). However, the addition of high-content
ANFs (10 and 20 wt%) resulted in the decreasing ionic conductivity,
ascribed to the formed pores/cracks in the CPE films to destroy the ion
migration routes or the blocking of the ion transfer by the non-ion-
conducting ANF nanofillers.

The relationship between the ionic conductivity and the temperature
follows the classic Arrhenius relationship equation (2): 6 = Aexp(—Ey/
RT), where A, Eg, R, and T represent the pre-exponential factor, activa-
tion energy, gas constant (8.314 J mol~! k1), and absolute tempera-
ture, respectively [27]. The activation energies of the CPEs with various
ANF contents were given in Table S3. In the low temperature range of
30-60 °C, the 5 wt% ANF/PEO-LiTFSI CPE had much lower activation
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energy of 66.9 kJ mol™! than the PEO-LITFSI electrolyte (102.1 kJ
mol ™), which was consistent with the Arrhenius plots where the 5 wt%
ANF/PEO-LIiTFSI CPE showed the smaller slop. The low activation en-
ergy indicated that there was a low-energy-barrier ion conduction
pathway in the ANF-modified CPEs [28], i.e., a diverse conduction
mechanism rather than the ion random walking through the amorphous
polymer matrices for the CPEs [27].

It is widely accepted that there are three phases in the nanofiller-
modified SPEs, i.e., the nanofiller, filler/polymer-Li salt interface (or
on the nanofiller surface) and polymer-Li salt regions, and Li™ ions
transport in these phases at different speed [32,83-86]. As for the active
nanofiller-containing CPEs, Li" ions were usually thought to transport
mainly at the interfaces or inside the particles; however, recent
solid-state nuclear magnetic resonance (ssNMR) researches show that
Li* ions mostly transfer on the surfaces of the active nanofillers such as
Li7La3Zr2012 [33], Li3/85r7/16Ta3/4Zr1/403 [29] and LiloGePZSu [34].
Numerical analyses (e.g., Comsol Multiphysics) furtherly reveal that the
interfacial conductivities of the Lig 33Lag 557TiO3 nanowire (1.3 x 1072
S em™! at 30 °C) [32] and Lij 3Alg 5Ti; 7(PO4)3 nanoparticle (2.0 x 1074
S em~! at 20 °C) [83] modified CPEs were much higher than the active
nanofillers and comparable to the ion conductivity of the organic liquid
electrolytes. As for the inert nanofiller-based CPEs, Li* ion conduction
mainly occurs at the interface regions due to the non/low-conductivity
of the inert nanofillers [31,80,84,87].

In our ANF/PEO-LIiTFSI electrolyte system, there are also three
different ion conduction regions, i.e., PEO-LiTFSI, ANF-LiTFSI and ANF/
PEO-LIiTFSI interface phases. The existence of the ANF/PEO-LiTFSI
interfacial phase was attributed to the hydrogen-bond interactions be-
tween the ANFs and PEO and LiTFSI, confirmed by the characterizations
such as TEM and FTIR. In accordance with other reports on the rigid
amide-benzene backbone-based polymer electrolytes [81,88,89], the
PPTA-LIiTFSI electrolyte with ~26 wt% LiTFSI showed a
room-temperature ionic conductivity of 9.2 x 108Ssem™? (Fig. S4),
which was around two and three orders of magnitude lower than the
PEO-LiTFSI electrolyte (1.3 x 10°Sem™ 1) and 5 wt% ANF/PEO-LiTFSI
CPE (8.8 x 107> S em™1), respectively. The PPTA-LIiTFSI electrolyte also
exhibited much higher activation energy of 199.7 kJ mol~! than the
PEO-based electrolytes at 30-60 °C (Table S3). Both these results proved
that the aramid nanofibers were inert or low-conducting nanofillers, and
also suggested that the great enhancement on the CPE conductivity was
ascribed to the low-barrier ion conduction pathways at the
ANF/PEO-LiTFSI interfaces (or on the ANF surfaces) rather than in the
ANF nanofillers or the PEO-LiTFSI matrices.

The density function theory (DFT)-based first-principles computa-
tion was further employed to disclose the Li* ion transport mechanism.
The optimized structure of the Li* ions coordinated with the low-
molecular species of PPTA and PEO, and the corresponding binding
energy (Ep) of the Li* ion interactions with the low-molecular PPTA and
PEO were given in Figs. SSA-E. The Li---O-C binding energy (78 kJ
mol~! in the low-molecular PEO-Li system) was comparable to the
Li---N-H binding energy (79 and 58 kJ mol 1) but much lower than the
Li---O=C binding energy (144 and 180 kJ mol ! in the low-molecular
PPTA-Li system), indicating that PPTA had much higher binding en-
ergy with Li* ions than PEO. The stronger coordination strength be-
tween Li" ions and PPTA can facilitate the LiTFSI dissociation to
increase the ion concentration, while the hydrogen-bond interaction
between TFSI” and PPTA can also facilitate the LiTFSI dissociation
(Fig. 2A-B); however, the PPTA-LiTFSI electrolyte had the lowest ionic
conductivity (Fig. S4), due to the stronger coordination strength be-
tween the ions and PPTA and the higher steric hindrance of the rigid
PPTA chains. In the ANF/PEO-LiTFSI electrolyte system, the PPTA
chains in the ANF nanofillers strongly linked with each other through
the hydrogen-bond interactions without effective contact with LiTFSI,
and thus the Lit ion conduction can only occur on the nanofiller sur-
faces. Solid-state NMR showed that LiTFSI in the pristine PEO-LiTFSI
electrolyte had a 7Li NMR peak at 0.36 ppm, but the LiTFSI resonance
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in the ANF/PEO-LiTFSI electrolyte became broadening (Fig. S5F). This
indicated that the ANF nanofillers can increase the disorder of the Li*
ion local environment by inhibiting the PEO crystallization, and also
suggested an ion-conducting interface on the nanofiller surface with
PEO. On the contrary, the lower coordination strength between Li* ions
and PEO was detrimental to the LiTFSI dissociation for free ions, but can
promote the repeated bonding/releasing of the Li" ions with/from the
soft PEO chains, resulting in the higher ionic conductivity of the PEO-
LiTFSI electrolyte than that of the PPTA/LIiTFSI electrolyte. Owing to
the high ion concentration and the fast PEO chain motion at the ANF
nanofiller/PEO interfaces (or on the ANF surfaces, Fig. S5G), the ANF/
PEO-LiTFSI CPEs exhibited the greatly-improved ionic conductivities.

Our experimental characterizations combined with the famous Lewis
acid-base theory can also verify the main ion transport pathway at the
ANF/PEO-LIiTFSI interfacial regions. On one hand, the ANF nanofillers
acted as cross-linking centers for PEO chains by the hydrogen-bond in-
teractions (Fig. 2A) and inhibited the PEO chains to reorganize them-
selves (Fig. 2E), thus promoting the preferred Li" ion conduction on the
amorphous nanofiller surfaces due to the fast PEO chain motions [80,
90]. The hydrogen-bonding between the ANF nanofillers and PEO can
also weaken the coordination strength between the Li" ions and the -O—
groups in PEO and therefore increase the free Lit ion concentration on
the nanofiller surfaces [65,91]. On the other hand, the
hydrogen-bonding between the nanofillers and the Li salts can capture
the anions and emancipate more free Li* cations on the ANF nanofiller
surfaces (Fig. 2A-B and D), resulting in a fast pathway for Li" ion
diffusion at the interfacial region along the ANF nanofillers [27,92].
Besides, the 3D ANF networks formed by the ultralong nanofillers
through hydrogen-boning can offer 3D continuous Li* ion-conducting
channels on the nanofiller surfaces (Fig. 1K), in sharp contrast to the
incontinuous transfer channels by most of the isolated inorganic nano-
fillers in polymer matrices [27]. Based on the abovementioned analyses,
it was reasonable that Li" ions mainly transported at the
ANF/PEO-LIiTFSI interface phase rather than in the inert ANF or
PEO-LIiTFSI regions in the low temperatures of <60 °C (Fig. 1B and
Fig. S5G). However, in the high temperature range of 60-80 °C, all the
PEO-based electrolytes exhibited much lower yet similar activation en-
ergy of ~30 kJ mol~!, owing to the increased mobility of the ions and
the polymer chains caused by the temperature increase [67,68], and the
PEO-LIiTFSI phase played more and more important role in the ion
transport.

2.3. Electrochemical, mechanical and thermal properties

In addition to the Li* ion conductivity, other properties including the
electrochemical stability, mechanical strength and thermal stability also
affect the applications of the SPE-based LIBs. The electrochemical sta-
bility of the CPEs were measured by linear sweep voltammetry (LSV) in
the stainless steel/SPE/Li coin cell configuration, and the high-content
ANFs (>5 wt%) in the electrolytes can broaden the electrochemical
window (Fig. 3A). The mechanical tensile measurements showed that
the 5 wt% ANF-containing electrolyte film displayed higher ultimate
tensile stress of 2.5 MPa and lower tensile strain of 338.0% than the
pristine electrolyte film (0.4 MPa and 1572.3%, Fig. 3B), due to the 3D
ANF network frames in the composite films (Fig. 1K). The 5 wt% ANF/
PEO-LIiTFSI CPE membrane also exhibited a Young’s modulus of 18.5
MPa, which was 20.6 times higher than the pristine one (0.9 MPa).

Furthermore, the 5 wt% ANF/PEO-LiTFSI electrolyte showed higher
thermal decomposition temperature of around 410 °C than the pristine
electrolyte (367 °C, Fig. 3C), also attributed to the high-stability ANF
network structure. The superior thermostability of the ANF-filled CPE
films was also verified by observing the shape and color changes of the
circular films at 160 °C in air (Fig. 3D). The pristine sample melted after
0.5 h, but the ANF-containing CPE films with moderate content (>3 wt
%) still kept the original shape and color even after 10 h, indicating the
enhancement of the thermal stability by the ANF nanofillers. The high
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an oven of the different electrolyte films.

mechanical strength and thermostability of the CPEs would effectively
delay the nucleation of Li dendrites, and prevent the crack generation in
the electrolytes when the Li dendrites penetrate into the electrolytes
[35].

2.4. Resistance against Li dendrites

The mechanical stability of the electrolyte films against Li dendrites
was studied by using symmetric Li/SPE/Li cells, which is also vital to the
applications of the SPEs in the solid-state LIBs. Li™ ions were plating/
stripping on the Li metal electrodes during the periodic charge-discharge
processes. When tested at a high temperature of 60 °C, the cell with the
pristine PEO-LIiTFSI electrolyte had an initial over-potential of 0.0260 V
at 0.05 mA cm 2, and the over-potential increased with the increase of
current density and reached 0.9003 V at 0.50 mA cm 2 (Fig. 4A). The
potential was around 0.0388 V when the current density returned to
0.05 mA cm 2 after 200 h. In sharp contrast, the ANF-containing cells
showed lower over-potentials (Fig. 4B and S6A-B), indicating the lower
interfacial resistance between the ANF-filled CPE films and Li metal
electrodes. Amongst the electrolyte films, the 5 wt% ANF/PEO-LiTFSI
film-based cell showed the lowest over-potentials.

When tested at a lower temperature of 30 °C with a charge-discharge
cycle of 10 min, the ANF-free cell displayed a high over-potential of
2.1587 V at 0.10 mA cm ™2, and the over-potential decreased to 0.6231 V
after 500 h (Fig. 4C), because of the improved interface contact between
the electrolyte films and Li metal electrodes [5]. In comparison, the
ANF-containing cells showed lower over-potentials (Fig. 4D and S6C-D).
When increasing the charge-discharge time to 60 min per cycle, the cell
with the pristine electrolyte showed high overpotentials at 30 °C and
0.10 mA cm ™2, and suddenly the potential decreased from around 1.25
to 0 V after 5.5 h (Fig. 4E), implying the penetration of the electrolyte
film by Li dendrites and short circuit of the cell [33,93]. However, we
cannot observe such potential drop in the ANF-containing cells even
after 1000 h (Fig. 4F and Fig. S6E-F), indicating that the ANF nanofillers
greatly reinforced the PEO-LiTFSI matrices and made the CPEs me-
chanically stronger. Moreover, the ANF-based cells displayed lower
over-potentials than the ANF-free cells, furtherly proving the lower

resistances of the ANF-based CPE films. Impressively the 5% ANF-based
cells nearly kept the same over-potential of around 0.10 V during the
cycling.

EIS technology was utilized to disclose the impedance change of the
Li/SPE/Li cells during the Li plating/stripping processes (Fig. 4G-I and
Fig. S7). The semicircles at high and low frequencies were attributed to
the ohmic resistance from the electrolytes (R.) and the interfacial
resistance between the electrolyte films and Li metals (R;), respectively
[5,42,93]. The 5 wt% ANF-based cells exhibited lower total resistance of
212 and 200 Q than the pristine and 1 wt% ANF/PEO-LiTFSI electro-
lyte-based cells after the charge-discharge cycling at 0.025-0.50 mA
em ™2 for 200 h (4360 and 4780 Q) and at 0.10 mA cm ™2 for 500 h (404
and 378 Q), respectively. These results suggested that the 5 wt% ANF
nano-filling in the electrolyte can greatly reduce the interface resistance
between the Li metal electrodes and the CPE film and mechanically
reinforce the PEO-LiTFSI matrices, in accordance with the LSV, me-
chanical tensile and thermostability experiments (Fig. 3). In addition,
the 1 and 5 wt% ANF-based cells exhibited decreasing R; values from
644 to 272 Q, to 278 and 69 Q, and then to 266 and 62 Q after the
cycling at 0.025-0.50 mA cm 2 for 200 h and then at 0.10 mA cm 2 for
500 h, respectively, furtherly verifying the improved interfacial contact
between the Li metal electrodes and the electrolyte films and also
explaining the over-potential decrease phenomena during the cycling
(Fig. 4D and S6C-D) [5,42,93].

The SPE films after the continuous galvanostatic cycling were also
examined by SEM. We can see that a lot of Li dendrites generated on the
pristine PEO-LiTFSI electrolyte surface, and some micro-cracks also
formed (Figs. SSA-C), which should result in the short circuit of the cells
(Fig. 4E). On the contrary, less Li dendrites formed on the 1 wt% ANF/
PEO-LIiTFSI electrolyte surface after the cycling (Figs. S8D-F). However,
no Li dendrite was observed on the CPE film surfaces when the ANF
content exceeded 3 wt% (Fig. S8G-L), and the CPE films also remained
their original structure/morphology even at the cross sections
(Figs. S9A-H), which furtherly proved the superior resistance against Li
dendrite growth by the ANF-reinforced CPE films. These results were
consistent with the aforesaid discussion that higher Li* ion transfer
number (tf;) and mechanical strength can delay the nucleation of Li
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dendrites and inhibit the growth of Li dendrites in the electrolytes [94,
95]. On one hand, the dendrite formation time (or Sand’s time) follows
the classic equation (3): 7 = r:D(Coe/2Jta)2, where 7, Co, D, J, and t,
represent the Sand’s time, initial ion concentration, diffusion constant,
current density, and anion transfer number, respectively [96,97]. The
ANF-modified electrolytes showed much higher Li* cation transfer
number than the pristine PEO-LIiTFSI electrolyte (Table S1), which can
reduce the concentration polarization, ameliorate the space charge near
the electrode/electrolyte interfaces and postpone the dendrite growth,
leading to less metal dendrite formation [82,94,95,98]. On the other
hand, the ANF-containing CPEs had much higher mechanical strength
than the pristine PEO-LiTFSI electrolyte (Fig. 3B), and thus can effec-
tively suppress the Li dendrite growth and prevent the piercing of the
CPE films from the Li dendrites [94,95,99,100]. These synergistic effects
by the ANF nanofillers resulted in the greatly-enhanced interfacial
resistance against Li dendrites and the long-term cycling stability of the
Li/CPE/1i cells.

2.5. All-solid-state battery performance

As discussed above, the overall electrolyte properties including ion
conductance, mechanical properties and interfacial stability against Li
dendrites were greatly improved by the multifunctional ANF nanofillers.
The electrolyte films were then assembled in LiFePO4/CPE/Li-structured

coin cells to detect their electrochemical cycling performance. When
charged/discharged at 0.1 C, the solid-state LIBs exhibited increasing
capacity with the operation temperature because of the increasing ionic
conductivity (Fig. 5A). The 5 wt% ANF/PEO-LIiTFSI electrolyte-based
cells showed higher capacities of 143, 152 and 152 mAh g~ than the
pristine electrolyte-based cells (120, 128 and 132 mAh g~ 1) at 30, 40
and 50 °C, respectively. When cycled at 40 °C, all the solid-state
LiFePOy4/Li cells showed decreasing capacities with the increase of the
charge-discharge rate, and the ANF-containing cells had higher capac-
ities than the ANF-free cells (Fig. 5B-C and Fig. S10). Among the cells,
the 5 wt% ANF-based cells showed the highest capacity of 156, 160, 149
and 99 mAh g1 at 0.1, 0.2, 0.3 and 0.5 C, respectively, and the capacity
remained 158 mAh g~ ! after the current density returned to 0.1 C again.
A few researchers also reported the increasing capacity with the current
density increase in initial cycling processes [101-103], which was
ascribed to the improvement in the electrolyte/electrode interface
contact and the cathode activation [92,101,102,104,105]. Optimizing
the battery preparation process (e.g., soft polymer electrolytes as
binders [106], and high-temperature treatment of the batteries before
cycling [92]) can effectively enhance the interface contact for better
battery performance.

When cycled at 0.2 C and 40 °C, the 5 wt% ANF-based LiFePO4/Li
cells exhibited higher capacity of 150 mAh g~! and capacity retention of
95% than the 0, 1 and 3 wt% ANF-based cells after 100 cycles (113, 122
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Fig. 5. (A) Cycling performance of the ANF/PEO-LiTFSI electrolyte-based solid-state LiFePO,4/Li cells at 0.1 C under various operation temperatures. (B) Rate
performance of the solid-state LiFePOy4/Li cells at 40 °C. (C) Typical charge-discharge profiles of the solid-state cells using the 5 wt% ANF/PEO-LiTFSI electrolyte at
40 °C and various current densities. Cycling performance of the solid-state cells at (D) 0.2 C and (E) 0.4 C for 100 cycles under 40 °C, respectively. (F) Coulombic
efficiencies of the solid-state cells at 0.4 C and 40 °C. The charge-discharge profiles of the solid-state cells using the (G) pristine PEO-LiTFSI and (H) 5 wt% ANF/PEO-
LiTFSI electrolytes at 0.4 C and 40 °C, respectively. (I) The average discharge voltage of the solid-state cells during the 100 cycles at 0.4 C and 40 °C.

and 142 mAh g™ 1), respectively (Fig. 5D). When cycled at a high rate of
0.4 C, the capacity of all the cells increased in the first 5-12 cycles
(Fig. 5E), which should be ascribed to the penetration of the electrolytes
into the cathodes and activation of LiFePO4 [42]. The 5 wt% ANF-based
cells also exhibited higher capacity of 135 mAh g~! than the 0, 1 and 3
wt% ANF-based cells after 100 cycles (16, 77 and 91 mAh g~?). More-
over, all the solid-state cells had Coulombic efficiencies of nearly 100%
except the first cycle (Fig. 5F), which was much higher than the tradi-
tional LIBs with the liquid electrolytes. We can also see that the
ANF-based cells had less polarization than the ANF-free cells during the
long-term high-rate cycling (Fig. 5G-H and Fig. S11), and the 5 wt%
ANF-based cells displayed higher average discharge potential of 3.22 V
than the 0, 1 and 3 wt% ANF-based cells after the 100 cycles (3.05, 3.13
and 3.17 V) (Fig. 5I). In comparison with the solid-state cells using the
conventional inorganic nanofiller-modified CPEs, the multifunctional
ANF-based cells exhibited superior cycling performance at
relatively-low temperatures due to the combined property advantages
regarding the ionic conductivity, mechanical/thermal stabilities and
resistance against Li dendrites (Table S2).

EIS technology was further used to investigate the impedance change
of the solid-state LiFePOy4/Li cells before and after the long-term cycling
(Fig. S12). In the typical equivalent circuit model, R, R; and R, were the
charge transfer resistance, interfacial resistance and bulk resistance of

the electrolytes, respectively [42,107]. The 5 wt% ANF-based cells still
exhibited lower total resistances of 837 and 897 Q than the 0, 1 and 3 wt
% ANF-based cells before and after the 100 cycles (1490 and 2060 €,
1400 and 1760 Q, and 895 and 1040 Q), respectively, reflecting the
much rapid charge transport in the 5 wt% ANF-based solid-state LIBs
and again confirming the positive role of the ANF nanofillers [42,80].

3. Conclusions

In summary, multifunctional ANFs with abundant amide groups,
large aspect ratio and high mechanical strength were employed to pre-
pare ANF/PEO-LiTFSI CPE films with 3D ANF network frames by solu-
tion casting. The strong hydrogen-bond interactions between the amide
groups in the 1D ANF nanofillers and the PEO chains and TFSI” anions
greatly inhibited the aggregation of the ANFs in the CPEs, suppressed the
crystallization of the PEO matrices, and promoted the dissociation of
LiTFSIL. The CPE films with 5 wt% ANFs showed much higher conduc-
tivities 0f 8.8 x 107 and 1.0 x 103 S cm ™! at 30 and 60 °C respectively,
owing to the synergistic effects of the ANF nanofillers on the PEO
matrices and Li salts, and the continuous Li" ion conduction pathways at
the 3D ANF framework/PEO-LiTFSI interfaces. The CPEs also displayed
greatly-enhanced electrochemical, mechanical and thermal stabilities,
due to the high-strength ANF nanofillers and the formed 3D frameworks.
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Moreover, the CPEs exhibited higher resistance against Li dendrites
(1000 h at 0.10 mA cm 2 and 30 °C). Consequently, the ANF-based
solid-state LiFePOy4/Li cells had superior rate performance and cycling
stability (e.g., 159 mAh g~ at 0.1 C and 30 °C, and 135 mAh g ! after
100 cycles at 0.4 C and 40 °C). This work demonstration of applying
multifunctional ANFs instead of the conventional inorganic nanofillers
and disclosing the ion conduction mechanism offers a novel and effec-
tive CPE design way to comprehensively improve polymer electrolytes
for their promising applications in high-energy and safe LIBs.

4. Experimental section
4.1. Preparation of polymer electrolytes

High-dispersity ANF solution was prepared by modifying our early
method [57-59]. Specifically, 2.00 g dessicated bulk Kevlar 69, 0.40 g
KOH and 200.00 g anhydrous DMSO were put in a glass bottle with a
cap, and vigorously stirred for four weeks at room temperature until the
formation of a dark red and viscous ANF dispersion. Pure ANF/DMSO
dispersion was obtained by the following centrifugation at 10,000 rpm
for at least three times (10 min per time), and dialysis for 4-12 h in fresh
DMSO using a dialysis membrane to remove the excessive KOH. To
fabricate ANF/PEO-LiTFSI CPE films with different ANF weight ratio,
the pure ANF/DMSO solution with various amounts was added in 36 mL
DMF, and stirred for 1 h to obtain high-dispersity ANF/DMSO/DMF
solution. After that 1.83 g PEO (molecular weight: 60,000) was put in
the ANF mixture solution, and then stirred for 12 h at 40 °C until the
complete dissolution of PEO. 0.66 g bis(trifluoromethylsulphonyl)imide
(LiTFSI) was first dissolved in 5 mL DMF by vigorous stirring, dropped in
the ANF/PEO mixture solution, and stirred for another 12 h to prepare
high-dispersity ANF/PEO/LIiTFSI solution. Then the mixture solution
was dropped in a Teflon plate, and dessicated at 30 °C for 12 h, 40 °C for
12 h, 50 °C for 12 h and 60 °C for 24 h to obtain the ANF/PEO-LiTFSI
CPE films. The electrolyte films were put in an argon-filled glove box
for at least 3 days before characterizations.

4.2. Materials characterizations

A Bruker D8 Focus X-ray diffraction analyzer (Cu K, radiation, A =
0.154 nm) was used to detect the crystal structure of the electrolyte
films. The morphology of the electrolytes was characterized using FEI
Quanta 200F and Hitachi SU8010 SEM coupled with an energy disper-
sive X-ray spectroscopy (EDS). The voltages for taking SEM and EDS
images were 3.0 and 20.0 kV, respectively. A FEI F20 TEM was utilized
to examine the microstructures of the ANFs and electrolytes using their
diluted solutions. The FT-IR spectra were obtained by a PerkinElmer
Frontier FT-IR analyzer. Stress-strain curves were recorded using a
GOTECH AI-7000-ST mechanical tester at a speed of 2 mm min~'. A
D840TA Q500 thermo-gravimetric analyzer was utilized to investigate
the thermal stability of the electrolytes under Ar flow with a heating
speed of 10 °C min~ 1.

4.3. Electrochemical measurements

Stainless steel (SS)/SPE/SS, Li/SPE/SS, Li/SPE/Li and LiFePO4/SPE/
Li cells were fabricated in an Ar-filled glove box. LiFePO4 electrodes
with ~2.0 mg cm™2 mass loading were obtained by coating mixture
slurries of PVDF, carbon nanotube, carbon black and LiFePO,4 with a
weight ratio of 1:0.03:0.97:8 on clean Al foils. EIS measurements were
taken in a Zahner Zennium electrochemical workstation with a fre-
quency range of 10°-102 Hz. The Li* ion conductivity (¢) of the elec-
trolytes was calculated by the equation: ¢ = L/SR, where S, L and R
represented the surface area, thickness and resistance of the SPEs,
respectively. The Li" ion transference number (t;) of the electrolytes
were obtained by the combined measurements of EIS and chro-
noamperometry (CA) of the Li/SPE/Li cells at 80 °C. The t; was
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calculated according to the following equation: ti; = FR{(AV-I’R?)/
I°RY(AV-FRY), where I° and F represented the currents at the initial and
steady states, respectively, AV represented the applied polarization po-
tential of 0.01 V, R§ and R}, were the bulk resistances at the initial and
steady states, respectively, and R{ and R{ were the electrolyte/Li inter-
facial resistances at the initial and steady states, respectively [80]. LSV
measurements were taken in a CHI660E electrochemical workstation
with a scanning rate of 1 mV s~!. Galvanostatic charge-discharge cycle
was conducted using a Land LANHE CT2001A multichannel battery
tester within 2.5-3.8 V (vs. Li/Li") under different C rates (1 C = 170
mAh g~!) and operation temperatures.
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